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Abstract

Using the method of SEM in patients with cervical cancer (CC) during radiation therapy (RT) revealed differences in the size
and morphology of nanoparticles (NPs) localized on the outer surface of the erythrocyte membrane. We found that NP-V (“viruses”
objects localized on the surface of the erythrocyte membrane of CC patients before RT have more distinct contours and are smaller
in comparison with the number of NP-EV (extracellular vesicles) arising during RT. Our previous study showed that NP-V objects
are evenly distributed not only on the surface of erythrocytes but also in blood plasma, and that during the RT the amount of NP-V
decreases, while NP-EV both increases and decreases. The linear size of the NP-EV is characterized by a Gaussian distribution, while
the NP-V has a normal size distribution in certain ranges with different mean values. We found that the number of NP-Vs having
different linear dimensions differ significantly. Using X-ray radiation, we established characteristic elemental composition of NP. The
PCR method was used to determine the HPV DNA in blood samples from CC patients. The revealed differences in the morphology
and composition of NP, as well as the data of PCR analysis, possibly indicate their different nature and can be used as a criterion for
assessing the effectiveness of RT and the recovery period.(International Journal of Biomedicine. 2021;11(1):32-38.)
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for a new methodology for determining the effectiveness of RT.

Changes in the morphology of erythrocytes under the influence of

ionizing radiation during RT were studied using a SEM.
Previously, an SEM has detected nanoparticles (NPs)

Introduction

The increase in relapses or the further development of
oncological diseases after a course of therapy, including a course

of radiation therapy (RT), poses a challenge for researchers to
develop diagnostics for the effectiveness of therapy.

In this paper, we consider the problem of analyzing a set of
blood parameters of patients diagnosed with cervical cancer (CC)

on the RBC surface in the study of blood samples of CC
patients during RT.0-? According to their size, the detected
NPs probably corresponded to both V (“viruses”)” and EV
(extracellular vesicle)® on the cell surface. Changes were
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found in the morphology of erythrocytes of CC patients, as
well as in the number and size of NPs found on their surface
at different stages of RT. Probably, the action of ionizing
radiation affects the state of erythrocyte membranes, which is
manifested in changes in their morphology and the appearance
of NP-EV on the cell surface. It is important that the diameter
of the erythrocytes of patients with CC is higher than in the
control. The total number of poikilocytes increased by about
1% at each stage of RT. The number of NPs increased at each
stage of RT and decreased after the end of RT. The SEM
allowed determining erythrocyte agglutination after RT.

Obviously, the results obtained can serve as a basis for
the development of indicators for the effectiveness of RT in
CC. On the other hand, the nature and process of NP formation
on the erythrocyte surface, the number of which changes
during RT, requires further research. Our approach will allow
monitoring the effectiveness of RT and explaining the causes
of recurrence and further development of the disease.

Previously, we gave examples of the presence of EVs in
the bodily fluids of cancer patients, including patients with CC.*
YEVs (exosomes, microvesicles, and apoptotic bodies), the sizes
of which vary in diameter from 30nm to 2000nm, are defined as
membrane particles formed on the surface by a cell of any type.
-7 Some studies & have led to the conclusion that the presence
of exosomes in the blood of cancer patients stimulates changes
in the surrounding healthy cells,"” which indicates the role of
exosomes in the transmission of molecular messages from the
parent cell to the target cell. ']t is assumed that RT aggravates
this process in healthy cells by increasing the EV level,"® which
in turn may be mediated by their stimulating effect.!*-'9

These studies indicate the need for a more detailed study
of various blood parameters, including the EV number, as
biomarkers of cancer progression. In addition, the presence
of NPs on the RBC surface, not only in cancer patients, but
also in patients with kidney diseases,” may also indicate the
development of certain viral diseases.

What is the nature of these NPs? Are these NP viruses,
vesicles, or are we seeing both? And if we observe both viruses
and vesicles, then how to distinguish them?

In the present study, we used SEM and PCR techniques
to study NPs found on the RBC surface in patients with CC
receiving RT based on our assumption that they may be
cellular EV or viruses.

Materials and Methods

Blood Samples
Smears of venous blood containing K3-EDTA from

16 patients with CC were obtained. The age range was from
45 to 55 years. For 4 CC patients, analyses were taken at the
beginning and at each stage of the full course of treatment, and
for the remaining 12 CC patients, at the beginning and right
after the first stage of RT. For the SEM examination, a thin,
even layer of blood was smeared onto a clean degreased glass
slide and dried.

To conduct a blood test by PCR, 20 blood samples were
prepared from 6 patients with CC who did not undergo RT.

Blood fractionation

Blood samples were centrifuged at 1600 g for 10
minutes. After fractionation, samples of plasma (Pl) and
buffy coat (BC) were placed into clean 1.5 ml tubes. The
BC samples were further purified from erythrocytes several
times using RBC lysis solution and centrifugation until a pure
white precipitate was obtained. After that, a few microliters of
phosphate buffer (PBS) were added to the sediment. A fraction
of erythrocytes with a volume of 1ml was transferred into a 15
ml tube and 14 ml of phosphate buffer was added to it. After
gentle mixing, the tubes were centrifuged for 10 minutes at
500g, draining the supernatant every time after centrifugation.
The procedure for washing erythrocytes was repeated three
times. After the last wash, half of the remaining suspension
was transferred into a clean 1.5 ml tube. It was assumed that
the bulk of the erythrocytes is associated with viral particles;
therefore, the samples of the erythrocyte fraction after washing
were marked as Et+.

For the dissociation of viral particles from the surface
of erythrocytes, 0.25% trypsin solution was added to the
remaining half of the suspension in a volume ratio of 1:3.
After incubation at 37°C for 10 minutes, the suspension
was vigorously stirred for 10 seconds. Next, the suspension
was centrifuged at 4000rpm for 10 minutes. The resulting
centrifugation top layer was transferred to a clean tube labeled
V+, since this was where the virus particles were supposed
to be concentrated. The erythrocyte sediment was repeatedly
washed with a large volume of phosphate buffer, to remove
the remainder of viral particles from the suspension, and then
transferred into a clean 1.5ml tube marked Et- (erythrocytes
without viral particles). All samples obtained were stored at
-20°C until further use.

DNA extraction

For DNA extraction, 200ul of previously prepared
samples with markings P, Et+, Et-, and V+ were used. Phenol
and chloroform were added to each sample in an amount of
1000 pl and 200 pl, respectively. After vigorous stirring for
15 seconds, the samples were centrifuged at 13000 rpm for
10 minutes. After centrifugation, the upper liquid phase was
carefully transferred to a clean tube and cold isopropanol
was added to precipitate the DNA. For better precipitation,
the samples were incubated at -20°C for an hour, after which
they were centrifuged at 13000 rpm for 10 minutes. After
centrifugation, the supernatant was carefully discarded, and
the tubes were gently inverted on filter paper to remove the
remaining liquid. Then the precipitates were dried in a vacuum
for 2 minutes. DNA was dissolved in 50 pl TE buffer. The
concentration and quality of the isolated DNA were assessed
using an Implen P330 Nanophotometer.

PCR

To detect HPV particles, primers GP5+/6+(GP5+:
S“TTTGTTACTGTGGTAGATACTAC-3' and GP6+:
5-GAAAAATAAACTGTAAATCATATTC-3")"1® and
MYO09/11(MY09: 5’CGTCCMARRGGAWACTGATC3’ and
MY11: 5-GCMCAGGGWCATAAYAATGG-3")""* were used
to detect a wide range of HPVs and aimed at detecting the viral gene
L1. Aregion of the S-globin gene amplified with primers PC03/04
(PCO3: 5’-CTTCTGACACAACTGTGTTCACTAGC-3 ‘and
PCO4: 5-TCACCACAACTTCATCCACGTTCACC-3*) was
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used as an internal control and confirmation of the presence of
human DNA. To check the reliability of PCR, the products of
amplification were separated by electrophoresis in 2% agarose gel.

SEM images and elemental analysis

An SEM was used to study the morphology and surface
of erythrocytes in patients with cervical cancer at the beginning,
after the first and second (final) stages of RT (external and
contact, respectively). We used a high-resolution JSM-7800F
SEM(Japan Electron-Optical Laboratory, JEOL, Japan)
equipped with a Schottky thermal field emission cathode and
a super hybrid objective lens. The microscope is equipped
with the Gentle Beam system, which reduces which reduces
the speed of electron propagation of the emission beam and
allows obtaining high-quality images of biological samples
at low accelerating voltages. The following microscope
parameters make it possible to study the morphology of the
RBC surface in blood smears without spraying conductive
coatings, to eliminate damage to the object, and to identify
NPs (resolution of 1.2 nm): magnification range 1-100,000 at
voltage of 1kV-2kV.

The maximum sample size was 20 mm. The analysis of
the NP sizes was carried out using the software JMicroVision
v1.2.7 (Roduit, 2007).

An additional SEM module (Oxford INCA Energy 350
energy dispersive microanalysis system) was used to conduct
elemental analysis of NP on the surface of erythrocytes and
on plasma. The principle of operation of the microanalyzer
is based on the method of X-ray microanalysis, the essence
of which is the excitation of the analyte atoms with a high-

energy electron beam (probe) with simultaneous registration
of the characteristic X-ray radiation of the atoms that make
up this substance. The microanalyzer operates on the energy
dispersive principle, according to which all sections of the
X-ray spectrum are recorded simultaneously. To implement
this principle, the microanalyzer is equipped with an ultra-thin
SATW entrance window for registration of light elements,
starting with carbon. Structurally, the microanalyzer includes
a main unit with an X-max 80 detector based on an energy
dispersive spectrometer and a control unit. A silicon drift
detector is used to detect the characteristic X-ray radiation of
the microanalyzer. The microanalyzer operation is controlled
and the measurement data is processed using an IBM PC
type computer and a specialized analytical software system,
Aztec, while information on the mass fractions of the analyzed
elements is displayed on the microanalyzer monitor.

Radiation therapy

In the Yakutsk Republican Oncological Dispensary
(Yakutsk, Russia), patients received radiation therapy, which
consists of two stages: first, external beam therapy using an
Elekta Synergy accelerator (United Kingdom, external beam
radiation therapy, 6-18 MeV), and then brachytherapy using
the MultiSourse HDR device (Germany, brachytherapy with
Cobalt-60 source). At the first stage, treatment was performed
on a linear accelerator in the mode of working with electrons
with energy of 6 MeV. The therapy was carried out as follows:
3 times for 5 days daily with a break of 2 days (i.e. at the
first stage only 15 fractions of 2Gy were carried out). Then,
without a break between the first and second stage, contact

RT of 5Gy was performed, interspersed with distanced RT of
2Gy of 5 fractions of each type of RT. Blood samples were
collected at the beginning, middle, and end of external beam
therapy, then at the middle and at the end of contact radiation
therapy. Multiple methods (3D CRT, IMRT, VMAT) were
employed in the course of therapy to ensure precision delivery
of high doses to the tumor and low doses to healthy tissue.

The study was conducted in accordance with ethical
principles of the WMA Declaration of Helsinki (1964, ed.
2013) and approved by the Ethics Committee of the M.K.
Ammosov North-Eastern Federal University (protocol No. 13
of April 4, 2018, decision No. 2). Written informed consent
was obtained from each patient.

Primary methods for processing experimental results

To determine the elemental composition of EV and NP,
as well as the RBC surface without nanosized objects, we
used SEM images obtained at 40,000x magnification and at
a working distance of 10 mm. Primary methods of statistical
processing of experimental data were used to determine the
percentage of the weight ratio of chemical elements of nanosized
objects. The program displays on the monitor histograms of the
weight ratio of the elements of the objects under study. Based
on these histograms, the weight distribution of the elements
was determined as a Gaussian normal distribution, which was
verified using the Shapiro-Wilk test.

Results and Discussion

This paper presents the results of examining blood
samples of a 38-year-old female patient, who is one of the
patients diagnosed with CC. To determine the elemental
composition of NP-objects, which were conventionally divided
into NP-EV and NP-V, we used SEM images of these objects
with a magnification of 40,000x and an accelerating voltage of
1-2 kV (Fig.1).

A) (B)

Fig. 1. NP-objects on the RBC surface before (A) and
during (B) RT in a blood sample from a patient with CC
(magnification of 40,000x, an accelerating voltage of 1 kV).

NP-Vs found on the surface of erythrocytes before RT
have sharper contours and are much smaller than NP-Vs arising
during RT. NP-EVs, that arise during RT, are evenly distributed
not only on the surface of erythrocytes, but are also found in
plasma. The amount of NP-Vs in some samples decreases
during RT, while NP-EVs were detected precisely during
RT and their number both increased and decreased during
RT. The distribution of the linear dimensions of the NP-EVs
corresponds to the Gaussian distribution, i.e. have a normal
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distribution over one range, while NP-Vs are characterized by
a discrete distribution, i.e. the linear dimensions of NP-Vs are
different in several characteristic ranges, where they have the
form of a Gaussian distribution. Also, the number of NP-Vs
having different linear dimensions differs significantly.

To determine the elemental composition of a nanoscale
object using SEM, the accelerating voltage equal to 2 kV
was chosen, and the beam was directed to the nanoparticles
at a magnification of 40,000x. In the course of the study, the
elemental composition of 13 NP was obtained for one sample
of the patient’s blood before and after RT. For example, in Fig.
2, the area of aiming the beam on the NP-EV is indicated and
its elemental composition is presented.
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Fig. 2. (A) An NP-EV is selected for the study of the
elemental composition, (B) The energy spectrum of the
NP specified in (A).

In one of the samples, the spectra of 13 NPs were
obtained. Figure 3 shows a histogram of the elemental weight
composition of an NP-object in percent on average.
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Fig. 3. Histogram of the average elemental weight
composition of NPs in percent: (4) - NP-VE, (B) — NP-V.

From our data, it follows that the composition of NPs is
approximately the same, which corresponds to the literature
data. It is known that the atomic composition is approximately
the same in cell vesicles and virus capsids, including HPV16
and HPV 18, since they are composed of proteins.*2

Using PCR of the erythrocyte mass of blood samples
from CC patients before RT, we found that HPV DNA was
detected in 41.7% of samples (16.7% in plasma, 25% in
Et+), and the f-globin gene was found in 66,7% of samples
(16.7% in plasma, 33.3% in Et+, and 16.7% in Et-). SEM
studies of the same blood samples revealed the presence of
NPs on the RBC surface. The number of NPs on the RBC

surface was higher than in plasma. It is known®? that some
viruses trigger the formation of vesicles on the cell surface
during infection. It is likely that the correlation between the
number of viruses detected by SEM and vesicles on the cell
surface may be the basis for the formation of new diagnostic
methods and screening of vaccines. Proliferative cancer cells
show an increase in cancer tissue as a result of angiogenesis,
the acquisition of migratory and invasive abilities, and the
acquisition of the ability to avoid attacks by immune cells and,
ultimately, the formation of metastatic lesions. It is known that
exosomes are involved in each of these processes.CV In the
blood, exosomes can appear from various cells; tumors are
the maximum producers of exosomes (10 vesicles/mL in the
blood), which correlates with their role in carcinogenesis. The
relationship between circulating exosomes and tumor cells can
be described as “seeds and plants.” Exosomes obtained from
tumor cells that carry different genetic material are released
into the bloodstream. Some exosomes spread to distant organs
and transform organ cells into tumor cells by transferring the
bioactive component to the recipient cell. In addition to an
increase in the number of circulating exosomes in the blood
of cancer patients, their differences in size and morphology
were revealed. For example, it was shown that the sizes of
exosomes in serum obtained from patients with pancreatic
adenocarcinoma were significantly smaller than those in
healthy donors. Also, atomic force microscopy revealed the
morphological and molecular differences between exosomes
of healthy people and patients with oral cancer.®? Based
on a number of studies ©°* that examine the relationship
of viruses associated with certain cancers and exosomes
it can be assumed that the observed increase in the number
of vesicles in this study during RT in some patients may be
triggered by the effect of radiation on tumor cells. Indeed, in
the work of Mata-Rocha et al.,*¥ it was found that not only
exosomes obtained from HeLa cells contained HPV DNA,
but also non-malignant, HPV-positive, cervical specimens
with and without squamous intraepithelial lesions had HPV
DNA(including E6 and E7 oncogenes). These findings point
to another potential source of erythrocyte-associated EV in
patients with CC: non-infectious HPV cells. Although it is
likely that erythrocyte-associated EV in CC patients can be
attributed to cancer cells or HPV-infected cells, the possibility
that they are produced by changes in erythrocytes cannot be
ruled out. This is evidenced by the fact that the diameter of the
detected EV (69.91+12.15 nm)® closely matches the size of
erythrocyte exosomes described by Huang et al..“? Probably,
erythrocytes release vesicles into the extracellular space in
normal conditions, but this process is enhanced in pathology.“9

The role of this process in the formation of pathological
conditions, including CC, has not been sufficiently studied.
However, exosomes have been shown to modulate the
immune response by increasing the proliferation of T-cells in
an antigen-presenting, cell-dependent manner.“” In fact, the
number of T-cells was increased by more than 50% compared
with phytohemagglutinin stimulation alone. In addition, EVs
formed on the surface of erythrocytes can be involved in
inflammation and stimulate the synthesis of pro-inflammatory
cytokines in peripheral blood mononuclear cells.“”
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In accordance with the literature data and the results of
our studies, the number of NPs on the RBC surface increased,
possibly due to the pathology of erythrocytes under the influence
of viruses. The secretion of exosomes from erythrocytes, in
turn, can also be enhanced by exposure to radiation.

In the course of this study, we monitored the condition of
this patient, in whom the greatest increase in the number of NP-
EVs was observed after RT for 1.5 years. During this period,
courses of chemotherapy and drug therapy were carried out;
however, during this period, in comparison with other patients,
this patient underwent a relapse and a more aggressive further
development of the disease with concomitant complications.

In conclusion, the results of this study using SEM and
the PCR method indicate that the formation of NP observed
before exposure to ionizing radiation can be caused by various
processes, namely, the effect of viruses and the formation of
vesicles on the cell surface as a result of the disease. PCR
analysis of blood samples from patients with CC before RT
revealed the presence of HPV DNA in some samples. An
increase in the number of EV on the surface of erythrocytes
and in plasma during RT indicates the formation of exosomes is
activated by both cancer cells themselves and by erythrocytes
under the influence of ionizing radiation. In addition, it is
also assumed that viruses detected on the surface can more
intensively stimulate the formation of vesicles on the surface
of erythrocytes during RT.

Further observation of patients with CC after RT shows
that an increase in the number of vesicles in the blood may be
associated with a negative prognosis related to a relapse of the
disease, i.e. about the low efficiency of RT. In addition, a slight
decrease in the NP-V number during RT may also indicate a
slight effect of RT on NP-V.

It is obvious that further examination of the blood
of patients during RT will make it possible to reveal the
quantitative ratio of these NPs before and after each stage of
RT to determine the criterion (critical ratio) of the effectiveness
of therapy. Thus, the complex technique for examining the
blood of CC patients, considered in this work, can become
the basis for developing a methodology for determining the
effectiveness of RT, as well as form the basis for further
studies of the role of viruses, vesicles, and erythrocytes in the
development of CC.
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