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The effect of ionizing radiation on biological
objects is an urgent problem of radiobiology and
nuclear physics. Ionizing radiation induces damage to
subcellular structures and cell membranes upon long
space flights, radiation and radionuclide therapy, dur�
ing the sterilization of donor blood, and during
anthropogenic disasters [1–4]. The study of the effect
of radiation on membranes of red blood cells (erythro�
cytes) is of peculiar interest.

It has been shown earlier using calibrated elec�
troporation that in the erythrocyte membrane latent
damages in the nanostructure take place within a wide
range of doses. These processes were studied for γ radi�
ation, heavy metals (boron ions), and beams of accel�
erated electrons [5–7]. The appearance of the defects
in the membrane nanostructure was accompanied by
impairments in the ion exchange and, as a result, by
changes in the cell morphology. It was shown that,
upon the sterilization of donor blood or erythrocyte
suspension using ionizing radiation within doses
reaching tens of kGy, the haematological parameters
of the blood changed [8]. As a result, the gas exchange
between the blood and tissues was impaired and
pathophysiological processes developed in the organ�
ism as a whole [9, 10].

The detection and study of peculiarities of struc�
tural changes of biological membranes upon ionizing
radiations is complicated due to the requirement for a
large number of experiments either with radioactive

sources or accelerators. At the same time, a number of
regularities could be observed in in vitro experiments
using ultraviolet (UV) radiation. The biophysical jus�
tification for this is that the effect of UV radiation on
blood as well as that of ionizing radiation induces the
formation of reactive oxygen species and the enhance�
ment of oxidative processes both in hemoglobin mole�
cules and in molecules of the membranes of the red
blood cells [9]. Thus, UV radiation is an adequate
alternative to γ radiation, both in clinical cases and in
vitro studies [1, 11–13]. The biological consequences
in erythrocytes subjected to UV radiation at a wave�
length of λ = 254 nm are equivalent to the effects upon
γ radiation [8, 11].

A promising method for studying membrane topol�
ogy upon any kind of exposure is atomic force micros�
copy (AFM) [14–18]. AFM makes it possible to
record the sizes of biological structures down to
0.1 nm. Using AFM, it was shown that it is local
changes in the membrane nanostructure that trigger
the mechanism of alterations in the shape of red blood
cells during the long�term storage of donor blood, intox�
ication, and massive blood loss [16, 17, 19–21].
AFM could be used as an effective method for analyz�
ing the nanostructure of membranes of red blood cells
subjected to ionizing radiation in radiobiology and
nuclear medicine. This work is aimed at studying local
topological defects in erythrocyte membranes appear�
ing due to the UV radiation of blood in vitro.
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MATERIALS AND METHODS

Experiments were performed according to a
scheme given in Fig. 1.

1. Blood sampling was performed using Microvette
tubes with EDTA (Sarstedt AG and Co., Germany)
during the preventive examination of four male donors
27–34 years in age. In the study, the blood groups 0, A,
B, and AB were used. According to the requirements
of the Ethics Committee of the Negovsky Scientific
Research Institute of General Reanimatology, all the
donors gave their consent to participate in the study.

2. Whole blood significantly absorbs UV radiation
at a wavelength of λ = 254 nm. To ensure the homoge�
neity of irradiation of erythrocytes along the entire
volume (10 mL), the whole blood was diluted in a
phosphate buffer (PBS pH 7.4) up to a hematocrit of
0.013. For this, medical plastic cuvettes were filled
with 24 mL of the buffer solution and supplemented
with 800 μL of the whole blood (hematocrit of 0.4). As
a result, the suspension hematocrit was 0.013. Out of
the suspension obtained, 12 mL was not subjected to
radiation (control). The other 12 mL of the erythro�
cyte suspension was subjected to UV radiation in vitro.
The storage time of the suspension was 1 h.

As a source of the ultraviolet radiation, an ultravio�
let radiation source (ORUBp�3�3, KRONT, Russia)
was used. The irradiation wavelength was λ = 254 nm,
the photon energy was E = 4.8 eV, and the bactericidal
flux of the lamp was Φ = 4.8 W. The area of the suspen�
sion surface irradiated in a cuvette was S = 12 cm2.

The dose absorbed upon the UV radiation of the
erythrocyte suspension was assessed by a Fricke
dosimeter [22]. The measure of the dose absorbed was
the concentration of the salt of ferric iron Fe3+ that was
formed upon the irradiation of an aqueous solution by

the salt of ferrous iron Fe2+ under the effect of the radi�
olysis products. The concentration of the salt of ferric
iron was measured using a spectrophotometric
method at a wavelength of λ = 304 nm (a Unico 2800
spectrophotometer, United States). Upon an increase
in the dose of UV radiation, the concentration of Fe3+

increased and, correspondingly, the optical density of
the solution increased.

The radiation dose was varied by changing the
duration of the irradiation. The blood samples were
irradiated for 0 (control), 5, 10, 20, 30, 40, and 60 min.
For each dose of irradiation, an erythrocyte suspen�
sion was prepared individually. Each experiment was
repeated thrice. The doses for the different durations
of the UV exposure were assessed according to the
optical density (in relative units). The correspondence
of the duration of the irradiation and doses is given in
Table 1.

3. For preparation of erythrocyte monolayers, the
suspension hematocrit was reduced down to the initial
one, 0.4. For this, the suspension irradiated was cen�

Whole

UV radiation

Erythrocyte
Incubation

Centri�

Hematocrit

Erythrocyte

 Extracellular K+

AFM

Analysis of
membrane

nanostructure

blood

(0–60 min)

suspension

0.013
Hematocrit

0.4

fugation
monolayerfor 1 h

Incubation
for 1 h

1 2 3 4 5

6
7

Fig. 1. Scheme of the experiment. (1) Preparation of a suspension, (2) exposure to UV radiation, (3) centrifugation, (4) prepara�
tion of erythrocyte smears, (5) atomic force microscopy, (6) analysis of membrane nanostructure, and (7) measurement of the
concentration of ions of extracellular potassium.

Table 1. Doses for different durations of irradiation

Duration of irradiation Dose, rel. un

0 0

5 0.1

10 0.2

20 0.4

30 0.5

40 0.6

60 0.8



142

PHYSICS OF PARTICLES AND NUCLEI LETTERS  Vol. 13  No. 1  2016

KOZLOVA et al.

trifuged (a Hettich Mikro 220R centrifuge, Germany,
1000 rps, 5 min) and the supernatant liquid was
removed.

4. Preparation of monolayers is an important stage
for obtaining high�quality images of cells and nano�
structures of their membranes using an atomic force
microscope (AFM).

A cell monolayer on a glass slide was obtained by a
V�Sampler device (Austria), for which 10 μL of this
suspension were used.

For each radiation dose, three cell monolayers were
prepared (1.5 × 1.5 cm). The monolayers were dried in
air for 1 h at room temperature. With the purpose of
excluding artifacts upon analyzing the membrane
nanostructure, chemical fixing fluids were not used.
The monolayers were prepared 1 h after the exposure
of the suspension to UV radiation.

5. Images of the cells and their membranes were
obtained using an atomic force microscope (AFM)
(NTEGRA Prima, (NT–MDT, Russia) in semicon�
tact mode with the number of points in each line of the
image being 512 or 1024. NSG01 cantilevers were used
(R = 10 nm, the elastic coefficient of the cantilever
K = 5 N/m, the resonance frequency = 130 kHz).

6. Analysis of the cell morphology was performed
according to three fragments of 100 × 100 μm in each
monolayer. For each irradiation dose, 27 images were
obtained, each having 60–100 cells. Each image had a
number of different shapes of erythrocytes resulting from
poikilocytosis. The total sample size was 11340 cells.

The study of the membrane nanostructure was car�
ried out on typical cells present in a great number. For
each dose, from 3 to 10 typical cells were chosen. On
the surface of the membrane of each cell, 3–4 regions
with a size from 1000 × 1000 nm to 2000 × 2000 nm
were chosen and scanned. In total, 680 fragments of
the cell membranes were analyzed in the study.

For processing the AFM images obtained, Fem�
toScan Online program software (Advanced Technol�
ogies Center, Moscow) was used. To obtain a detailed
image of the membrane surface, the initial surface of
the membrane was broken down into three compo�
nents using a spatial Fourier transform. This approach
was suggested and described in detail in our previous
studies [15, 18].

7. The concentration of K+ ions was measured
using an I�510 ionometric converter (Akvilon, Russia).
A KhS�K�001 potassium selective electrode (Sensornye
sistemy, Russia) was used. Calibration curves of the
dependence of the electrode potential on the concen�
tration of potassium ions were obtained. As a result, the
concentration of extracellular potassium was measured
before and after exposure to UV radiation.

RESULTS AND DISCUSSION

Changes in the Morphology 

The monolayer of the blood subjected to UV radia�
tion had discocytes, stomatocytes, planocytes, echi�
nocytes, spheroechinocytes, spherocytes, and mem�
brane ghosts observed. Their percentage ratio
depended on the dose of the UV radiation of the blood
(Fig. 2).

Figure 2a gives AFM 2D images of cell monolayers
with different durations of the irradiation of 0, 10, and
40 min. Figure 2d gives percentage ratios of cells of
different shapes found in the suspension after UV
exposure. The cells in the control (without radiation)
are mainly planocytes and echinocytes�1 (Fig. 2a).
This smear differs from the whole blood smear, which
usually contains discocytes. The appearance in the
control smear of planocytes and echinocytes�1 was
due to the significant dilution of the whole blood by
the buffer (almost by a factor of 30) and further cen�
trifugation of the suspension up to the restoration of
the initial hematocrit. After the irradiation in the
monolayer (b), 65% of the cells were represented by
echinocytes, 15% by planocytes, 9% by discocytes, 6%
by spheroechinocytes, 3% by spherocytes, 2% by sto�
matocytes, and ghosts were almost absent. In the
monolayer (c), 29% of the cells were represented by
spherocytes, 28% by spheroechinocytes, 22% by
ghosts, 18% by echinocytes, 2% by stomatocytes, 1%
by planocytes, and discocytes were almost absent.

A change in the percentage ratio of different cell
shapes illustrates the dynamic of their sequential
transformation. For example, formation of echi�
nocytes�2 is the next stage of cell transformation after
the formation of echinocytes�1 and planocytes. Thus,
at D = 0.2, the number of echinocytes�2 increases to
51% and the number of echinocytes�1 and planocytes
decreases. However, upon a further increase in the
dose up to D = 0.6, part of echinocytes�2 transforms
into spheroechinocytes. Therefore, the number of
echinocytes�2 decreases to 15% and the number of
spheroechinocytes increases. Such a nonlinear change
in the number of cell shapes indicates that the cell
shape echinocyte�2 is intermediate between disco�
cytes and spheroechinocytes.

Upon an increase in the duration of irradiation, the
dynamics of transformation of cells into echinocytes
and spherocytes was observed. Such a change in the
morphology of blood cells could lead to a change in
their functional state and deterioration of the gas�
transport function.

A change in the Nanostructure 
of the Membrane Surface of Erythrocytes

To assess quantitative parameters of the topological
defects, an AFM image of the membrane fragment
was broken into first� and second�order surfaces using
a spatial Fourier transform [18].
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Figure 3 gives AFM images of a control cell (a), an
initial region of the membrane (b), images of three
components of the surface (first�, second�, and third�
order surfaces) (c), and a histogram of heights of these
surfaces (d). Summing up the surfaces given in Fig. 3c,
the image of the initial surface is obtained (Fig. 3b).

Earlier it was shown that a change in the cell mor�
phology begins with a change in the nanostructure of
erythrocyte membranes. This takes place under the
effect of chemical pharmaceutical drugs on blood
[18, 19, 20] and during the long�term storage of donor
blood [23, 24]. Different kinds of exposure induce spe�
cific topological defects in the membrane with pro�
nounced characteristic spatial shapes and sizes
[15, 18–20].

After the UV irradiation of the cell suspension, spe�
cific topological nanodefects in the structure of the
membranes of the red blood cells were recorded.
Herewith, two types A and B defects (Figs. 4, 5) were
observed. The type A defects have ring�shaped nano�
cavities (Fig. 4). The type B defects represent a nano�
structure in the form of a projecting ring (Fig. 5).

Figure 4a gives an AFM image of a cell with type A
defects being observed on the membrane. The initial
nanosurface of the membrane (Fig. 4b) was broken
down into first�order (Fig. 4c) and second�order
(Fig. 4e) surfaces. The corresponding profiles of these

surfaces are given in Figs. 4d and 4f. The diameter of
the type A topological defect is 600 ± 80 nm. The
width of the type A topological defect is L2 = 170 ±
40 nm, which is comparable with the size of the spec�
trin tetramer.

The characteristic parameters of the surface of the
ith order is the height hi and spatial period Li [18]. For
comparison, the parameters of the nanostructure are
given in Table 2.

At a dose from 0.2 to 0.8 (rel. un.), type A topolog�
ical defects were observed in 25% of the cells (sample
size is 500 cells). The number of these defects in a cell
is 7 ± 5.

Type B topological defects represent a ring�shaped
nanostructure projecting over the membrane surface.
Figure 5a gives an AFM image of a cell with type B
defects being observed on its membrane. The initial
nanosurface of the membrane (Fig. 5b) was broken
down into first�order (Fig. 5c) and second�order
(Fig. 5e) surfaces. The corresponding profiles of these
surfaces are given in Figs. 5d and 5f. The diameter of
the type B topological defect is 1400 ± 600 nm.

The width of the type B topological defect was L2 =
90 ± 20 nm, which is comparable with the size of the
spectrin dimer.
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The characteristic parameters of the nanostructure
are given in Table 2.

Type B topological defects were observed in 8% of
the cells at a dose from 0.2 to 0.8 rel. un. (the sample is
500 cells). The number of the defects per cell was 2 ± 1.

It follows from Table 2 that the heights of the first�
and second�order surfaces differ approximately by a
factor of 2 from the region of the defect when com�
pared to the control surface.

Development of Oxidative Processes in the Membranes

To assess the intensity of the development of oxida�
tive processes in the erythrocyte membranes after
exposure to UV radiation, the concentration of extra�
cellular potassium in the suspension was measured.
With an increase in the radiation dose, the concentra�
tion of the extracellular potassium increased (Fig. 6)
from 0.44 mM (in the control suspension, D = 0) to
1.32 mM (dose of 0.8). Figure 6 demonstrates typical
cells and nanostructures of the surface for the corre�
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Table 2. Parameters of first� and second�order nanosurfaces

First order Second order

h1, nm L1, nm h2, nm L2,nm

Control 5 ± 1 800 ± 300 2.1 ± 0.3 100 ± 30

Type A defect 9 ± 3 600 ± 80 5.3 ± 1.2 170 ± 40

Type B defect 8.5 ± 1.5 1400 ± 600 5 ± 1 90 ± 20



146

PHYSICS OF PARTICLES AND NUCLEI LETTERS  Vol. 13  No. 1  2016

KOZLOVA et al.

sponding doses. It follows from Fig. 6 that, at doses of
0.6–0.8, intense potassium outflow into the suspen�
sion is observed, which correlates with a change in the
membrane nanostructure and irreversible change in
the cell morphology.

In the study presented, a model source of the expo�
sure was represented by the UV radiation. Earlier [11]
it was shown that such a model is adequate and com�
parable with the effect of γradiation up to high doses of
5–30 kGy [8]. Under the effect of UV radiation on
blood, oxidative processes are activated and different
ROSs are formed. At a wavelength of UV radiation less
than 280 nm, the reaction of formation of radicals
H2O → H• + OH• takes place. Further different reac�
tions are possible, e.g., OH• + OH• → H2O2 [10, 25].

The final products of radiolysis of water under the
effect of ionizing and UV radiation are the same. ROSs
lead to the development of the chain reaction of lipid
peroxidation [10]. As a result, in membrane lipids, a
hydrophobic nonpolar bond L–H turns into a polar
hydrophilic bond L–O–O–H. This results in the for�
mation of local pores in the membrane and a change
in the conditions of diffusion for molecules of water
and ions and, on the whole, in the impairment of the
ionic balance and cell morphology. ROSs also induce
oxidation of protein parts of the molecules. In partic�

ular, the oxidation of spectrin and hemoglobin takes
place [11, 13]. As a result, protein aggregation can
occur, which also could locally change the membrane
properties. It is the chain of the processes mentioned
which could lead to the formation and development of
local type A and B topological defects.

Spectrin oxidation could result in the disruption of
the spectrin threads. The transformation of spectrin
tetramers into dimmers leads to the expression of part
of the membrane outside and, then, to the separation
of vesicles from the cell. This is vesiculation [26, 27].
Type B defects could be the beginning of vesiculation:
“vesiculation outside.”

At the same time, the separation of tetramers and
local impairments in the bond between spectrin and
the bilayer could be the reason for a local dip of the
lipid bilayer inside the cell. Thus, on the membrane
surface, regions located below the membrane surface
form. It is these regions that are type A defects of the
membrane. These effects were observed in the study
under exposure to ferriheme and furosemide [18, 19].
However, the parameters of the topological defects
under the effect of the UV radiation were specific and
differed from the characteristic defects of each of the
exposures mentioned. We interpret this process of a
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local dip of the membrane inside the cell as “vesicula�
tion inside” [19].

A change in the nanostructure of the erythrocyte
membranes and their morphology leads to impaired
rheological properties of blood and triggers an
immune response.

CONCLUSIONS

In this study the images of the local defects in the
nanostructure of the erythrocyte membranes, which
were induced by the effect of the UV radiation on
blood, were shown using AFM.

The cell membrane together with DNA is a critical
target of ionizing radiation. The damage of biological
membranes could change the functional state of the
cell and be a triggering mechanism for the develop�
ment of pathophysiological processes in the organism
as a whole. An investigation of changes in the nanosur�
face of the erythrocyte membranes together with
hematological and biochemical indices of blood is of
importance for developing an optimal method of radi�
ation therapy and sterilization of foodstuff and donor
blood upon prolonged storage. This research is of sci�
entific interest for developing scientific approaches

and the implementation of methods of eliminating
consequences of the ionizing radiation of blood and
organism as a whole.
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