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Hereditary spherocytosis (HS), an erythrocyte membranopathy, is a heterogeneous disease, even at the
level of the erythrocyte population. The paper aims at studying the mechanical properties (the Young's
modulus, median and RMS roughness of friction force maps; fractal dimension, lacunarity and spatial dis-
tribution parameters of lateral force maps) of the cell surface layer of the erythrocytes of two different

Keywords: ] morphologies (discocytes and spherocytes) in HS using atomic force microscopy. The results of spatial-
:Ph;rocyttom spectral and fractal analysis showed that the mechanical property maps of the HS spherocyte surface
rythrocyte

were more structurally homogeneous compared to the maps of HS discocytes. HS spherocytes also had
a reduced RMS roughness and lacunarity of the mechanical property maps. The Young’s modulus and
averaged friction forces over the microscale HS spherocyte surface regions were approximately 20%
higher than that of HS discocytes. The revealed significant difference at the nano- and microscales in
the structural and mechanical properties of main (discoidal and spheroidal) morphological types of HS

Mechanical properties
Atomic force microscopy

erythrocytes can potentially cause blood flow disturbance in the vascular system in HS.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Hereditary spherocytosis (HS) is a group of inherited anemias
that are characterized by the presence of significant amount of
spherocytes in the peripheral blood (Perrotta et. al., 2008). HS
affects 1 in 2000-5000 people of Northern European ancestry.

Mature human erythrocytes are biconcave discs (discocytes)
that lack nucleus and most cell organelles. The erythrocyte shape
depends on many factors including environmental factors of differ-
ent nature and genetically induced molecular defects of erythro-
cyte structure. The diversity of non-genetically induced changes
in erythrocyte shape ranges from discocyte to spherocyte, through
stomatocyte and echinocyte as intermediate forms (Deuticke,
2003). Erythrocytes of four basic shape derivatives have distinct
biomechanical properties (Ghosh et. al., 2016) that can be deter-
mined by various biophysical techniques, including atomic force
microscopy (AFM). AFM allows probing the mechanical properties
of the submicron surface layer of cells that consists of the glycoca-
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lyx, lipid bilayer and cytoplasmic layer with the cortical cytoskele-
ton. The thickness of this layered composite is about 30-120 nm
(Deuticke, 2003; Nans et. al, 2011). The cortical cytoskeleton
(membrane skeleton in erythrocytes) makes the main contribution
to the mechanical parameters of this composite material. The
structure of the cell surface layer can be characterized by a number
of AFM parameters: the roughness, fractal dimension, parameters
of Fourier transform-based methods and others (Sokolov et al.,
2017; Kozlova et al., 2013; Talu et al., 2016). With AFM technique,
the difference in the surface RMS (root-mean-square) roughness
(Rq) was revealed for the major morphological forms of human ery-
throcytes (Girasole et. al., 2007; Ghosh et. al., 2016).

HS is classified as membranopathy. HS is caused by a local
weakening of the contacts between the cytoskeleton and the lipid
bilayer due to the mutations in genes coding proteins such as spec-
trin, ankyrin, protein 4.2, anion exchanger 1 (Margetis et. al., 2007;
Perrotta et. al.,, 2008). These mutations lead to anomalies in the
spatial structure of the cell surface layer and changes in the param-
eters of mechanical properties of the cell membrane. Transforma-
tion of discocytes into spherocytes in HS goes via vesiculation
and loss of the parts of the cell membrane and cytoskeleton
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(Alaarg et. al., 2013), which also changes the spatial structure of
the cell surface layer. The difference in the parameters of the
mechanical properties of the cell surface layer for the different
morphological types of erythrocytes can specify the mechanisms
of the disease genesis and development of disease complications.

Our paper aims at AFM studying the nano- and microscale
parameters of the mechanical properties of the cell surface layer
of discocytes and spherocytes in HS.

2. Materials and methods
2.1. Patients and blood samples

Six HS patients (average age of 10(8; 11) years) of the Republican
Scientific and Practical Center for Radiation Medicine and Human
Ecology (Gomel, Belarus) were enrolled in the study. HS patients
were classified as mild (1 male), moderate (2 males and 1 female),
and severe (2 males). One patient (male) with clinically severe HS
underwent splenectomy (9 months before the present study). All
the HS patients are of Caucasian race. The study was approved by
the Ethic Committee of the Gomel State Medical University. Blood
test parameters for HS patients are represented in Table 1.

Human blood samples were obtained by venepuncture with
patient permission under ethical consent, and anticoagulated with
EDTA-K2. Thin slides were cleaned and stored in 70% ethanol
before specimen preparation. Some drops of glutaraldehyde fixed
(1%, 15 min) erythrocyte suspension were placed on the slides (cell
monolayer) and dried at room temperature.

The analysis of erythrocyte morphology was conducted by light
microscopy with microscope Nikon Eclipse E 200 (Nikon Corp.,
Japan) and AFM.

2.2. Atomic force microscopy

AFM was performed with atomic force microscope “NT-206"
(Microtestmachines Co., Belarus) in the air at room temperature.
Topographic images and lateral force maps were recorded using
CSC38 type AFM probes (level B, k =0.03 N/m, MikroMasch, Bul-
garia) with scanning rate of 0.6-0.7 Hz. Lateral forces were
assessed by measuring the cantilever’s torsion value and repre-
sented in arbitrary units (maximal deviation of laser beam for
the AFM probe torsion detected with the 16-bit analog-to-digital
converter of the measuring system was 65,535 arb. units). Using
lateral force maps, the following parameters of mechanical proper-
ties were calculated: median sliding friction force (Fs) and RMS
roughness (R;) of friction force maps. Fr was quantified as half of
the difference of mean lateral forces sensed while scanning in
two opposite directions over the area of 2.5 um x 2.5 pm (forward
and backward scans) (Starodubtseva et. al., 2012). R, of friction
force map was computed according to the algorithm of the statis-
tical parameter estimation for indirect measurements using the
values of R; of two lateral force maps recorded in opposite
directions over the area of 2.5 um x 2.5 pm. The elastic modulus
(Young’s modulus, E) was assessed by force spectroscopy

(force-curve analysis) using NSC11 type AFM probes (level A,
k=3.0 N/m, MikroMasch, Bulgaria) at the indentation depth of
10 nm. The force-curve analysis was performed by recording of
the force value and vertical deflection of the cantilever when the
AFM probe tip indents into and retracts from a cell surface at the
certain point. E was calculated using the experimentally obtained
force curves and Hertz model that describes the elastic deforma-
tion of the two bodies in contact under load (Starodubseva et al.,
2010).

2.3. AFM data analysis

2.3.1. Spectral analysis

The AFM image with the size of N x N points was considered as
a collection of N two-dimensional arrays (x, z) with N points in each
for fixed values of y € {1,2,---N} (N is an even number); assumed
here x € {1,2,---N}, zis the values obtained after the conversion of
the lateral force map into txt-file. The discrete Fourier transform
was applied for each two-dimensional array (X, z) considered as
a realization of a random process:
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where z =131z, is the sample mean of z, @y = 27X is the k-th
frequency, L is the length of the analyzed interval of axis x.

Using the sample spectra F(wy), the periodograms
R(wy) = |F(a)* were plotted. For further analysis, the set
{R(wy) : k=0,--- .5} was only used. To obtain the statistical esti-

mate Ry, (wy) of the spectral density, periodogram R(wy) was
smoothed using the Daniel window of size m. Set of N curves
{Rn(y) : k=0,---,5} is a map describing the change in the spec-
tral estimates of the AFM image along the axis y. To get robust sta-
tistical inferences (Kharin, 2013) for AFM data the sample median
of the spectral densities was calculated for each frequency wy:

~ N
R (1) = Med{Rp (@0, Ry (1) } k=0, 5.
The sample median En(wk) of spectral densities was approximated
by two or three Gaussian functions using OriginPro® 8.0 software.

2.3.2. Fractal analysis

Fractal dimension (Df) was calculated for lateral force maps of
the cell surface (2.5 pm x 2.5 um) using the box counting algo-
rithm. In the modified box counting algorithm, the digital image
(resolution is 256 x 256 pixels) was initially divided into 4 equal
square fragments. After the calculation of Dr for each fragment,
the Dr of the whole image was estimated and represented as the
mean value and limits of 95% CI (confidence interval). To analyze
dependence Dr on the Z-scale factor, X- and Y-data of the digital
image were not changed but Z-data was multiplied by factor t that
was varied in a broad range (10~4-10°). Dy was calculated using
the box counting algorithm for each t value and the dependence
Dr = f(t) was plotted and analyzed (Starodubtseva et al., 2017a;

Table 1

Parameters of blood test of the HS patients.
Sample Severity RBC, 10'% cells/l  HGB, g/l HCT,% MCV,fl  MCH,pg MCHC g/l RDW, %  Bilirubin, uM Rt %o
Sample 1 Mild 4.1 116 324 78.9 28.3 359 16.0 20-32 86
Sample 2 Moderate 34 109 29.0 84.5 31.7 375 17.5 27-45 264
Sample 3 Moderate 3.95 116 393 101.0 29.3 322 123 27-43 176
Sample 4 Moderate 4.29 103 28.8 67.1 239 356 22.7 31-99 72
Sample 5 Severe 4.19 113 313 74.7 28.1 376 21.9 50-91 193
Sample 6  Severe, splenectomized 5.4 149 (75) 394 72.5 27.5 379 13.4 16 (55-79') 29 (180)

" Parameters of the blood test taken before splenectomy
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Starodubtseva et al., 2017b). Fig. 1 represents averaged curves
Dg = f(t) for the lateral force maps of two spheroidal erythrocytes:
discospherocytes (n=33) and spherocytes (n=43). The curves
have two maxima Df; and Dg,. The parameter of lacunarity ( 1)
was estimated as the squared ratio of the standard deviation to
the mean for the lateral forces over the maps of 2.5 pm x 2.5 pm
size (Smith et. al., 1996). Fractal properties of the lateral force maps
are represented as points in space (Dr;, Dga, A).

2.3.3. Statistical analysis

The goodness of fit for the experimental data to normal distri-
bution was checked with the Shapiro-Wilk’s W test. Results are
presented either the mean and limits of 95% CI or the median
and interquartile range (Me (LQ; UQ)). The sample parameters
were compared using either Student’s t test or Mann-Whitney U
test for normally and non-normally distributed variables,
correspondingly.

3. Results
3.1. Morphology of erythrocytes in hereditary spherocytosis

Light microscopy of the HS blood smears has revealed about
60% of abnormal erythrocytes. The percentage (Me (LQ; UQ)) of
discocytes, spherocytes, echinocytes, and stomatocytes (main
shapes) was 39% (26%; 48%), 35% (26%; 49%), 14% (10%; 18%), and
4% (3%; 6%), correspondingly. 3D topographic images and profiles
of typical discocyte, spherocytes, echinocytes, and stomatocyte in
HS blood are represented in Fig. 2(a-1). Averaged diameters of pre-
vailed morphological types of erythrocytes in HS blood (discocytes
and spherocytes) were 6.25 +0.16 um and 5.88 + 0.16 pm, corre-
spondingly (95% CI, n = 20).

The surface of some HS erythrocytes was locally granular (Fig. 2,
m) with averaged granule diameter of 258 + 32 nm (n = 50). The
examples of the profile of a single granule on the erythrocyte sur-
face, topographic image and lateral force map of the region of the
erythrocyte surface with a single granule are represented in Fig. 2
(n, 0). It is possible that the observed granules are extracellular
vesicles (microvesicles) formed under the action of mechanical
forces appeared during the preparation process. It is known that
erythrocytes are one of the major vesicle-secreting cells in the cir-
culating blood (Xiong et. al., 2012). HS erythrocytes exhibit
increased vesiculation compared to normal erythrocytes (Alaarg

—0O— Sp2

D Spi

6%

A2 ) I
2.0- o 630')00

>000 )
@
1.5 D, D., (?
Q
1.0 T T T ‘ T
4 2 0 2 4 Ig(t)

Fig. 1. Dependence of the fractal dimension on Z-scale factor for the lateral force
maps of erythrocyte surface. The curves of dependences Dr = f{t) for two spheroidal
types (spherocyte, Sp2, and discospherocyte, Sp1) lie very close to each other. Dg;
and D, are two main maxima of dependence Dr = f(t). Data are represented as the
mean and limits of 95% CI.

et. al., 2013; Mullier et. al., 2012). The size of HS erythrocyte-
derived microvesicles is 90-500 nm (Li et. al., 2017).

3.2. Spectral parameters of erythrocyte mechanical property maps in
hereditary spherocytosis

The averaged sample medians of spectral estimates (Fig. 3) for
the lateral force maps for discocytes and spherocytes of patients
with HS differ in parameters (Table 2). The half-power bandwidth
in the periodograms for discocytes is wider than that for sphero-
cytes (Fig. 3, Table 2). The variation of the spatial period corre-
sponding to the half-power bandwidth for discocytes is bigger in
1.19 times compared to that for spherocytes though the median
for entire spectral range for discocyte is smaller than that for sphe-
rocytes (Table 2). Using the approximation of the obtained peri-
odograms with Gaussian functions we revealed that, with
comparable accuracy, the periodogram for discocytes is best
approximated by three Gaussian functions and the periodogram
for spherocytes by only two (Fig. 3, Table 2).

Gaussian peaks obtained for the periodograms are related to
main types (subpopulations) of periodical structures in the spatial
distribution of the mechanical properties of the erythrocyte surface
layer. While scanning the erythrocyte surface, AFM probe “senses”
the membrane skeleton (actin-spectrin network). In the actin-
spectrin network in a fully stretched state, spectrin molecule has
the length of about 190 nm (Liu et. al., 1987; Lux, 2016). However,
the spectrin filaments of native, unstretched skeletons are much
more compact with the average counter length of a spectrin tetra-
mer of 60-70 nm and even less (Lux, 2016; Nans et. al., 2011).
Obtained in our analysis the spatial periods for the periodograms
characterize the average distances between junction points of the
membrane and cytoskeleton. Fig. 4(a, b) show the lateral force
map and topographic image of the same region of HS discocyte sur-
face. The typical structures corresponding to three subpopulations
of structural elements are concluded in circles (Fig. 4, a). Circles 1-
3 show the small, middle and large structural elements corre-
sponding to three Gaussian subpopulations of the spatial periods
in Table 2. Fig. 4(c, d) represent the lateral force map and topo-
graphic image of a typical HS spherocyte. Observed simplification
(increasing homogeneity) of the structure of the mechanical prop-
erty maps in transition from discocyte to spherocyte are evidence
of the specific way of spherocyte formation in HS via vesiculation
and loss of the part of the weakened cytoskeleton with gaps in
the network.

3.3. Fractal parameters of erythrocyte mechanical property maps in
hereditary spherocytosis

The relief complexity of any surface can be characterized by Dr.
We used D to study the complexity of the maps of the mechanical
properties (lateral force maps) of the cell surface layer. Because the
lateral force map is a physico-mathematical surface (a map of force
values), there is the problem of the difference in units of measure
for magnitudes presented on axis Z (units of force) and axes X and
Y (units of length). Recently we have suggested using a dependence
of Dr on Z-scale factor t (D = f(t)) for analysis of the fractal proper-
ties of AFM images (Starodubtseva et al., 2017a; Starodubtseva
et al., 2017b). Generally, curve Dg = f{t) has at least two main max-
ima (Dg;, Dpp). The position and height of the maxima are deter-
mined by scanning step, scanning area size and the structural
features of the AFM images.

We characterized the fractal properties of HS erythrocytes by
three parameters: Dg;, Dp; and /4 (Fig. 5). Using such illustrative
way, it can be noted that the fractal properties of the two erythro-
cyte morphological types are different. Herewith, parameter Dr; for
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Fig. 2. AFM images of the different morphological types of erythrocytes in HS blood. (a-1) 3D Topographic images and profiles of typical cells: (a, d) discocyte (D),
6.7 um x 7.2 um; (b, e) discospherocyte (Sp1), 6.3 pm x 6.1 pm; (c, f) spherocyte (Sp2), 5.3 um x 5.4 um; (g, j) discoechinocyte (E1), 6.3 pm x 6.1 pm; (h, k) echinocyte (E2),
6.7 pm x 8.2 um; (i, 1) stomatocyte (St), 6.5 pm x 7.3 um. (m) Discocyte with the granules on its surface, 10.4 pm x 10,4 pum. (n, o) Typical granule on the HS erythrocyte

surface: (n) topographic image of the surface area, 990 nm x 880 nm, and profile between marks 1 and 2; (o) lateral force map of the same erythrocyte surface area. The
resolution of images is 128 x 128 pixels.
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Fig. 3. Spectral estimates (Rn) for lateral force maps of HS discocytes (a) and HS spherocytes (b). Spectral estimates for different morphological types of erythrocytes were
plotted using sample medians (open circles). Spectral estimates were approximated to sums of three (a) or two (b) Gaussian functions. Gaussian function curves are colored in
gray, dark gray, black (a) or on gray and black (b). Summing curves is colored in blue (a) or red (b). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Table 2
Spectral parameters of lateral force maps of erythrocyte surface.
Cells Half-power bandwidth, nm™! Half-power limits for Median value of Gaussian maxima positions and their fractions R?
spatial periods, nm spatial period, nm
HS discocytes 0.01007-0.12076 52-624 88 53 nm (37%), 92 nm (53%), 201 nm (10%) 99,3
HS spherocytes 0.01154-0.09723 65-544 102 76 nm (66%), 143 nm (34%) 99,2

Fig. 4. Typical lateral force maps (a, c) and topographic images (b, d) of the surface of discoidal (microcytes) (a, b) and spheroidal (c, d) HS erythrocytes. In Figure a, circuits 1,
2, and 3 present the example areas with the structural elements with sizes of about 50, 90 and 200 nm, correspondingly. The plane leveling was applied to topographic
images. All the represented images were processed by Gaussian and Median filters. The sizes of images is 1.5 um x 1.5 um, 256 x 256 pixels.
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Fig. 5. Fractal parameters of the microscale lateral force maps for the erythrocytes of different morphology. Dr; and D, are the maxima of the curve Dg = f{(t), 4 is lacunarity.

Data are represented as the mean and limits of 95% CI.

spherocytes is significantly higher (p < 0.05) compared to the one
for discocytes (Fig. 5, a).

Lacunarity is the measure of gappiness of fractal objects (their
spatial heterogeneity). Where patterns have more or larger gaps,
lacunarity is higher. Fig. 5 (b) shows that the lacunarity of the lat-
eral force maps for discocytes is much greater than the lacunarity
for spherocytes. This fact becomes clear after taking into account
the results of spectral analysis of the maps discussed above. In
the transformation of discocytes into spherocytes in HS blood via
loss of the membrane in the most weakened sites of the cytoskele-
tal structure (the gaps) the structure of mechanical property maps
(the membrane skeleton) changes from less homogeneous (high
lacunarity) to more homogeneous (low lacunarity).

3.4. Friction and elastic properties of erythrocyte surface in hereditary
spherocytosis

Spectral and fractal analysis have revealed the difference in
nano- and microscale spatial distribution of the mechanical prop-
erties of the cell surface of two studied morphological types of
HS erythrocytes. The specificity of the mechanical property distri-
bution on the cell surface at the nanoscale leads to the distinction
of the microscale integral mechanical parameters for the studied
cell types. Table 3 represents the statistical parameters of friction
forces between the AFM probe tip and cell surface during scanning
process. The averaged friction forces for spherocytes were bigger
than that for discocytes. The RMS roughness of the friction maps
for discocytes was bigger than one for spherocytes. These findings
agree to the literature data about the decrease in the RMS rough-
ness of spherocyte surface (topographic image) compared to one
of discocyte surface (Ghosh et. al., 2016).

When indenting the layered composite material with network
structure like the cell surface layer, the relatively large region of

Table 3

Friction parameters of the erythrocyte surface.
Cell type F¢/F¢.p, rel. units Rq/Rq-p, rel. units n
Discocyte 1.00 (0.80;1.33) 1.00 (0.70; 1.35) 45
Spherocyte 1.19 (0.96; 1.51) 0.80 (0.66; 1.00) 80

Fi/Fr.p and Rqy/Rq.p are relative friction force and relative RMS roughness for friction
force map correspondingly obtained with respect to median friction force and
median RMS roughness of discocyte sample (Fr.p =621 arb. units, Rqp = 856 arb.
units). Data are represented as Me (LQ; UQ).

* p<0.05 in comparison with discocyte sample, Mann-Whitney U test.

the surface can be involved. The elastic modulus obtained by
indenting the cell surface is not strictly “local” and characterizes
the whole microscale surface region. Young’s moduli of discocytes
and spherocytes of HS patients are represented in Table 4. Our data
show that HS spherocytes are stiffer than HS discocytes. Literature
data also indicate that HS erythrocytes have a higher Young’s mod-
ulus compared to the one of healthy erythrocytes (Dulinska et. al.,
2006). Supposedly, in the mentioned paper, all the HS erythrocytes
were spherocytes and all the healthy erythrocytes were discocytes.
In our experiments, the tendency of the increase of elastic modulus
in sequence “HS discocyte - HS spherocyte” also coincides with the
observed tendency for the parameters of the frictional properties of
the corresponding morphological forms. Meanwhile, all the param-
eters mentioned above characterize the mechanical property of the
microscale regions of the cell surface. In general, spherocytes of HS
patients are stiffer, less deformable, more elastic and frictionally
resistive compared to HS discocytes.

4. Discussion

HS is a heterogeneous disease in all aspects: clinically, biochem-
ically, and genetically (Eber and Lux, 2004). Our findings show that
HS is the heterogeneous disease in mechanical properties at the
level of erythrocyte population in blood even at the nano- and
microscales. In the HS erythrocyte population there is a high per-
centage of cells of the specific morphology with the distinct
mechanical properties. Using AFM, we have studied the structural
and mechanical properties of two basic morphological types of HS
erythrocytes: discocytes and spherocytes. These morphological
types are among the types proper to the erythrocytes of healthy
people. Some hypothesizes were put forward to explain the mor-
phology transformation (“discocytes - spherocytes”) of normal ery-
throcytes under different conditions (Lim et. al., 2002; Deuticke,
2003). The abnormal morphological transformation taken place

Table 4

Young's modulus of erythrocyte surface.
Cell type E¢/E¢.p, rel. units n
Discocyte 1.00 (0.84;1.13) 52
Spherocyte 1.19 (1.01; 1.36) 89

E¢/E¢.p is relative elastic modulus obtained with respect to median elastic modulus
of discocyte sample (E¢.p = 65.8 MPa). Data are represented as Me (LQ; UQ).
" p<0.001 in comparison with discocyte sample, Mann-Whitney U test.
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in HS reflects the specific features of given pathology. Upon exter-
nal tensile mechanical forces, normal erythrocytes can undergo a
large mechanical deformation with further restoration to their
original shape when the external force is no longer applied. When
HS erythrocytes with the weakened linkage between the plasma
membrane and actin-spectrin network experience large deforma-
tions, they are unable to recover their original shape after mechan-
ical stress (Chang et. al, 2016). Using the quantitative flow
cytometry method, Mullier found that HS blood contained higher
levels of erythrocyte-derived microvesicles compared to healthy
controls (Mullier et. al., 2012). Loss of the parts of membrane sur-
face via vesiculation and the resulting cell shape change
“discocytes-stomatocytes-spherocytes” are the characteristic mor-
phological features of HS (Narla and Mohandas, 2017). Erythrocyte
deformability is negatively correlated with vesiculation (Almizraq
et al., 2013).

The results of our spectral analysis of the mechanical property
maps for discocytes and spherocytes of HS patients agree with
the mechanism of HS spherocyte formation via vesiculation. If
the average distances between local contacts between the
cytoskeleton and membrane in the surface layer of HS discocytes
vary from 55 to 200 nm and can be grouped into three classes,
the variation range of the corresponding distances for HS sphero-
cytes is only about 75-145 nm with possible grouping into two
classes. The structural network of membrane-cytoskeleton junc-
tions in HS discocytes compared to that for HS spherocytes is less
regular, with many large gaps. Under the mechanical stress condi-
tions, the membrane area without the linkage to the cytoskeleton
is removed with the consequent fusion of the membrane and con-
densation of the actin-spectrin network. The relatively high regu-
larity and percentage of fine-mesh structure in HS spherocyte
cytoskeleton leads to the increase in the parameters of both elastic
properties and friction forces.

The increase of the content of stiff erythrocyte morphological
forms (spherocytes) in HS blood causes the disturbance in blood
flow (flow heterogeneity (Ye et al., 2018)) and oxidative stress in
epithelial cells that can be also an additional mechanism of the
change in the immunological profile and degree of cardiovascular
risk in HS patients. These phenomena can play an important role
in HS patients after splenectomy. The abnormal erythrocytes in
HS patients with intact spleen are effectively removed from blood
flow and changed for the young erythrocyte forms with higher
deformability and lower stiffness. In post-splenectomy HS patients,
the abnormal forms of erythrocytes with high stiffness and low
deformability have a chance to remain in blood for a longer period.
Thus, significant increases in platelets, leukocytes and monocytes
were observed in splenectomised HS patients (Park et. al., 2017).

A limitation of the present study is the method of cell specimen
preparation for AFM investigations that includes chemical fixation
and partial drying of cells. The realized procedures are widely used
in microscopy-based cytological studies. Both chemical fixation
with glutaraldehyde and drying in the air change the state of
cytoskeletal proteins and values of the parameters of the cell
mechanical properties (the increase in glutaraldehyde concentra-
tion and drying time increases the stiffness of the cell surface layer
(Hutter et. al, 2005)). However, the chemical fixation and drying
make possible studying the architectonics and fine structure of
mechanical property maps of the cell surface using AFM with the
highest resolution in the air (Francis et. al., 2010). Additionally, fix-
ation of cell surface structures allows effective application of the
methods of the fractal and spatial-spectral analysis for revealing
the parameters of the spatial distribution of mechanical properties
on the cell surface. Because only one preparatory method was used
for all the erythrocyte specimens one managed to conduct a com-
parative analysis of the structural and mechanical properties of HS
discocytes and HS spherocytes.

5. Conclusion

The complex of the AFM parameters of the structural and
mechanical properties of cell surface (the spectral and fractal
parameters, the parameters of elastic and friction forces), so named
as a physical-mechanical image of the cell surface layer
(Starodubtseva et al., 2017a; Starodubtseva et al., 2017b), helps
to understand the mechanical behavior of different morphological
types of erythrocytes in blood stream of HS patients more in depth,
as well as possible mechanisms of the development of HS compli-
cations. Our findings indicate that HS blood is highly heteroge-
neous in erythrocyte mechanical properties because of high
percentage of spherocytes in HS blood and difference of the struc-
tural and mechanical properties of discoidal and spheroidal HS ery-
throcytes at the nano- and microscales. The morphological
transformation of discocytes into spherocytes in HS leads to the
change of elastic and frictional properties erythrocytes that can
influence the immunological profile and the degree of cardiovascu-
lar risk in HS patients.
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