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Cancer metastasis and recurrence are the leading causes of cancer-related death. Tumor cells which
leave the primary or secondary tumors and shed into the bloodstream are called circulating tumor cells
(CTC). These cells are the key drivers of cancer dissemination to surrounding tissues and to distant
organs. The use of CTC in clinical practice necessitates the deep insight into their biology, as well as into
theirrolein cancer evasion of immunesurveillance, tumor resistance tochemo-radio-andimmunotherapies
and metastatic dormancy.

Aim. The purpose of the work was to review the current knowledge on the CTC biology, as well as the
prospects for their use for the diagnosis and targeted treatment of metastatic disease.

Methods. The work proposed the integrative literature review using MEDLINE, Biological Abstracts
and EMBASE databases.

Results. This review summarizes and discusses historical milestones and current data concerning CTC
biology, the main stages of their life cycle, their role in metastatic cascade, clinical prospects for their use
as markers for the diagnosis and prognostication of the disease course, as well as targets for cancer
treatment.

Conclusions. Significant progress in the area of CTC biology and their use in cancer theranostics
convincingly proved the attractiveness of these cells as targets for cancer prognosis and therapy. The
effective use of liquid biopsy with quantitative and phenotypic characteristics of CTCs is impeded by the
imperfection of the methodology for taking biological material and by the lack of reliable markers for
assessing the metastatic potential of CTCs of various origins. The variety of mechanisms of tumor cells
migration and invasion requires the development of complex therapeutic approaches for anti-metastatic
therapy targeting CTCs. Efforts to address these key issues could help developing new and effective
cancer treatment strategies.

Key words: circulating tumor cells; circulating tumor microembols; metastasis; epithelial-
mesenchymal transition; minimal residual disease.

Cancer is the second leading cause of death
in the world after cardiovascular diseases.
Experts estimate that cancer rates have risen
to 2.7 million cases (all types of cancer except
non-melanoma skin cancer) and led to 1.3 mil-
lion deaths in 2020 in the European Union [1].
The Cancer Statistics 2020, published in the
peer-reviewed journal of the American Cancer
Society CA: A Cancer Journal for Clinicians,
reported 180,690 cancer cases and 6,065,20
deaths, which is about 4,950 cases and more
than 1,600 deaths daily [2]. In Ukraine,

incidence of cancer per 100 000 population
is ~384.7 cases according to the data from
Bulletin of National Cancer Registry of
Ukraine (No 21).

The main cause of death in ~80% of
cancer cases is the development of relapses
and metastases. This actualizes the search
for reliable markers for the assessment
and prediction of the course of oncological
pathology, as well as for the development
of methods and means of prevention and
treatment of cancer recurrence and metastatic
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disease. Attractive candidates for the role of
such markers are tumor cells that separate
from the primary node and circulate in the
blood and lymphatic vessels — the circulating
tumor cells (CTC). That is why CTC are
called “pioneers” of tumor origin, which are
responsible for the metastatic spread of cancer.

The study of the CTC biology is important
both in terms of improving the knowledge
about the biology of cancer, and applying
the acquired knowledge in clinical practice
for the development of targeted treatments
for cancer. The problem of studying the CTC
dates back to antiquity, i.e., since the time of
Hippocrates, when such pathology as cancer
was first established, the search for effective
treatments of which is still relevant today.
The importance and prospects of this scientific
area is evidenced by the long period of its study
with the growing number of publications in
the scientific literature and the involvement
of specialists in various fields of biology
and medicine: from cytologists, geneticists
and biochemists to biophysicists, molecular
biologists and immunologists.

This review summarizes and discusses
historical milestones and current data
concerning CTC biology, the main stages of

their life cycle, the significant role of CTC in
metastasis, the methods of their study and
clinical prospects for their use as markers
for the diagnosis and prognostication of the
disease course, as well as targets for cancer
treatment.

Historical milestones in the study
of circulating tumor cells

The ability of a malignant neoplasm to
spread systematically was first mentioned
in ‘Humoral Theory’ of Hippocrates — the
“father of medicine”, who described not only
the term “cancer” but also singled out its
ability to grow, be surrounded by blood vessels,
and its immune infiltration (Fig. 1) [3].

The long period from the death of
Hippocrates to the Middle Ages was famous
for a number of works devoted to the study of
tumors and the problem of cancer treatment,
which are still questionable in their usefulness.
It was not until the middle of the 18th century
that Henri Le Dran (1685-1770), a leading
French physician, realized that cancer was
not only a systemic disease, as Hippocrates
believed, but was local with gradual
progression. In 1757, Le Dran suggested that

threshold I
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Fig. 1. Chronological periodization on the study of circulating tumor cells from ancient times to the present

From left to right: Hippocrates (460—370 BC), Henri Le Dran (1685-1770), Joseph Récamier (1774—
1852), Bernhard von Langenbeck (1810-1887), Rudolf Virchow (1821-1902), Karl Thiersch (1822-1895),
Thomas Ramsden Ashworth (bef. 1830-1876), H. C. Engell (1921-2011), Judah Folkman (1933-2008),
Lance A. Liotta (born July 12, 1947), Peter C. Nowell (1928—-2016), Napoleone Ferrara (born 26 July 1956),
Pantel Klaus (born 3 August 1960), new era of CTC research, which is characterized with the most sensitive
methods of detection (1998—currently). Red threshold signifies a big step towards understanding a significance
of tumor angiogenesis
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surgery should take place before the tumor
could metastasize through the lymphatic
system and affect other parts of the body [4].

Recamier (1829) and later Thiersch (1865)
were among the first to report the invasion of
malignant cells into the veins and lymphatic
vessels of a patient with basal cell carcinoma
of the skin (BCC). In 1841, Langenbeck’s
experimental data obtained by microscopy
provided conclusive evidence for the presence
of tumor cells in the bloodstream.

In 1858 Virchow’s generally accepted
theory emerged. It explained metastasis by
tumor emboli arrest in the vascular network.
Eleven years later, Thomas Ashworth, who
performed an autopsy on a patient who had died
of metastatic cancer, reported the presence
of circulating cells in his subcutaneous vein,
similar in morphology to the primary tumor
cells. This observation provided further
evidence of the ability of individual tumor cells
to migrate to blood vessels ete. [5—9].

The work of Engell et al., 1955 on the
detection of tumor cells in peripheral blood
in cancer patients, is considered to be more
“mature” in this scientific direction. This
research group found that in 61% of cases of
tumor cells in blood samples, their presence
was associated with a low degree of tumor
differentiation (< G3). Because 51% of
patients who survived 5 to 9 years after tumor
resection had circulating tumor cells, Engell
suggested that “these cells must spread into the
bloodstream before or during surgery” [10].

The next step in the progress of the theory
of circulating tumor cells was the elaboration
of experimental models of metastasis in the 70s
of the previous century. However, metastases
were generally considered at this time as a late
event in the development of epithelial tumors.
Subsequently, Pantel et al. [11, 12] using the
methods of immunohistochemistry, concluded
that there is a common phenomenon of early
spread of isolated tumor cells for non-small cell
lung cancer. In addition, this scientific group
has shown that in carcinomas of the breast
and gastrointestinal tract, most disseminated
tumor cells in the bone marrow of patients
are at rest.These scientists also performed
an important observation on the detection in
histological specimens of tumors of lung cancer
patients without metastases. It was found out
that a significant proportion of cytokeratin-
positive cells were present compared with
specimens of patients with metastases.

A rather interesting theory was proposed by
Nowell (1976), known as the “model of somatic
evolution” [13]. According to this model,

metastatically competent disseminated cells are
considered as central players in the extremely
complex phenomenon of metastasis, where
genetic variability and selection of the most
aggressive and adapted clones in tumor tissue
determines the consistent of the population of
malignantly transformed cells and the ability of
individual representatives to spread.

Further in a series of pioneering
experiments, Folkman et al. [14, 15] identified
the critical role of angiogenesis in the
metastatic cascade. Folkman himself theorized
that tumors need constantly new blood vessels,
and thus trigger certain mechanisms of their
formation to provide rapidly proliferating cell
mass with the necessary oxygen and nutrients.
This was the beginning of a scientific field
devoted to the study of tumor angiogenesis.
However, the scientist’s ideas were not
approved by the scientific community until
in 1980 when Napoleone Ferrara, a scientist
at the biotechnology company Genentech,
discovered the vascular endothelial growth
factor (VEGF), a cytokine that stimulates the
formation of new blood vessels.

Folkman’s scientific research was
continued by Liotta, who proved that there
is a balance between factors that stimulate
angiogenesis and inhibits this process. They
are both secreted by the tumor cells themselves
and cells of the tumor microenvironment.
By modeling a course of fibrosarcoma in
mice daily, the scientist observed a linear
correlation between the density of perfusion
vessels and a growth of the proportion of tumor
embolus cells (four or more). The studies above
have shown that vascularization of tumor
tissue and the concomitant process of tumor
complexes entering the bloodstream are closely
related and critical events in the initiation of
metastasis[16, 17].

These and many other experimental works
and clinical observations have initiated a new
era in the study of malignant tumors, associated
with the investigation of the origin, phenotypic
and functional characteristics, detection
methods and clinical significance of CTC.

Epithelial-mesenchymal transition
in the life story of the circulating
tumor cells

Tumor is a localized mass of malignant
cells that contains transformed cancer cells,
stromal cells, and cells that infiltrate the
tumor. In the process of malignancy, tumor
cells acquire a number of common properties:
the potential to proliferate in the absence of
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exogenic growth factors, the ability to resist
pro-apoptotic stimuli, the capacity to stimulate
angiogenesis, etc.

Genetic instability of tumor cells is caused
by constant errors in chromosome segregation
during mitosis, as well as external selective
pressure of the microenvironment, including
immune surveillance with the need to adapt
to it. By acting together, these factors create
a basis for the formation of a heterogeneous
population of primary tumor cells [18, 19].

Different cells in such heterogeneous
population are specialized on the development
of one or another tumor property, which
determines their fate in the pathological
process. For example, an exceptional ability
to proliferate locally using autocrine signals
guarantees a tumor cell the fate of the cell that
creates a mass of the primary tumor, i.e., the
destiny of the bulk tumor cell.

A small part of the cells of the heterogeneous
population of the primary tumor in a course
of their development acquires completely
different properties. They lose intercellular
contacts, but instead gain the ability to invade
the local microenvironment, they intravasate
into blood and lymphatic vessels, from which
these cells extravasate back into the tissue.
Such characteristics are typically unsuitable for
local clonal expansion, that is why these cells
became ‘travelers’, or CTCs, due to their feature
to initiate foci of tumor growth at a distance
from the primary tumor. One of the key events
in the life cycle of the CTC is the epithelial-
mesenchymal transition (EMT), which was
identified by Hanagan and Weinburg as one of
cancer features [20].

EMT was discovered in 1982 by Greenberg
and Hay [21]. It is the process of a complete
loss of the epithelial features and an
acquisition of a mesenchymal phenotype by
former epithelial cells.

Epithelial cells are characterized by a
flat, cubic, cylindrical shape, they are also
distinguished by polarity, that is the part of
the cell which is located in the area of contact
with the basement membrane, differs in a
structure from the apical part. The epithelial
cells are connected by tight junctions (TJs),
gap junctions, adhesive (containing a stretched
actin belt) and desmosomal contacts, which
cause both linearization of location and tight
fit of cells to each other [22].

In contrast to epithelial cells, mesenchymal
cells are spindle-shaped and are connected
by weak integrin focal contacts with the
glycoprotein matrix. At the same time, the
mesenchymal morphology of cells guarantees
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their ability to move. In order to migrate
elsewhere, the cell must first get through the
surrounding tissues, and then appear in the
delocalized areas of the basement membrane.
Movement in such conditions is used with the
help of specialized structures — invadopodia,
which are formed as the result of a membrane’s
evagination (protrusion) [23].

Despite the detailed description of
morphological and functional differences
between epithelial and mesenchymal cells, a
precise list of phenotypic characteristics that
distinguish these cells still remains unformed,
and the existing one is contradictory [24].

During EMT activation, epithelial cells
lose apico-basal polarity due to spontaneous
polymerization of actin fibers and the
movement of microtubules. This process
requires a rupture of cellular connections
(occlusal and adhesive contacts), delocalization
of proteins and subsequent reorganization of
the cytoskeleton to obtain cellular plasticity
[256—-2T].

Such rearrangements occur when a signal is
received from Rho and Racl proteins belonging
to the GTPase family, which are localized in
the posterior and anterior parts of the cell,
respectively. Activation of Racl mediates
cell polarization and lamellipodia formation,
while high Rho GTPase concentrations
increase the level of actomyosin contractility
[28, 29]. Further events are followed by
the expression of mesenchymal markers —
vimentin, N-cadherin, F-actin, nuclear beta-
catenin and others, whereas such markers
as cytokeratins 8, 18 and 19, E-cadherins,
Mucin-1, occludins, desmoplakinins are
thought to be purely epithelial (Fig. 2).
Although EMT is subject to a general program,
this process is characterized by flexibility and
variability, depending on cell type, tissue
microenvironment, and the extremely complex
multicomponent and closely interconnected
set of transcriptional and posttranscriptional,
translational and posttranslational signaling
pathways, including Hadgehog-, Wnt-,
TGF-B-, bone morphogenetic protein (BMP)—,
SMAD-depending (and independing), etc. [30].
EMT is a reversible process. The reverse process
is called mesenchymal-epithelial transition
(MET) [31-33]. Normally, MET is characteristic
of pluripotent stem cells [34, 35].

The problem of signaling, which regulates
EMT, still remains the least studied. However,
today, depending on the biological conditions
in which epithelial-mesenchymal transition
occurs, there are three functional subtypes
of this process. The first is associated
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with embryogenesis (gastrulation period),
implantation and organ development in
Vertebrates. This type of EMT results on
theformation of different types of cells, which
can be exposed to MET with the derivation of
secondary epithelial cells during embryogenesis.
Distinctive features of this type of EMT are the
absence of fibrosis and cell invasion.

The second type of EMT is associated
with wound healing, tissue regeneration and
fibrosis of the internal organs. The result of
EMT of this type, is formation of fibroblasts
and other related cells, which are necessary for
tissue repair after wounds and inflammatory
injuries. This type of EMT is characterized
by the presence of fibrosis, but not invasion.
The third type of EMT is inherent in the
tumor process, during which the generated
cells retain epithelial features simultaneously
with the acquisition of mesenchymal
characteristics, as well as tumor cells of

cutroph

a plnlelel

the mesenchymal type as the consequence.
Distinctive features of EMT of this type are
invasion and metastasis [36, 37].

The study of the third type of EMT revealed
new changes that are induced by this process,
but which are not always observed (inhibition
of epithelial phenotype gene expression
with simultaneous increase in mesenchymal
gene expression and resistance to apoptosis
and cellular aging), and the fact that EMT
is a dynamic process with the existence of
intermediate metastable states.

The third type of EMT is associated with
oncogenesis. It can be considered as an aberrant
variant of this process. In this pathological
condition, the ability of mesenchymal tumor
cells to avoid activation of anoikis (process
of apoptotic cell death that occurs due to
insufficient cell-matrix interaction) and
immune surveillance are associated with genes
activated by EMT [38—40].
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Fig. 2. The epithelial-mesenchymal transition (EMT) and CTC strategies for the dissemination:

A — in health condition (embryogenesis, implantation and organ development), epithelial cells lose their
phenotypic markers and connections with the cell matrix, and gradually acquire mesenchymal phenotype
and form membrane invaginations for the ability to move freely; B — incancer, tumor cell high mutagenesis
along with signals from the microenvironment create the necessary prerequisites for the EMT and tumor cell
dissemination using different strategies: I — single CTC moves independently and uses platelets to create
protective shield; IT — Single CTCs can use NET extrusion by activated neutriphils in order to create circulating
tumor microemboli (CTM) straight in the blood; III — CTM can be formed within the primary tumor before
entering the blood flow. In order to move freely throughout small blood vessels, cells in the microemboli “line
up” in the chain without losing adhesive bonds; IV — CTC can also disseminate throug the lymphatic vessels;
MMP — matrix metalloproteinases; NET — neutrophil extracellular trap; ROS — reactive oxygen species;
PMN — perivascular metastatic niche; PT — primary tumor
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The course of EMT during tumor
progression is supported by the involvement
of cytokines (VEGF, PDGF and TGF-f), which
are secreted by cells of the microenvironment,
including tumor-associated macrophages
(TAM) — resident tumor macrophages
polarized to the M2 phenotype. It is now
known that TAMs are activators of malignant
progression of the primary tumors. They
are involved in the activation of metastasis
and make a significant contribution to the
adhesive integrity of the tumor stroma. A
distinctive feature of TAM with this capacity
permitting is the high level of expression of
the transcription factor ZEB1, which provides
activation of tumor metabolic pathways of
these phagocytes [41-43].

Transcription factors ZEB1, ZEB2,
TWIST1, Snail, Slug, SIX1, E47, ELFS5,
FOXC2, GRHL2, p53, p63 etc. of the tumor
cells are components of signaling pathways
involved in the process of their epithelial-
mesenchymal transition. After phosphorylation
by protein kinases, these transcription factors
and the corresponding co-regulators inhibit
the expression of epithelial phenotype genes
in the tumor cells. This leads to the formation
of a mesenchymal phenotype with reduced
expression of epithelial adhesion molecules
(EpCAM) and cytokeratins (CK), promotes
invasion, dedifferentiation and the ability to
intravasate into lymphatic and blood vessels
[44]. This is how the CTC population appears.

In addition to transcription factors,
anothertrans-regulatory elements — miRNA —
also participate in complex EMT phenomenon.
Moreover, transcription factors interact with
miRNA in this sophisticated process, and
can create a feedback or feed-forward loop
providing cross-gene regulation network [45].
Deep insight into this network may provide
a new therapeutic opportunity in cancer
treatment.

The primary tumor contains cells that
are at different stages of EMT with diverse
invasive, metastatic properties and various
degrees of differentiation. Tumor cells at
varied stages of EMT are localized in different
microenvironments and in contact with
different stromal cells. In particular, cells with
the most pronounced mesenchymal phenotype
proliferate near endothelial cells and immune
cells with an inflammatory metabolic profile.

Tumor cells at this stage secrete large
amounts of chemokines to recruit immune cells
and stimulate angiogenesis, thus contributing
to the formation of a unique inflammatory and
highly vascularized niche. The most effective in
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the circulation, as well as in the colonization of
the distant metastatic niche and the development
of metastases, are CTC, which express a mixture
of epithelial and mesenchymal phenotypic
markers (EMT-CTC) [46].

The life cycle of the CTC requires from
them an extreme stress resistance, which is
provided by the special genetic, phenotypic and
metabolic properties of these cells.

The unique properties of CTC

By definition, CTC are a type of malignant
cells that separate from both primary tumor
that exists in a body and reaches a few
millimeters, and the secondary tumor [47].
CTC enter the blood or lymph through the
dense walls of blood vessels, spreading further
to other parts of the human body, which
become secondary foci of tumor growth [48].

There are different biological phenotypes
of CTC: epithelial, mesenchymal, stem cell-like
or cells with a mixed phenotype, depending on
the stage of EMT [49, 50].

CTC has certain characteristics regardless
of the stage of EMT, which distinguish
them from stationary tumor cells and allow
them to perform their assigned functions of
dissemination of the tumor process under the
action of numerous stressors:

- ability to separate from tumor tissue;

- ability to resist anoikis activation after
separation;

- ability to migrate to blood and lymph
vessels;

+ ability to maintain viability under
hemodynamic stress;

- ability to avoid immune surveillance;

- ability to attach and proliferate in a new
tissue microenvironment.

Where do cells with such an exceptional
set of properties in the composition of tumor
tissue come from? According to the generally
accepted hypothesis, CTC originate from stem
tumor cells (Cancer Stem Cells, CSC) and differ
from them in some features acquired as a result
of unique mutations [51, 52].

The circulating tumor cells inherit from
the CSC an ability to self-renewal and remain
dormant (anabiosis can last from several
years to decades), as well as the ability
to differentiate into cells with different
phenotypes, which enables them to initiate
tumor growth in the secondary location. There
are several mechanisms for acquiring the
following unique properties by CTC:

- genetic or internal mechanisms (high
level of mutagenesis with aberrant gene
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expression, redistribution of gene expression
induced by EMT, “stem-like” properties
inherited from CSC);

- influence of the tissue microenvironment
of the primary tumor (tumor-associated
hypoxia, tumor exosomes, cytokine profile
produced by TAM, myeloid-derived suppressor
cells (MDSC) and tumor-associated fibroblasts
(TAF));

- influence of circulating blood micro-
environment (immunosuppressive, promiga-
tory cytokine profile, interaction with platelets,
neutrophils, monocytes, natural killer cells
(NK), regulatory T cells (Treg), etc.);

+ clustering.

Increased mutagenesis and aberrant gene
expression in circulating tumor cells result in
overexpression of dormancy-related genes,
genes associated with increased survival (e. g.,
survivin gene), and immunosuppressive genes
(e. g., PDL-1) [53]. Recently, special attention
has been paid to the influence of the circulating
blood microenvironment and clustering of CTC.

An important event happens when CTC,
by undergoing hemodynamic pressure in the
circulating blood, change their metabolism.
It is followed by increased generation of
reactive oxygen species (ROS) [54, 55]. ROS-
dependent signaling enhances the expression
of antioxidant enzymes (superoxide dismutase,
catalase and glutathione peroxidase), and
promotes the transmission of mitogenic
signals, which contribute together to the
survival of the circulating tumor cells
under stress. In addition, ROS have an
immunosuppressive effect and promote the
differentiation of naive T cells to Treg, and
immature myeloid cells — to MDSC [56].

Despite the stress resistance acquired upon
mutations and aberrant gene expression, CTC
still need to secure movement to the tissue
niche and form metastases in the aggressive
microenvironment of circulating blood. EMT
gives CTC the ability to separate from the
primary tumor and to invade surrounding
tissue using so-called mesenchymal movement
pattern, which involves the destruction
of the extracellular matrix. Vasoactive
mediators, such as VEGF, produced by
microenvironmental cells, in particular
TAM, increase vascular permeability, which
promotes intravasation of the circulating
tumor cells. TAM reconstruct the ECM, which
facilitates the movement of CTC to the vessel
[67]. Taken together, all this leads to a single
CTC entering the bloodstream. Besides, tumor
cells that have already passed through EMT
but are encounting microenvironmental or

xenobiotic stress (e.g. cytotoxic agents), can
use mesenchimal-amoeboid transition (MAT)
in order to evade the stress. MAT is the most
primitive and most efficient movement
mechanism, that does not involve destruction
of the extracellular matrix and is based on
highly deformable cell morphology. This tumor
cell migration plasticity allows them to adapt
to different environmental conditions and
to disseminate to long distance [58, 59]. It is
logical to assume that the simultaneous effect
on mesenchymal and amoeboid motility may
be more effective in preventing the process of
metastasis [61].

The cells that have separated from the
tumor mass and move alone have a higher
migration rate, but they are effectively
attacked by the immune surveillance system,
experience greater hemodynamic pressure and
have an increased risk of anoikis activation
[61]. Due to this, less than 0.1% of single
CTCs remain viable 1-2.5 h after circulation.
The mechanism to avoid such rapid death is
the clustering of circulating tumor cells — the
formation of dense conglomerates of cells, or
tumor microemboli, which include a minimum
of 3, maximum 100, usually — 20-30 cells.

Currently, it is supposed that CTC
microemboli can be either formed with in
the primary tumor before entering the blood
flow or within the circularly system [62]. At
the same time, the rather large size of the
cluster set up before entering the circulatory
system does not prevent it from moving freely
throughout small blood vessels due to the
ability of cells in the microemboli to “line up”
in the chain without losing adhesive bonds
(Fig. 2). Intercellular bonds in circulating
tumor microemboli (CTM) are formed by
placoglobin (y-catenin, which is a member
of the Armadillo family of proteins and
a paralog of P-catenin, an intracellular
component of adhesive and desmosomal
contacts), which also provides additional
stress resistance of clusters during their
transit into the blood [63, 64].

The composition of the microemboli is
heterogeneous at the genetic, transcriptomic,
proteomic and metabolic levels and contains not
only tumor cells but also tumor stroma cells,
such as TAM [65]. The latter make a significant
contribution to the adhesive integrity of
the structure. The formation of CTM is also
possible in the circulatory system. Circulating
neutrophils become important partners of the
tumor cells in this structure. It concerns those
neutrophils which are activated before NET
extrusion or NETosis — the release of a network
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containing mitochondrial or nuclear DNA, and
the components like antimicrobial peptides,
reactive oxygen species, enzymes, etc. into the
extracellular space [66—68].

In spite of the large number of works
concerning the study of the role of stromal
cells in CTM, both the list of functions
and phenotype of these cells have been
insufficiently studied [69]. A crutial role in
the structure of CTM is played by platelets
that surround them in the form of the so-called
“shield”. Thrombocytes provide protection
against the recognition of tumor cells by
immunocompetent cells, prevent their lysis by
NK cells.

When CTM moves, it is later “stuck”
in the capillaries, which serve as a kind of
“catcher” of malignant cells, platelets lead to
a state of hypercoagulation and the formation
of vascular thrombi, which are a hallmark of

l g Sangle cell movement

Tumor cell recognition

f—;:;ah:m mprhnes

\F} ﬁ;&:

Cluster's movement 11, \%
U
L.
compased by A

Plakogiobin. 5 clustes
expressing lumoe © Q-J 5 (-
oedl Plalelats act ke 3 'shesld

g e nell

hematogenous spread of malignant tumors.
In addition, the release of platelet granules,
which contain vasoactive, antiapoptic and
other biologically active mediators, is a way
of apoptotic resistance of CTM cells, promotes
their survival and increases metastatic
potential many times [70, 71].

The movement of single CTC in the
circulating system can be identified with
the movement of cars during a rally, where
the winner is the one who overcomes the
path “from point A to point B”, which is not
always associated with a high level of safety.
Coordinated CTM migration is reminiscent of
car traffic provided that the prescribed traffic
rules are followed and a mandatory stop at
the red light — it is slower but secured by
coordinated community action and provides
more guarantees of reaching the final
destination (Fig. 3).
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Fig. 3. Interpretation of the movement of single circulating tumor cell vs tumor microemboli:

A — The circulating tumor cell, which was recently shed from a primary tumor and actively moves through
the blood flow has lack of survival mechanisms and thus successfully recognizes and attacks by the main cells
of immune antitumor surveillance (CD8+T-cells and NK cells). This way the majority of single-moving CTC
risk to be either subjected to the mechanical damage or anoikis in the blood circulation.The same events are
happening when audience watches live streaming of Formula 1. It is often questionable whether a F1 car can
survive a rally stage, because driving at the high speed enhances probability of the car crash. B — the circulating
tumor microemboli have high potency to survival during the transit in the blood stream due to molecular and
cellular mechanisms. Being coated with thrombocytes, CTM are endowed with an ability to avoid direct attack
of NK-cells and continue their migration to the capillaries. But this unimpeded access has the other side, since
small vessels own a bandwidth limit. This results in CTM being stuck inside the capillary. The circulating tumor
microemboli movement resembles the car traffic at a steady speed where stopping at a red light is the basic law
of survival according to main principle — ‘run silent, run deep’
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The formation of microemboli gives CTC
the properties of “stemness” — maintaining a
differentiated phenotype, the ability to divide
and self-renewal through overexpression
of transcription factors Hadgehog, Wnt,
TGF-p and chemokine CXCL12. Binding sites
for transcription factors associated with
“stemness” and proliferation are specifically
hypomethylated in CTC clusters, including
binding sites for OCT4, NANOG, SOX2, and
SIN3A[72, 73].

The initiation of metastasis, which is
marked by the appearance of CTC in the
circulation, is associated with a significant
increase in the number of NK — important
effector cells of antitumor surveillance. CTM
clasterization significantly contributes to their
resistance to NK cytotoxicity. CTC themselves
and partner cells of the microenvironment
in CTM produce a significant amount of
immunosuppressive mediators, such as IL-
10, prostaglandin E2, etc., which inhibit the
expression of activator immunoglobulin NK
receptors responsible for their antitumor
activation [69, 74].

CTM formation is accompanied by
overexpression of CD44, a non-kinase
transmembrane glycoprotein. CD44 binds to
hyaluronan within a tissue metastatic niche
and activates numerous signaling pathways
associated with activation of proliferation,
survival of circulating tumor cells, and
alteration of their cytoskeleton which
enhances invasive movement [66]. This allows
the CTC to acquire the status of disseminated
tumor cells (DTC) and to initiate the next
stage of their life cycle — the formation of a
metastatic tumor foci.

Disseminated tumor cells

A small population of tumor cells,
including CTC and disseminated tumor cells
(DTC), which persists in the patient in a
state of complete morphological remission
after treatment, causes the so-called minimal
residual disease (MRD) [75]. DTC are
responsible for the post-extravasation stage
and can be found in distal organs and all the
tissues, including bone marrow [76].

DTC are a heterogeneous population of cells
that share both epithelial and mesenchymal
characteristics. DTC can be found singly or
as clusters formed of 10-20 cells [77]. The
peripheral blood sample, due to the fact that
the DTC is an extremely rare component,
contains at most 1 disseminated tumor
cell per 1 ml [78]. The main morphological

characteristics of the DTC are a large nucleus
with granulation or stippling, strong or uneven
staining for cytokeratin and cytokeratin
filaments [79].

Circulating throughout the body, DTC
are able both to enter and exit target organs
without initiating tumor growth [80]. In
order to form micrometastases ranging in size
from 0.2 to 2 mm in tissues and organs remote
from the primary location, DTC must adapt
to the microenvironment of the metastatic
niche [81, 82].

The microenvironment of the tumor
consists of cellular and extracellular
components. In the growth zone of the primary
formation, the fraction of tumor cells is about
half mass of the tumor, the rest are non-
malignant cells of the microenvironment. In
areas of metastasis, the proportion of tumor
cells is incomparably little in relation to the
number of non-malignant tissue elements,
so the DTC face an extremely difficult task
to adapt to such a potentially aggressive
microenvironment. Given this, 80% of DTC
are able to survive extravasation, 3% can
reach the stage of micrometastases, and less
than 0.02% are able to form secondary foci of
metastasis [83].

DTC have a potential to reach any organ or
tissue. However, recurrence of tumor growth
usually develops in a limited number of
tissues and organs. Moreover, different types
of tumors are characterized by metastasis
only in certain organs and tissues, which are
probably suitable for the formation of the most
favorable metastatic niche.

The perivascular metastatic niche (PMN)
microenvironment, where DTC from the
circulations arrive, is evolutionarily adapted
to sustain the viability of stem tissue elements
of the adult organism for a long time [84].
Evolutionarily formed physiological features
of PMN are successfully used by DTC.
These cells stay in a long latent period with
subsequent reactivation of tumor growth.
DTC form a direct link with stromal cells,
which are a valuable reservoir of potentially
promethastatic soluble mediators [85, 86].

The largest number of studies in this regard
concerns DTC detected in the bone marrow
and the role of their microenvironment for the
persistence, latent phase and further reactivation
of these cells [87—89]. In addition to the bone
marrow, investigations of tissue metastatic
niche often involve the brain and lungs. The
long-term survival of DTC in the bone-marrow
depends on the formation of gap junctions with
osteogenic niche cells that is osteoblasts. The
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one of the functions of osteoblasts is to serveas
a calcium reservoir for the future activation of
DTC from dormancy [90, 91].

In the brain, DTC occupy the tissue niche
of pericytes or Rouget cells: they disrupt
the blood—brain barrier (BBB) and migrate
along the surface of brain capillaries in the
space between pericytes. Brain DTC resemble
pericytes in their morphology [92, 93]. In the
lungs, airway smooth muscle cells become
forced DTC partners in the colonization of this
metastatic niche [94, 95].

In all instances, the extracellular matrix
molecules play a key role in the successful
homing of DTC in the metastatic niche [96].
DTC of various origins are characterized by
overexpression of certain adhesion molecules,
which determine their affinity for cells in
the metastatic niche, that overexpress the
corresponding ligands. For example, airway
myocytes overexpress collagen III, the receptor
for which (CD167a), in turn, is overexpressed
in tumor cells characterized by pulmonary
metastases [97].

It should be noted that an important factor
in successful DTC homing is MET. DTCs that
complete MET with coordinated re-expression
of E-cadherin may occupy distant organs, form
small preangiogenic metastases, or larger
vascularized metastases [98—100].

After successful homing in a metastatic
tissue niche, DTC enter a state of metastatic
dormancy in which they can remain for a very
long period of time in order to survive and
relapse, sometimes decades later. Metastatic
dormancy precedes the development of a
secondary tumor. Its main features are growth
arrest and resistance of malignant cells to
therapy [81, 101].

Maintenance of metastatic dormancy is
ensured by three important components:
angiogenic dormancy, immune-mediated
dormancy and intrinsic latency mechanisms
of the DTC. Angiogenic mechanisms are
largely regulated by hypoxia in the DTC
microenvironment. The hypoxic environment
of the metastatic niche causes overexpression
of HIFlo and activation of the tumor
angiogenesis [102].

Immune-mediated mechanisms include
the possibility of the DTC to avoid immune
surveillance (recognition and killing by
cytoxic CD8 + T cells and natural killers) by
mechanisms that are still at the research stage
[103]. The internal mechanism of DTC latency
is their “arrest” in the GO phase with the full
stop of proliferation. This process occurs
without enhancing cell death [104].
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The question of how these three programs,
which form the preconditions for the
development of tumor recurrence, relate
over time and which of them is of paramount
importance and, therefore, should become the
main target for the development of approaches
for the prevention and treatment of cancer
recurrence, remains open. A key feature of
DTC in metastatic dormancy is their ability
to maintain a high degree of epigenetic and
transcriptional plasticity and to reactivate
various programs in order to stop growth and
survive.

Successful homing, dormancy, and lack
of proliferation make DTC insensitive to
chemotherapeutic factors. Additional resistance
of DTC to cytotoxic agents is provided by
integrin signaling, which is ensured by close
contacts with the corresponding extracellular
matrix ligands in PMN. All of this allows the
DTC to survive for a long time at dormancy
state in a colonized metastatic niche.

Later, the life story of DTC passes to the
stage of an exit from the state of dormacy
and activation of tumor growth. The triggers
for the transition of dormant DTC to the
phase of tumor growth activation is still
unknown. Some assumptions are made about
the existence of internal and external DTC
reactivation triggers. One of the hypothetical
internal triggers for the DTC to exit metastatic
dormancy is their overexpression of CD36 —
a fatty acid translocase and one of the
macrophage scavenger receptors capable of
binding collagen and thrombospondin [105].
Cumulative absorption of fatty acids involving
CD36 provides a substrate for B-oxidation
of lipids, a highly efficient method of
generating ATP required DTC to exit from
dormancy [106].

An important external trigger for DTC
reactivation is tissue inflammation, which in
turn can be triggered by a variety of events
and factors. Inflammation is known to be
accompanied by recruiting into the area of
its development the circulating myeloid cells
(neutrophils, monocytes, etc.), which causes
the remodelling of the ECM and the activation
of dependent signaling of DTC in a dormant
state.

These signaling cascades cause the
activation of DTC proliferation and their
metabolic activation. This is accompanied by
the transformation of the state of immune
balance in the metastatic niche (when the
cytotoxic activity of antitumor immune
effectors inhibits the growth of the tumor
nodule) to the so-called immune editing —
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changing the metabolic profile of immune
cells from antitumor to pro-tumoral. Immune
editing results in the formation of a tumor
microenvironment, which promotes not only
the growth of the tumor nodule, but also
provides further drug resistance of tumor
cells. For instance, smoking or bacterial
infection in the lungs with lipopolysaccharide
exposure causes the recruitment of neutrophils
with activation of the NET extrusion.
Neutrophil elastase, matrix metalloproteases
and other enzymes that are part of NET
mediate the ECM remodeling followed by the
activation of laminin IIT and a3p1 integrin-
dependent DTC signaling pathways, which
increased a proliferative activity of these cells
[77,107].

The study of numerous unexplored
issues in the life cycle of CTC and further
DTC requires the development of adequate
model systems that will reproduce the entire
metastatic cascade in vivo in the patient’s with
the maximum proximity.

Preclinical models in the study of CTC

Preclinical models for the study of CTC
can be divided into two categories: isolation
and cultivation of CTC ex vivo, followed by
the investigations of their biology and drug
susceptibility testing; modeling the behavior
of CTC in the metastatic cascade using murine
models [108, 109].

Ex vivo technologies are a good alternative
to animal models, which are time- and labor-
consuming, as well as quite costly. This type
of clinical study was introduced to study
the biology of the metastatic cascade in
colon cancer, as well as breast, prostate and
lung cancer. However, this methodology
has also a number of disadvantages and
limitations [68, 110].

The CTC are present in small amounts in
the peripheral blood — approximately 1 CTC
per 7.5 ml of blood sample volume in patients
with metastatic cancer [111]. According to
other estimates, the frequency of CTC ranges
from 1 to 10 cells among 5 billion erythrocytes,
10 million leukocytes, 200-500 platelets in 1
ml of peripheral blood, which is equivalent
to finding a needle in a haystack [112-114].
The difficulty in isolating CTC is due to their
significant heterogeneity and non-identified
phenotypic profile. There is also a lack of
information on the most valid markers for
cells with the highest metastatic potential, the
detection and study of which is diagnostically
and prognostically significant [116, 117].

A wide range of methodological approaches
is used to identify CTC. Enrichment strategies
can be based on both biological properties
(expression of membrane markers) and
physical characteristics (size, density,
electric charge) and are usually combined
with identification methods based on the
detection of membrane markers (e.g.,
immunofluorescence, immunohistochemistry,
FISH, etc.) or expression of specific genes,
which are identified by real-time PCR or
quantitative PCR.

Isolation of CTC can be based on their both
positive selection among normal blood cells and
negative selection with leukocyte depletion.
However, the use of ex vivo technologies does
not allow imitating the entire metastatic
cascade, the components of which are CTC.
These methods are more suitable for studying
the CTC molecular biological characteristics
and screening of targeted drugs [118-120].

The murine models, which are used to
study CTC in the metastatic cascade, are
divided into several types or groups. The
first group includes models of spontaneous
metastasis [121, 122]. These models are based
on orthotopic transplantation of tumor cells
(e.g., transplantation of prostate cancer cells
into the prostate gland of male mice) followed
by monitoring of disease progression over
time. The unquestionable advantage of this
methodological approach is the ability to model
all stages of the tumor process from the growth
of the primary tumor to the development of
metastases.

The second group combines animal models
based on intravenous injection of tumor cells
[1283-125]. The advantage of these models
is their shorter duration, because there is no
stage of development of the primary tumor.
Despite the fact that tumor cells introduced
in this way are potentially able to spread to
all tissues and organs, in reality they form a
foci of tumor growth where they first enter
the capillary bed. Therefore, the disadvantages
of this approach are the lack of ability to
predictively model metastasis in a particular
organ. In addition, the absence of the primary
tumor stage makes the reproduction of the
pathophysiology of the process incomplete.

Both described groups of methods for
modeling the metastatic process use syngeneic
tumor cells. The third group consists of
genetic engineering models (GEMM), based on
the manipulation of the expression of proto-
oncogenes or oncosuppressor genes, and includes
transgenic models and models based on gene
knockout [126, 127]. These models allow us to
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investigate the role of genes associated with the
formation of CTC and their ability to acquire DTC
status and initiate the recurrence of the tumor
process. However, genetic manipulations in such
models affect all cells, such as a target organ
or tissue, and thus do not replicate the natural
course of events during the sporadic development
of cancer that occurs due to the accumulation of
genetic changes in a single cell.

The most eye-catching from the point of
view of interpretation of pathophysiology
of metastatic cancer are the models based
on xenotransplantation of tumor cells, i.e.,
on introduction of human tumor cells to
immunodeficient (immunocompromised) mice
(PDX) [128-130]. Such models of metastatic
tumor growth are created by orthotopic
or subcutaneous transplantation of fresh
surgically removed samples of human tumor
tissue, rather than cultured tumor cells. This is
the only type of model that allows personalized
study of the metastatic cascade.

In spite of the undoubted advantages of
this methodological approach, it has a number
of disadvantages as well. Firstly, the creation
of immunodeficiency in animals deprives the
opportunity to study the participation of the
immune system in the studied processes by
experimenter and thus excludes from the study
an important element of the pathophysiology
of the metastatic cascade. Furthermore,
such models do not allow the investigations
of immunotherapeutic approaches in the
treatment of metastatic disease.

Secondly, there is a significant variability
in the engraftment of xenogeneic grafts, which
depends on the type of tumor, the degree of its
differentiation, etc. Thirdly, it is not always
possible to obtain fresh tissue material for
transplantation. Finally, in these models,
achieving a detectable amount of CTC in the
circulation sometimes takes a considerable
period of time. Despite such significant
limitations, xenotransplantation technology
is widely used to study the biology of the
metastatic cascade in breast cancer, melanoma,
lung and prostate cancer, etc. The use of
xenotransplantation of the enriched population
of CTC obtained from peripheral blood samples
from patients is an approach to improving this
technology [131, 132]. However, there is also
an obstacle to this improvement. The point is
that for many cancers, isolation of CTC from
the blood is a significant problem because of
their extremely small number.

Nowadays, the solution to the problem of
modeling the metastatic cascade for the study
of the biology of CTC and DTC is a unification
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of all these methodological approaches and the
combined efforts of specialists in various fields
of biology and medicine.

Applications of the CTC
in clinical strategies

Assessment and prediction of the disease
course are of paramount tasks in oncology,
as they allow stratify patients in order to
develop an optimal treatment protocol and
prevention of recurrence and metastasis.
This problem requires the use of non-invasive
methods, as invasive procedures, such as fine-
needle aspiration biopsy, are traumatic, not
representative of the disease as a whole and
pose a risk of dissemination of the malignant
neoplasm.

The appearance of liquid biopsy has
opened up new perspectives for diagnosing
and predicting recurrence and metastasis
of cancer. Liquid biopsy — the analysis of
tumors using biomarkers circulating in
fluids such as blood — attracts considerable
attention of specialists, despite the fact that
this methodological approach has not entered
the arsenal of standard tools in clinical
oncology yet. The method of liquid biopsy
analyzes various components of the tumor,
which are released into the blood and other
biological fluids, such as circulating nucleic
acids (circulating tumor DNA (ctDNA), cell-
free RNA (cfRNA)), tumor exosomes and
CTC[133].

cfRNA includes mRNA and miRNA [134,
135]. Sequencing of ¢cfRNA, which is found
in the serum and plasma of cancer patients,
especially miRNA, allows to obtain unique
genetic information about the tumor. For
example, circulating levels of miR-375 are a
diagnostic marker for several types of cancer,
including liver cancer, colorectal cancer and
lung cancer [136].

ctDNA includes nuclear and mitochondrial
DNA. Nucleic acids are released into the
biological fluids including blood as a result
of apoptosis or necrosis of tumor cells. High
levels of free nucleic acids and the presence
of specific mutations can be used as reliable
biomarkers to determine the development and
progression of the disease. In different types
of tumors, ctDNA is characterized by specific
changes in integrity and methylation, some
changes in microsatellites and mutations. The
main part of cell-free DNA (cfDNA), which is
found in blood plasma, is the DNA of normal
cells. ctDNA is only a small fraction of it.
However, in terms of quantitative indicators,
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this biomarker exceeds the indicators of CTC,
which has a clear advantage.

Like CTC, ctDNA can characterize the
stage of a tumor and even its metastatic
potential, leading to a lengthy debate about
the comparative characteristics of these two
types of liquid biopsy. Nevertheless, the
detection and analysis of CTC in liquid biopsy
samples still has a number of advantages. In
particular, the quantitative characteristics
of ctDNA are insufficiently diagnostically
and prognostically relevant, because the level
of this circulating nucleic acid increases, for
example, during pregnancy or during the
physiological activation of hematopoiesis
[137]. In addition, the ctDNA study does not
make it possible to assess the sensitivity of the
tumor to drugs, immunotherapy, etc.

The quantitative indicators of CTC in the
blood correlate with the overall survival and
disease free survival in many types of tumors
[138]. For some tumors (stomach, lung, breast
cancers, etc.), the number of CTC increases
with an enlargement of the tumor size and with
the development of distant metastases [139].
Diagnostic and prognostic significance of
liquid biopsies with the determination of CTC
is enhanced by its complementary proteomic
analysis of isolated cells.

Determining the phenotypic characteristics
of CTC allows to assess their metastatic
potential and the risk of disease recurrence. For
example, the presence of HER2-positive CTC in
breast cancer biopsy specimens indicates a high
risk of distant metastases and reduced overall
survival [140]. The most promising phenotypic
characteristics of the CTC in terms of their
diagnostic and prognostic significance are
markers of different stages of EMT and signs
of “stemness” of these cells. In particular, the
presence of transcription factors associated
with EMT, such as Twist, Snail, ZEB-1, etc.,
as well as the detection of the so-called hybrid
phenotype of CTC (cytokeratin + / vimentin +
/ CD45-) characterizes them as EMT-CTC and
is a marker of their high metastatic potential
[141]. Newly recognized markers of cell
stemness and EMT along with well documented
phenotypic characteristics might comprise a
good set for cancer theranostics [142].

The expression of EMT-CTC markers of
CTC increases the prognostic value of liquid
biopsy with their detection [143] and predicts
the risk of metastasis. The expression of
certain phenotypic markers of CTC allows
characterize the sensitivity of the tumor to
chemo- and immunotherapeutic agents as
well. For example, the expression level of

PD-L1 is a prognostic marker of response to
immunotherapy with PDl/PD-L1 pathway
inhibitors [144, 145].

Despite significant advances in the
development of liquid biopsy techniques
in CTC analysis to predict metastasis and
recurrence of oncopathology, there are
some reports of the ineffectiveness of this
methodological approach for some cancers.
For instance, Chen et al. report the lack of
prognostic value in assessing the quantitative
and phenotypic characteristics of CTC for
predicting the course and metastasis of
hepatocellular carcinoma [146]. Yet, one of
the reasons for the negative result may be the
imperfect pre-analytical procedures used by
this study group, as Sun et al. report that the
quantitative and phenotypic characteristics of
CTC isolated from the tumor efferent vessels
and postpulmonary peripheral vessels differ
significantly. According to the authors of this
publication, the quantitative characteristics
of CTC in the hepatic vein and peripheral
vessels can be used to predict the development
of metastases of hepatocellular carcinoma in
the liver and lungs, respectively [147].

It is possible that higher prognostic value
can be achieved by a combination of different
types of liquid biopsy. Furthermore, there
are reports of new candidates for the role of
biomarkers of metastasis in liquid biopsy
specimens. Lin et al. and Lei et al. detected
circulating tumor endothelial cells (CTEC) in
liquid biopsy specimens, which the authors of
those publications believe are the result of an
endothelial-mesenchymal transition (Endo-
MT) process. Both research groups emphasize
that aneuploid CD31+ CTEC, along with CD31-
CTC, constitute a unique pair of circulating cell
biomarkers for predicting tumor metastasis [148].

From the point of view of the clinical
perspective, new treatment strategies focused
on the mechanisms of formation and residence
of CTC deserve some attention. For example,
an anticoagulant therapy used in cancer
patients and animal models of tumor growth
may reduce the risk of tumor metastasis by
minimizing CTM arrest in the PMN of the
metastatic niche. Due to the fact that platelets
promote the circulation and homing of CTM,
experimental studies show the effectiveness of
therapeutic strategies aimed at inhibiting the
interactions of these structures. In addition,
animal models have shown the effectiveness
of genetically modified and functionalized
platelets to control MRD [53].

A new step towards the development of
a methodology for the clinical use of CTC
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biology is the development of a photoacoustic
method for detecting the minimum number of
these cells in patients with melanoma with the
possibility of their further elimination using
laser pulses [149].

Immunotherapeutic approaches are
promising from the point of view of
development of treatment modalities
targeting CTC. As it was mentioned earlier,
the cells of the immune system in the
microenvironment of the primary tumor
contribute to the formation of CTC and
their EMT, as well as they are a part of CTM
and contribute to their viability both in the
circulatory system and in the metastatic
niche. An additional argument in favor of
the development of targeted immunotherapy
to combat CTC is the fact that they are
able to avoid immune surveillance. Tumor
growth models have shown the effectiveness
of several immunotherapeutic approaches
against CTC. The first is the use of PD-1/
PD-L1 signaling cascade inhibitors.
Blockade of these signaling pathways
makes CTC sensitive to cytotoxic effects of
tumor-specific CD8 + T lymphocytes [150].
Still, it should be noted that not all tumor
cells, including CTC, are characterized by
overexpression of PD-L1, so the impact
on this checkpoint in this case may not be
effective enough. An attractive candidate
for the role of a target for immunotherapy
targeting CTC is CD47 is one of the so
called “do not eat me” signals, which is
overexpressed on the surface of majority
tumor cells and prevents their phagocytosis
by macrophages [151]. Lian et al. ombined
in their study the blockade of both ligands,
which resulted in a profound inhibition of
metastasis of breast cancer in mice [152].

The next immunotherapeutic approach
involves the use of monoclonal antibodies
to specific and functionally important CTC
membrane receptors. For example, antibodies
against CD44 inhibit the adhesion of CTC and
CTM in the metastatic niche to the ECM [153],
whereas antibodies against EpCAM perform
the functions of opsonins and make CTC
sensitive to both macrophage phagocytosis
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and antibody-dependent cellular cytotoxicity
(ADCC) mediated by natural killers [154].
The use of leukocytes functionalized with
E-selectin or TRAIL prevents the adhesion
of CTC and CTM to vascular endothelium in
PMN and is also considered as a promising
immunotherapeutic approach for the
prevention of metastasis, directed against
CTC[155].

These and other innovative approaches give
a hope that the theranostic potential of CTC is
much greater than what we know today.

Conclusions

Summing up recent advances on the
biology of CTC and the prospects for their
use in cancer theranostics, it should be noted
that significant progress in this area of
science, even more convincingly proves the
attractiveness of these cells as targets for
cancer therapy, including cancer relapse and
its metastasis from the standpoint of precision
and personalized medicine.

Endowed with numerous mutations and
aberrant gene expression, migration plasticity
and properties of stem cells, the capacity
to avoid immune surveillance, having an
immunosuppressive effect and maintaining
long-term latency without losing all these
properties, CTC embody all the pathological
changes that distinguish malignant cell
from normal cell. For this reason, probably,
the traditional antiproliferative therapy
concedes individualized therapy targeted at
these cells, which is believed is the future of
oncology. For the purpose of embodiment an
individualized therapy in reality, it is still
necessary to solve a very difficult task — to
accept a challenge entitled “catch me if you
can” ran by CTC.
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MeracTradyBaHHA Ta PeIUIUB PAKy € OC-
HOBHUMW NPUYMHAMU CMEPTHOCTI y XBOPUX
Ha OHKOJIOTiuHY maTtoJjorifo. IlyxmauHaHI KiriTh-
HU, AKi BIIOKPEMJIIOIOTLCA BifJ mMepBUHHOI abo
BTOPUHHOI NIYXJUHY i IOIMUPIOIOTHCA V KPOB,
Ha3WBAIOTh MUPKYJIIOBAJIbHUMYU NYXJIUHHUMUI
raituaamu (IIITK). BoHu xapaKTepusyoTh Mi-
HiMaJbHY 3aJHUIIKOBY XBOPOOY i € KJIIOUYOBUMU
pPyUIiAMY TOIMUPEHHS NYXJWHU y OPUJIeryai
TKAaHWHU Ta BigmajaeHi opranu. Bukopucranus
IIIK gia giarHOCTUKMY i JIIKYBaHHS OHKOJIOTiY-
HOI maroJjiorii y KJIiHiUHiN nmpaKkTuIili morpedye
TIUO0O0KOTO PO3YMiHHA iXHBOI 6iojorii, a TaK0MXK
PoOJIi B YHUKHEHHI ITyXJWHOI iMyHHOIO HaTJIs-
Iy, cTifikocTi g0 Ximio- Ta iMmyHOTeparrii Ta ¢e-
HOMEHY METaCTATUUYHOTO CIIOKOIO.
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YHII «MuCcTUTYT 6MOJIOTUY 1 MEAUITUHEI »
KueBcKoro HarimoHaaIbHOTO YHUBEPCUTETA
umenu Tapaca IlleBuenko

E-mail: skivkalarysa964@gmail.com

MeTacTasupoBaHue U PEIUINB PaKa ABISIOTCA
OCHOBHBLIMHU IIPUYNHAMY CMEPTHOCTU ¥ OOJBHBIX C
OHKOJIOTHYECKOIi maTosorueii. OmyxoJieBbie KJIeT-
KU, KOTOPbBIE OTAEJAIOTCA OT HePBUYHOMN MU BTO-
PUYHOM ONYXOJM U PACIPOCTPAHAIOTCA B KPOBb,
HA3bIBAIOTCA MUPKYJIUPYOIIUMHU ONYXO0JEBbIMU
riaetkamu (ILIOK). 9Tu KiaeTKu xapakTepusymoT
MUHUMAaJbHYIO OCTATOUYHYIO 00J€3Hb U SBJIAIOT-
csA KJIOUYEeBLIMU JBUTATENAMHI PACIPOCTPAHEHUA
OITyXOJIV B OKPYJKaIoIlle TKaHU U OTAAJeHHBIE OP-
ranbl. Ucnonb3oBanue [JOK nnsa numarHocTuku u
JIeYeHUsI OHKOJIOIMYECKOM MaTOJOTUY B KINHUYE-
CKOM ITpaKTHKe TpedyeT riry00KOoro MOHUMAaHUA UX
OMOJIOTHH, a TAKIKE POJIU B YCKOJIb3aHUU OITYXOJIU
OT UMMYHHOT'O OTBETa, YCTOMUYNBOCTUA K XUMHO- 1
UMMYyHOTepanuu u eHoMeHa MeTaCTaATUYeCKOTO
TIOKO4.
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Mema. Oryan cyyacHUX 3HaHb 111040 6ioJo-
rii ITITK, a TaKosK IIepCIIeKTUB IX BUKOPUCTAH-
H IJIA JIaTHOCTUKY Ta CIIPAMOBAHOTO JiKyBaH-
HsI METaCTATHYHOI XBOPOOH.

Memodu. KomnnexkcHuii orasaj jgiTepary-
pu i3 BacrocyBanuaMm 6as3 manux MEDLINE,
Biological Abstracts ra EMBASE.

Pesyavmamu. B ornani ysarajibHeHO i Ipo-
aHaJi30BaHO icTOpUYHI BimomocTi Ta cydacHi
maHi moxo 6iosiorii CTC, ocHOBHUX eTalniB ixX-
HBOTO KUTTEBOTO IUKJY, POJi Y MeTacTaTuyd-
HOMY KacKaji, KJIiHIiYHUX IepCIeKTUuB iX BU-
KOPUCTAaHHSA AK MapKepiB IJd SJiarHOCTUKHU Ta
MIPOTHO3YBaHHA Iepebiry 3axBoplOBaHHA, a Ta-
KOMK MillleHel OJis JiKyBaHHSA paKy.

BucHosku. 3HaUHUN IIporpec y raaysi 6io-
gorii IIITK Ta ix 3acTocyBaHHS y T€PaHOCTH-
i paKy IepeKOHJUBO JOBOAUTH JEEBICTH MUX
KJITUH AK MillleHe# 114 IIPOTHO3Y i JiKyBaHHSA
MeTacTaTudHol XBopobOu. EdherTuBHOMY BU-
KOPHUCTaHHIO PigKoi Oiomcii 3 KisbKicHOIO Ta
(enoTunoBoro xapaktrepuctukoio I[ITK mepe-
IIKO/YKAa€e HeJOCKOHAJIICTh METOHO0JIOTi] B3ATTA
Giosroriunoro marepianay i BigcyTHicTh Hami-
HUX MapKepiB IJd OIiHIOBAHHA MeTacTaTHU-
Horo noreHmniaay I[IIK pisHOro moxomKeHHd.
PizrnomaniTTa MmexanidmiB mirparmii Ta iaBasii
OYyXJIUHHUX KJIITHH moTpedye po3pobIeHHS
KOMILTEKCHUX TePaleBTUYHUX MiAXOMiB IJIs aH-
TuMmeTacTaTuuHoi Tepanii momno IITK. Sycum-
Jisl, OpieHTOBAHI HA BUPIIIEHHS I[UX OCHOBHUX
MIATaHb, MOYKYTh CIPUATH PO3POOJIEHHIO HOBUX
e(eKTUBHUX CTPATErill IIKyBaHHA PaKy.

Knwou4osi cnosa: MUPKYIIOBAIbHI TyXJIUHHI KJIi-
TUHU, MUPKYIIOBAJbHI TyXJINHHI MiKpoeMboJin,
MeTacTa3yBaHHs, eIIiTeIINHO-Me3eHXIMHUH IIepe-
Xim, MimiMaabHAa 3aJIMIIIKOBA XBOpooa.

IJenv. O630p COBpeMEHHBIX 3HAHUI 110 OMOJIO-
ruu ITOK, a Taxk'Ke mepCneKTUB UX KCIOJIb30Ba-
HUSA AJI8 [UATHOCTUKY U HAIIPABJIEHHOT'O JIEUeHU A
MeTacTaTUu4decKoi 60JIe3HNU.

Memodvi. KoMnaeKCcHBIH 0630p JauTepary-
pBI ¢ ucnoab3oBanueMm 6a3 ganabix MEDLINE,
Biological Abstracts u EMBASE.

Pesyavmamut. B 0630pe 0600111eHEBI U ITPOaHAa-
JIMBUPOBAHBI MCTOPUYECKUE CBEJEHUSA U COBpPE-
MeHHBIe JaHHBIe, Kacawmuecsa 6uoaoruu [1OK,
OCHOBHBIX 9TaIllOB UX KU3HEHHOTO ITUKJIA, POJIU
B METacTaTUYeCKOM KacKaje, KIMHUUYECKUX TIep-
CHEKTUB UX UCIIOJb30BaHUA B KAUECTBE MaPKEPOB
IJIsl TUATHOCTUKY W IIPOTHO3UPOBAHUA TeUEHUS
3a00J€eBaHUs, a TaK)Ke MUIIeHeH OJd JieueHUusd
paka.

Bv1800bL. 3HaUNTEIBHBIN IIpOrpecc B 006J1acTu
o6uosoruu IIOK u ux mcnosb30BaHUA B TEPAHOCTHU-
Ke paka y0equTeJIbHO OKAa3bIBAET IeHCTBEHHOCTD
9TUX KJIETOK B KauecTBe MUIIIEHell [Jid MPOTrHOo3a
U JIeUeHUS MeTacTaTUUYecKoro 3abosieBanus. Id-
(heKTUBHOMY MCIIOJIb30BAHUIO JKUJKOI OMoICuu
C KOJIMYECTBEHHOI 1 (peHOTUNUUECKOI XapaKTe-
puctukoii IIOK npensaTcTBYIOT HECOBEPIIIEHCTBO
METOJ0JIOTUY B3ATHUA OMOJIOTUUECKOTO MaTepraa
U OTCYTCTBUE HAZEKHBIX MapPKEPOB JJIA OIleHKU
meTactatuyeckoro nmoreunuanaa IIOK pasauuno-
ro mpoucxoxaenusa. MHOrooOpasue MexXaHU3MOB
MUTPAIUY U UHBA3UU OIIYX0JEBbIX KJIETOK TPeoy-
eT Pa3dpaboTKU KOMIIJIEKCHBIX TePAlleBTUUECKUX
IIOAXOMOB IJA aHTHUMETACTATUUECKOMN Tepamunu,
Haneaenno# Ha IIOK. Ycunusa, mampaBiieHHbBIE
Ha peIllleHVe dTUX OCHOBHBIX BOIIPOCOB, MOTYT
cII0coGCTBOBATH Pa3paboTKe HOBBIX 3(PMEKTUBHBIX
cTpaTeruii jieueHnA paKa.

Knwouesvle cnosa: TUPKYIUPYIOITAE OITYXO0JIEBbIE
KJIETKU; IUPKYJUPYIOIINE OITyXOJieBble MUKPO-
5M00JIBI; MeTacTasMpOBAHUE; JBIUTEJIUATbHO-
Me3eHXMMAaJbHBIA IIepexofi; MHUHUMAaJbHad
ocTraTouHas 00JIe3Hb.
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Rabies is a neurological disease of a viral nature, leading to death. Rabies virus is an RNA virus that
invades the central nervous system, leading to neuronal dysfunction. Timely vaccination can prevent the
diseases development.

Aim. The article is devoted to immunobiotechnological research aimed at creating antirabic vaccines.

Results. The history of the antirabic vaccines creation from the first inactivated vaccines obtained
from nervous tissue to the cultivation of the virus on animal cell cultures is considered. The article
presents commercially available anti-rabies vaccines: their composition, the used rabies virus strains, cell
cultures, the methods of inactivation and purification. The technology of producing an anti-rabies
vaccine based on a Pitman Moore virus strain and a chicken fibroblast cell culture is presented. The
advantages of different vaccine types are considered: live attenuated, peptide, liposomal, RNA vaccines,
vaccines based on viral vectors, transgenic plants and reverse genetics methods.

Conclusions. The development of biotechnology, immunology and virology makes it possible to
improve constantly vaccine preparations, including those against rabies, increasing their effectiveness

and safety.

Key words: immunobiotechnology; viral vaccines; antirabic vaccine; RNA virus; rabies virus.

Rabies (R) is one of the oldest neurological
diseases caused by the rabies virus — Rabdovirus
(RV). The virus belongs to the genus Lyssavirus,
the Rhabdoviridae family. RV is a neurotropic,
RNA negative single-stranded virus. RV causes
a lethal encephalitis in mammals known as R,
which causes 60,000 deaths worldwide annually,
leading to death with the development of clinical
symptoms. In Ukraine, 20894 people were
vaccinated in 2019, 1938 of them were with a
confirmed R diagnosis [1]. The virus enters the
peripheral area after exposure and subsequently
spreads to the central nervous system, causing
neuronal dysfunction, which is the main cause
of death in R [2].

All Rhabdoviruses have 2 main structural
components: the helical nucleoprotein nucleus
(RNP) and the surrounding envelope. The RV
genome encodes five proteins: nucleoprotein
(N), phosphoprotein (P), matrix protein (M),
glycoprotein (G), polymerase (L). G forms
about 400 spines densely located on the viral
surface. Protein M is associated with both

28

envelope and RNP and may be the central
protein of the RV assembly (Fig. 1).

RV enters the nervous system by binding to
nerve receptors such as acetylcholine, nerve cell
adhesion, nerve growth factor receptors. The RV is
then transported to the central nervous system by
axonal (retrograde) transport, possibly by binding
to cytoplasmic dynein. In axons, RV carries out
retrograde transport by means of movement on the
cytoskeleton tubes surface — they move from the
plus-ends to the minus-ends (Fig. 2).

G, the only protein exposed on the surface of
virions,isthemainviral component responsible
for theinduction of host antibodies. G serves as
animportant vaccine immunogen (Vac) against
R. Various constructs expressing protein-G are
being developed using paramyxoviruses and
adenovirus vectors that can induce sustained
humoral immunity in the RV response [4].

Immunobiotechnology, in particular,
vaccinology, enables to prevent the disease R
with the help of vaccination, provided that it
is carried out in a timely and correct manner.
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Fig. 1. Schematic structure of the RV virion [3]

Since the time of Louis Pasteur (1822-
1895), Vacs for human versus R are made from
inactivated RV. Since 1880, L. Pasteur began
the experimentations aimed at artificially
reducing the virulence of infectious agents
and obtaining attenuated strains. He obtained
weakened pathogen strains of chicken cholera
and anthrax. L. Pasteur used the principles
and methods of attenuation upon Vac against
R receipt and practical use. Having received
the so-called fixed RV (fixeRV) with a
standard virulence degree, Pasteur injected
RV suboccipitally into rabbits, causing them
to become infected. Then the spinal cord of the
animals was subjected to drying at different
times, which caused RV attenuation and a
decrease in the number of living RV particles.
This research led to the creation of the anti-
rabies Vac (antiRab-Vac). L. Pasteur applied
his discoveries well beyond the animals, but to
humans: aboy was brought to him from Alsace,
who was bitten by a mad dog. Pasteur began
a course of 13 injections of emulsified rabbit
spinal cord material three days after the child
was bitten. 90 passages were used by L. Pasteur
for the first Vac with Virus Fixe. Vac against
RV developed by L. Pasteur was obtained
from neural tissue, and RV was inactivated
by drying. However, this Vac posed a danger
according to the possibility of RV activation
and the development of allergic reactions due
to the presence of myelin in the nervous tissue.
For the first time, vaccination against R was
carried out using the brain Vac, registered
by L. Pasteur in 1885. Later, the safety of
Vac was increased by phenol inactivation of
RV (1911). However, after use, serious side
effects were still observed, including several
cases of paralysis and death. The main factor

is hypersensitivity to myelin. Subsequently, it
has been found that the amount of myelin in
Vac could be reduced by using neonatal mice
with lower myelin levels in the brain [6].

In Ukraine, until the early 80s, alyophilized
antiRab-Vac of the Fermi type, made from
the brain of infected with Virus Fixe sheep,
was used. The homogenized brain in a 0.9%
NaCl solution containing 1.0% of phenol was
inactivated for 8 days at a temperature of 20—
22 °C. Sucrose is added to Vac and the mixture
is lyophilized. Serious side effects associated
with hypersensitivity to myelin were observed
with Vac application. In addition, it is
necessary to take into account the presence
of various immunochemically active lipids
in the brain Fermi Vac [7], which can lead to
the appearance of anti-lipid antibodies [8]. It
should be noted that the brain tissue contains
gangliosides (Gan), which can serve as
receptors for binding to RV. The study of Gan
isolated from the cattle brain (GT1 and GD1a)
in in vitro and in vivo experiments showed
antiviral activity when infected with RV in
animals at the early stages of infection. The
survival value in comparison with the control
(death of 100% of animals) ranged from 20
to 60% (virus activity was 50-100 LDy),
depending on the concentration of Gan [9].

As it can be seen from the above data,
antiRab-Vac was originally obtained from
neural tissue. Currently antiRab-Vacs are
mainly Vacs based on cell cultures and avian
embryos. In subsequent years, the specialists
were faced with the task of creating antiRab-
Vac production on biological substrates free
from nervous tissue. Vacs began to be obtained
on the basis of cell cultures of avian embryos:
duck (embrio duck — ED), and later chick
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Fig. 2. Diagram of RV penetration into the nervous system [5]:

1 — receptor-mediated RV endocytosis on the presynaptic membrane; 2 — retrograde axonal RV trans-
port toward the neuron body; 3 — the ribonucleoprotein release from the endocytic vesicle; 4 — viral mRNA
transcription; 5 — viral proteins translation; 6 — full-length RNA genomes replication; 7 — viral particles

assembly and release from a cell

(embrio chick — EC) for RV cultivation. Cell
culture-based Vacs contain RV that multiply
in cell substrates. In the process of developing
Vacscontaining inactivated RV, it was proposed
to use other cells: primary culture of hamster
kidney cells, human diploid cells (HDC), Vero
cells, etc. [10]. Simultaneously with these
studies, the possibility of various RV strains
application was studied (Table 1). Human
studies of Vacs containing the RV Flury low egg
passage (Flury-LEP) strain have shown no side
effects. However, these Vacs were characterized
by insufficient immunogenicity. The use of the
RV Flury high egg passage (Flury-HEP) strain
increased the Vacs immunogenicity compared
to the Flury-LEP-based preparation, but was
slightly lower than the brain vaccine. Vac with
inactivated Flury virus grown on ED was more
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effective, but its immunogenicity was lower
than the brain vaccines.

Further studies were carried out using
a culture of human fetal fibroblasts, which
were HDCs with a limited lifespan. It was soon
shown that fetal fibroblasts were susceptible to
human viruses and free of latent viruses [11].
By the early 1960s, the highly immunogenic
HDC line was used for RV propagation. HDC
Vacs were first licensed in Europe in 1976 and
in the USA in 1980 and are still in use today.
In 1985, a purified concentrated Vac against
rabies was obtained on Vero cells, which has
a high immunogenicity comparable to Vac on
HDC[12-15].

Currently, the requirements for AntiRab-
Vacsdevelopedby WHO are presentedinaseries
of technical reports published in different
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years, in which the requirements for AntiRab-
Vacs are constantly increasing [16-18].
The reports provide the basic requirements
for the production and control of AntiRab-
Vacs for humans. The document describes in
detail the cell cultures and requirements for
them, considers the RVs allowed for use to
obtain AntiRab-Vacs and for their control.
The used standards and the main provisions
of the production technology are described:
cultivation, purification, and inactivation
(B-propiolactone, formalin, etc.), adjuvants
(aluminum hydroxide), requirements for the
vaccine at different production stages.

Over the past period, antiRab-Vacs
obtained by growing RVs on ED have been
developed. However, these Vacs are less
immunogenic than Vac from brain tissue.
For ED drugs, 14 to 23 daily vaccinations are
recommended, but sometimes even such high
doses do not protect against Rab after intense
contact with the source of infection. Another
disadvantage of these Vacs is that the Vacs
also contained myelin proteins, which caused
adverse reactions, and as a result, the drug
was forbidden by the WHO.

Subsequently, antiRab-Vac was obtained
in cell and tissue culture. Vacs prepared in
cell culture were not only safer compared to
the vaccines based on brain tissue due to the
neurotropic tissue absence, but also more
effective.

Then AntiRab-Vacs were obtained: purified
duck embryonic vaccine (PDEV); HDC-based
one; purified EC cells-based Vac; purified
VERO cells-based AntiRab-Vac; adsorbed
AntiRab-Vac (RVA) obtained from hamster
kidney primary cell culture.

The technological process leading to the
development of the above Vacs included:
Pitman Moore RV strain adaptation to stable
cell lines such as VERO cells (Abhayrab and
Verorab); HDC MRC-5. HDC-based Vac is
considered the gold standard drug.

Currently, various RV strains and cell cultures
are used to obtain AntiRab-Vacs (Table 1).

Currently, Vacs obtained from various RV
strains using cell cultures of various origin
are used for the prevention of Rab in humans
(Table 2).

Currently, antiRab-Vacs such as Rabavert
and Rabipur, represented by inactivated RVs,
are widely used. Since inactivated Vacs cannot
induce strong immunity to provide long-term
protection against RV infection, recipients
must receive multiple vaccinations over time,
which requires new technological approaches
to create Vacs. Rabipur (Table 2) was the first
purified Vac obtained from chick embryo cells
was licensed in Germany in 1984 and then in
60 more countries. The immunogenicity of
Vac Rabipur has been confirmed in numerous
clinical trials [19].

Rabipur is produced using the Flury-
LEP RV strain grown on a primary fibroblast
culture of chicken embryo cells. Virus in Vac is
inactivated with B-propiolactone and purified
by continuous density gradient centrifugation.
As a result, a highly concentrated preparation
stabilized with polygenin is obtained, followed
by lyophilization. Rabipur is produced in
Marburg, Germany and Ankleshwar, India.

Below it is a technological scheme of
AntiRab-Vac obtained through the use of RV
Pitman Moore and a cell culture of chicken
fibroblasts [20]:

1 — preparation of ED and EC according
to the classical scheme (9-11 days, at a
temperature of 35—37 °C and humidity of 70—
90% , trypsinization and centrifugation);

2 — infection of the primary culture of ED
RYV fibroblasts — 7 passages (adaptation), after
which the resulting strain was cultured on the
EC fibroblast culture — 4 passages, the selected
embryos were trypsinized, centrifuged and the
cells were suspended in the growth medium to a
final concentration of 1.7x10° cells/ml;

3 — the suspension of trypsinized
cells was filtered through a nylon filter
and centrifuged (1000-1500 rpm, 15
min, at 2-4 °C). The cell sediment was
suspended in fresh growth medium,

Table 1. Cell cultures and RV strains used to obtain AntiRab-Vacs for humans

Cell culture type

RYV strains

HDC — human diploid cell culture
Primary canine kidney cell culture

Vero — kidney epithelium cells of the green African

monkey
BNK 21 — neonatal hamster kidney culture
Chicken embryo primary culture
Hamster kidney primary cell culture
Chicken embryo primary cell culture

Flury-LEP — 40-50 passages
Flury-HEP — 227-330 passages
Pitman moore

Vnukovo 32

Paris Pasteur

Rabbit fix

Street —Alabama Duffering
Challenge Virus Standart (CVS) 111
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Table 2. Characteristics of inactivated AntiRab-Vacs for humans

Name Cell Inacti- Manufac-
of the Strain Purification type Excipients per dose
vaceines culture vator turer
. . Zonal Sucrose — 75 mg, Chiron
Ral?(l)?.ur’ Flury LEP Egﬁfeg ultracentrifugation | B-propio- Hydrolyzed Gela- Behring
~ 925 ME y fibroblZs ts in a sucrose density | lactone tin — 10 mg vaccines,
’ gradient (Polygelin) India
Verorab Wistar Zonal Sanofi
- > | Rabies PM ultracentrifugation | B-propio- | Maltose — 26.3 mg
liof. W 138 Vero . densi ] HSA — 2.5 Pasteur,
~ 9.5 ME - in a sucrose ensity actone — 2.5 mg France
’ 1503-34 gradient
. Maltose — 25.0 mg
Indirab, . Bharat
"liof, PM Vero Chromatography, | f-propio- |~ HSA —5mg Biotech,
ultrafiltration lactone Merthiolate — .
> 2,56 ME o India
0,01%
Scientific
Kokav Syrian Uv sifoAse_—l 2;1 Iﬁ,g Production
. ’ Vnukovo hamster . . . . > | Association
liof. 39 Kidne Ultrafiltration irradia- hydrolyzed NPO
> 2.5 ME y tion gelatin — 10 mg .
cells (polygelin) Microgen,
polyg Russia
Imovax | p Ve | HDC B-propio- | HSA — 100 m Sanofi
rabies, liof. Ultrafiltration ~Proplo- . g, Pasteur,
W 138- lactone | neomycin — 150 mcg
> 2,56 ME 1503-3M France
HSA — 0.3 mg,
Zonal Na-EDTA — 0.3 Gl
RabAvert N . ona . . mg axo
liof > | Fix virus, Chicken ultracentrifugation | B-propio- sodium lu‘,camine _ Smith
. LEP Flury | fibroblasts | in a sucrose density | lactone g Kline,
> 2,5 ME . 1 mg, hydrolyzed .
gradient ] Belgium
gelatin — 12 mg
(polygelin)

Note: * PM — RV Pitman Moore strain; Vero —the kidneys epithelium cells of the green African monkey;
Polygelin — a polymer of urea and polypeptides from denatured bovine gelatin; HSA — human serum albumin.

mixed and re-centrifuged under the same
conditions. The cell suspension was stirred for
5-10minat 35+ 2°C. Thefinal cell concentration
was adjusted with the growth medium to a
concentration of 1.4—2.2x106 cells/ml;

4 — the cell suspension was inocula-
ted with RV and incubated (90-120 min at
35 = 2 °C) with stirring to adsorb the virus
on the cells. An RV-infected cell suspension
with a virus was incubated at a temperature of
34.5 = 0.5 °C for 6 days;

5 — on the 4""-5" day of cultivation, the
supernatant was taken (the 1% harvest) and
fresh growth medium was added. On the 7*—
8" day the 2" harvest was taken. The harvests
were stored at 2—8 °C;

6 — virus harvests were united, purified
and concentrated using sucrose density
gradient ultracentrifugation in a zonal
centrifuge at 35,000 rpm. Corresponding
bands containing live RV were selected at a
sucrose concentration of 35—-40% . During the
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monitoring period, the RV concentrate was
stored at minus 60 °C (sterility, endotoxins,
immunogenicity, etc. were monitored);

7 — the concentrate was thawed at 37 °C
and cooled at 4 = 2 °C, diluted with a stabilizing
solution (sucrose, hydrolyzed gelatin, human
serum albumin, sodium salts) to an antigen
content of 8.5 IU/ml. The pH in Vac was
adjusted to 8 =1 with 10% NaOH;

8 — B-propiolactone was added to the viral
suspension to a final concentration of 0.025% .
Incubation was carried out at 2-6 °C and
constant stirring for at least 48 hours until
complete RV inactivation;

9 — filling of primary packaging,
lyophilization and sealing;

10 — Vac control.

Currently research is ongoing to create new
forms of AntiRab-Vac. Research is carried out
in a number of directions (Fig. 3):

Live attenuated Vacs — LAV. Unlike
inactivated Vacs, LAVs mimic natural
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Fig. 3. Types of vaccines against RV

infection and often a single dose is sufficient
to induce a sustained immune response. Until
now, despite the wider use of LAV for oral
vaccination against wild animals R (foxes,
raccoons, etc.), LAV against domestic animals
and humans R is still lacking. All LAVs used
for wild animals are obtained as a result of
repeated passage of SAD (street Alabama
Dufferin) strains in cell culture, therefore,
their possible return to virulence might
become a practical limitation for their further
development and usage for immunization
of domestic animals, and especially for
humans [21].

Peptide Vacs. There are known the works
on the peptide Vacs creation against R.
The effectiveness of the protein subunit,
purified from the infected cells, G-protein for
protection against R is studied. The G-protein
of the R virus is the main protective antigen
responsible for protective immunity against
RV. In the study, the G-RV protein was
introduced into a yeast cell and the resulting
recombinant cell extracts containing the RV
protein G protected guinea pigs from lethal
RV infection when injected intramuscularly.
However, these extracts did not protect mice
infected with RV intracerebrally [22]. In
general, Vacs based on RV protein subunits
are low immunogenic and can cause limited
immune responses.

AntiRab-Vacs of plant origin are the
preparations based on transgenic plants,
into the genome of which the corresponding
fragment of the pathogenic microorganism
genome has been inserted. In the literature,
there are studies on the use of corn and tobacco
for the RV G-protein expression for the

production of “edible” Vac [23, 24]. Plant Vacs
have not yet found application, despite the fact
that the issue of creating such Vacs against
RV and other infections has been studying for
many years [25].

Liposomal (Ls) AntiRab-Vacs (LipoRV ).
LipoRV has been shown to promote the
production of neutralizing antibodies to
RV in BALBc mice. The Ls emulsion was
prepared from  hydrogenated soybean
phosphatidylcholine and cholesterol. LipoRV
consists of an Ls emulsion and an inactivated
RV-Vac against RV. The immune response
was compared between mice treated with
LipoRV and inactivated AntiRab-Vac. In
mice immunized with LipoRV, higher titers
of the interleukin-2, interferon-gamma and
the corresponding killer cells activity level
were observed than in mice immunized with
inactivated AntiRab-Vac. The authors’ data
also showed a higher survival value for mice
that received 3 injections of LipoRV (56.2%)
than 5 injections of inactivated AntiRab-Vac
(40.6%)[26].

AntiRab-Vacs based on RNA. In the last
decade, one of the strategies in the fight
against infectious diseases has been RNA-
Vac vaccination. Unlike DNA Vacs, which
have a potential risk of integration with the
host genome, RNA-based Vacs eliminate
this danger. In addition, DNA-Vacs must be
delivered to the nucleus and transcribed within
the nucleus for antigen expression, which may
not be effective in some cells. On the contrary,
RNA-Vacs are directly translated into the
cytoplasm, which not only eliminates the need
for delivery to the nucleus, but leads to rapid
antigen expression [27, 28]. RNA-based Vacs
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are highly immunogenic and lead to consistent
results [29, 30]. The impetus for the AntiRab-
RNA-Vacsdevelopment could be the successful
RNA-Vacs use for the COVID-19 prevention:
RNA-Vacs of Pfaizer and Moderna firms. For
example, Pfaizer Vac is a nucleoid-modified
mRNA encoding a mutant form of the SARS-
COV-2 spike protein, which is encapsulated in
biodegradable lipid nanoparticles.

AntiRab-Vac based on viral vectors.
Currently, a number of AntiRab-Vacs based on
known viruses have been proposed: vesicular
stomatitis, parainfluenza type 5, Newcastle
disease, smallpox, human adenoviruses, etc.
Genetically engineered vaccines based on these
viral vectors make it possible to deliver into
human or animal cells only genes encoding
synthesis of the necessary antigens, which
makes it possible not to use live pathogenic
viruses when obtaining Vac. Recombinant
Vacs are widely used today to control R in
wild carnivores. A smallpox vaccine virus
clone has been isolated, which forms the
surface glycoprotein (G) RV. Vac containing
recombinant cowpox virus carrying the
gene for the basic glycoprotein (G) of the RV
envelope has been obtained. Vac is often used
orally to immunize foxes. Vac based on canine
adenovirus has been created [31].

Vac against R obtained using reverse
genetics method. Reverse genetics can reveal
the function of genes. The researchers
manipulate the genes sequence, changing or
turning off a particular gene, and analyze what
changes thisleads to. Thisis the path of reverse
genetics: from gene to trait, it has made it
possible to create a new generation of AntiRab-
Vacs [32, 33]. Reverse genetic methods offer
an alternative solution for the development
of safe and effective LAVs to prevent R, for
example, the amino acid at position 333 of the
glycoprotein (G) in several fixed RV strains is
responsible for pathogenicity in adult mice.
It was found that arginine at position 333
promotes the reversal of pathogenicity. In
[21], areplicon was proposed as a live weakened
AntiRab-Vac, in which the structural genes of
Venezuelan equine encephalitis (VEEV) were
replaced with the RV-G glycoprotein. Plasmid
VEEV-RV-G was constructed using standard
recombinant DNA techniques. The resulting
glycoprotein sequence was amplified using an
infectious clone as template and cloned into
the VEEV replicon expression vector of alpha
virus at Ascl and Pacl sites.

To further characterize VEEV-RV-G,
the VEEV-RV-G particles were purified
by ultracentrifugation and the protein
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composition of these particles was analyzed
by SDS-PAGE. The RV-G protein was the
only RV structural protein found in viral
particles.

Bulky spherical particles of about
60—90 nm were observed on the surface of cells
infected with VEEV-RV-G compared to the
typical bullet-shaped RV particles. It has been
shown that VEEV-RV-G can collect infectious
viral particles that are very different from RV
in both shape and size.

Glycoprotein-G (RV) provides efficient
packaging of replicon chimeric RNA into
infectious particles that can self-propagate
in cell culture at high titers. VEEV-RV-G
particles were highly attenuated in suckling
mice and could induce strong humoral immune
responses at relativelylow doses. The mice were
vaccinated with VEEV-RV-G intramuscularly,
which protected the animals from Ilethal
outcome in case of intracerebral infection with
RV — CVS-24.

A number of studies and review materials
are devoted to the creation, study and use of
AntiRab-Vacs. The effectiveness of existing
AntiRab-Vacs and the prospects for their
development have been discussed in recent
years|[1, 19, 32, 34—-36].

During the development and manufacture
of Vacs, itisimportant tomaintain the stability
of the strains used. The development of
molecular biology and biotechnology makes it
possible to confirm the RV strains authenticity
and their stability. The analysis of the
Vnukovo-32 strain used to obtain AntiRab-Vac
(cultured purified inactivated dry (KOKAV,
Russia)) was performed. It was shown that
the RNA structure of Vnukovo-312, CVS RV
strains, which encodes a part of the G protein
fragment, corresponds to a similar RNA
fragment of RV. The 539 bp RNA structure
of the RV strain, which encodes a fragment of
protein G, is stable at all technology stages.
The possibility of using restriction analysis to
confirm the authenticity of the Vnukovo-32
RV strain at all stages of production, including
the finished Vac form, has been shown [37].

Conclusions

Currently, inactivated viral Vacs are
widely used for prevention of a number of
infections. Some inactivated viral Vacs have
been in use for decades and are generally well
tolerated. Since viruses, when grown in vitro,
usually enter the cell culture medium, they
are separated from the infected cultures.
The large viral particle size in comparison
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with other macromolecules in the medium
enables for easy particles separation using
simple purification technologies based on
separation of particles by size. The examples
of suchvaccinesinclude poliovirus, influenza
virus, RV, and Japanese encephalitis virus.
In an alternative approach used in the case
of a killed viral vaccine (hepatitis A (HAV),
Covid), the infected cells are lysed and the
viral particlesarepurified. Viral particlesare
chemically inactivated, usually by treatment
(B-propiolactone, formalin, radiation),
and then the effect of the inactivated
virus can be enhanced by adjuvants (for
example, aluminum hydroxide or aluminum
phosphate). It is possible to use Ls [25, 34] to
enhance the immunogenicity of viral Vacs.

REFERENCES

1. Antonova L.O.,Makovskal.F.,Krupinina T. M.
The history of rabies control in Ukraine
from the time of Pasteur to the present day.
Actual Infectology. 2021, 9(1), 6-16. (In
Russian).  https://doi.org/10.22141/2312-
413X.9.1.2021.228821

2.Zhu S., Cuo C. Rabies control and treanment:
from prophylaxis strategies with curative
potencial. Viruses. 2016, 8(11), 279-290.

3. Schnell M.J., McGettigan J.P., Wirblich C.,
Papaneri A. The cell biology of rabies virus:
using stealth to reach the brain. Nat. Rev.
Microbiol. 2010, 8(1), 51-61. https://doi.
org/10.1038/nrmicro2260

4. Wiktor T.J., Gyorgy E., Schlumberger D.,
Sokol F., Koprowski H. Antigenic properties
of rabies virus components. J. Immunology.
1973, 110, 269-276.

5. Fooks A.R., Cliquet F., Finke S., Freuling C.,
Hemachudha T., Mani R.S., Miiller T.,
Nadin-Davis S., Picard-Meyer E., Wilde H.,
Banyard A.C. Rabies. Nat. Rev. Dis. Primers.
2017, 3, 17091. https://doi.org/10.1038/
nrdp.2017.91

6. Fuenzalida E., Palacios R., Borgano J.M.
Antirabies antibody response in man to vaccine
made from infected sucking-mouse brains.
Bull. World Health Organ. 1964, 30, 431-436.

7. Holbets I.1. Krasnopolskyi Yu. M. Orlova H. L.
Vaccination of the anti-rabies vaccine in
the warehouse and the role of lipids in the
reactogenicity of the drug. Pharm. J. 1983, 2,
51-53. (In Ukrainian).

8. KrasnopolskiyYu.M.,GolbetsI.I.,.SennikovG.A.,
Shvets V. I. Immunochemistry of lipids. Chem.
Pharm.J.1981, 15(7), 13—-25. (In Russian).

9. KrasnopolskiyYu.M.,ShvetsV.I.Investigation
of the effect of certain gangliosides on the
resistance of mice to rabid virus. Bull. Exp.

Inactivated viral Vacs usually have high
immunological activity, for example, 1 dose
of hepatitis A vaccine provides protection
in an amount of 50 ng. Thus, this classic
strategy, characterized by an impeccable
history of well-tolerated and effective
vaccines creation, remains a very promising
technology of choice for many viral Vacs,
including AntiRab-Vacs.

Funding source. The work was performed
within the research program “Comprehensive
research and optimization of industrial
and pharmaceutical biotechnologies” (State
Registration No0.0118U002336, 2018-2021).
There is no conflict of interest.

Biol. Med. 1987, CIV(12), 698-699. (In
Russian).

10. Zhu S., Li H., Wang C., Luo F., Guo. Reverse
genetics of rabies virus. New strateges
to attenuate virus virulence for vaccine
development. <. Neurovirol. 2015, 21,
335-345.

11. Plotkin S. A. Vaccine production in human
diploid cell strains. Am.J. Epidemiolog. 1971,
94(3), 303-306. https://doi.org/10.1093/
oxfordjournals.aje.al121323

12. Giesen V., Gniel D., Malerczyk C. 30 years of
rabies vaccination with Rabipur: a summary
of clinical data and global experience. Expert
Rev.Vaccines. 2015,14(3), 351-367. https://
doi.org/10.1586/14760584.2015.1011134

13. Wictor T. J., Koprowwski H. Succesful
immunization of primates with rabies vaccine
preparazed in human diploid cell strain Wi38.
Proc. Soc. Exp. Biol. Med. 1965, 118, 1069—
1073. https://doi.org/10.3181/00379727-
118-30048

14. Plotkin S. A., Koprowski H. Rabies vaccines.
In Plotkin S. A., Orenstein W. A., Offit P. A.
(Eds.) Vaccine. Saunders / Elsevier. 2008,
687-714.

15. Pharmacopoeial monograph 3.3.1.0025.15
Vaccine antirabies culture concentrated
purified inactivated. Pharmacopoeia of the
Russian Federation. (In Russian). Available
at https://pharmacopoeia.ru/fs-3-3-1-0025-
15-vaktsina-antirabicheskaya-kulturalnaya-
kontsentrirovannaya-ochishhennaya-
inaktivirovannaya/ (accessed14.06.2021).

16. WHO Expert Committee on Rabies. World
Health Organ. Series Tech. Rep. Geneva.
1986, 709, 13—-22. (In Russian).

17. WHO Recommendations for inactivated
rabies vaccine for human use produced in cell

35



BIOTECHNOLOGIA ACTA, V. 14, No 4, 2021

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

36

substrates and embryonated eggs. Annex 2.
World Health Organ. Tech. Rep. Ser. 2007,
941, 83-132.

WHO Expert Consutation on rabies. World
Health Organ. Tech. Rep. Ser. 2018, 931, 1-88.
Abramova E. G., Nikiforov A. K., Mouvse-
syants A. A., Zhulidov I. M. Rabies and rabies
immunobiological preparations: vaccinations
pasteur to the contemporary biotechnology.
J. Microbiol. Epidemiol. Immunobiol. 2019,
5, 83—94. (In Russian).

Patel P. M., Patel P. R. Adaptation of Pitman
Moore strain of rabies virus to primery chick
embryo fibroblast cell cultures. United States.
Patent US 8,361,776 B2. Jan. 29, 2008.
ZhangY.N.,Chen C., Deng C. L., Zhang C.-G.,
Li N., Wange Z., Zhao L., Zhang B. A novel
rabies vaccinebased ininfectious propagating
particles derived from hybrid VEEV-Rabies
replicon. EBioMedicine. 2019, 56, 102819.
Klepfer S. R., Debouck C. Uffelman .,
Jacobs P., Bollen A., Jones E.V. Characteri-
zation of rabies glycoprotein expressed in
yeust. Arch. Virol. 1993, 128(2), 269—-286.
https://doi.org/10.1007/BF01309439
Ashzef S., Singh P. K., Yadav D. K. High level
expression of surface glucoprotein of rabies
virustobaccoleavesanditsimmunoprotective
activity in mice. J. Biotechnology. 2005, 119,
1-14.

Loza-Rubio E., Rojas E., Gomeslet H., Oli-
vera M. T. J., Gomez-Lim M.A. Development
of an edible rabies vaccine in miize using the
vinukovo strain. Dev. Biol. 2008, 131, 477—-482.
Krasnopolskiy Yu. M., Borshchevskaya M. I.
Pharmaceutical biotechnology: Technology
for the production of immunobiological
drugs. Kharkiv: NTU “KhPI”.2009, 351 p.
(In Russian).

Miao L., Yang V., Yan M., Li Y., Zhao J.,
Guo J., Zheng D. Enhanced Immune response
to Rabies viruses by the use of a liposome
adjuvantin vaccines. Virus Immunol. 2017,
30(10), 727-733. https://doi.org/10.1089/
vim.2017.0093

Tam Y., Hope M.J., Weissman D., Pardi N.
Nucleside — modified RNA for inducing an
adaptive immune response United States.
Patent WO 2016/176330 A1. Non. 3, 2018.
Jackson L. A., Anderson E.J., Rouphael N. G.,
Roberts P. C., Makhene M., Coler R. N.,
McCulloughM.P.,Chappelld.D.,Denison M .R.,
Stevens L. J., Pruijssers A. J., McDermott A.,
Flach B., Doria-Rose N. A., Corbett K. S.,
Morabito K. M., O’Dell S., Schmidt S. D.,
Swanson P. A. 2nd, Padilla M., Mascola J. R.,
Neuzil K. M., Bennett H., Sun W., Peters E.,
MakowskiM.,Albertd.,CrossK.,BuchananW.,
Pikaart-Tautges R., Ledgerwood J. E.,
Graham B. S., Beigel J. H., mRNA-1273
Study Group. An mRNA Vaccine against

29.

30.

31.

32.

33.

34.

35.

36.

37.

SARS-CoV-2 — Preliminary Report. N. Engl.
J. Med. 2020, 383(20), 1920-1931. https://
doi.org/10.1056/NEJMo0a2022483

Hassett K.J., Benenato K.E., Jacquinet E.,
Lee A., Woods A., Yuzhakov O., Himansu S.,
Deterling J., Geilich B.M., Ketova T., Mihai C.,
Lynn A., McFadyen I., Moore M.J., Senn J.J.,
Stanton M.G., Almarsson O., Ciaramella G.,
Brito L.A. Optimization of lipid nanoparticles for
intramuscular administrationof mRNA vaccines.
Mol. Ther.Nucleic Acids. 2019, 15,1-11. https://
doi.org/10.1016/j.0omtn.2019.01.013

Zhu S., Cuo C. Rabies control and treanment:
from prophylaxis strategies with curative
potencial. Viruses. 2016, 8(11), 279-290.
https://doi.org/10.3390/v8110279

Zhu S., Li H.,, Wang C., Luo F., Guo C. Reverse
genetics of rabies virus. New strateges
to attenuate virus virulence for vaccine
development. J. Neurovirol. 2015, 21, 335—345.
https://doi.org/10.1007/s13365-015-0350-2
GaragulyaG.I.,MatkovskaS.G.,GarkavayaV.V.
Antirbic wvaccines: retrospective review.
Probl. Zooengineering Vet. Med. 2015, 30(22),
149-153. (In Russian).

Takayama-Ito M., Inoue K., Shoji Y., Inoue S.,
Iijima T., Sakai T., Kurane I., Morimoto K.
A highly attenuated rabies virus HEP-Flury
strain reverts to virulent by single amino
acid substitution to arginine at position 333
in glycoprotein. Virus Res. 2006, 119(2),
208-215. https://doi.org/10.1016/j.
virusres.2006.01.014

Dietzschold B., Wang H.H., Rupprecht C.E.,
Celis E., Tollis M., Ertl H., Heber-Katz E.,
Koprowski H. Induction of protective
immunity against rabies by immunization
with a rabies virus ribonucleoprotein. PNAS.
1987, 84(24), 9165-9169.

Sedova E.S.,Shmarov M.M.New recombinant
rabiesvaccines. BIOpreparations.Prevention,
Diagnosis, Treatment. 2016, 16(4), 219-228.
(In Russian).

Shishkov A.V., Lozovoy D.A., Borisov A.V.,
Mikhalishin D.V. Testing of Ferarabivac
anti-rabies live vaccine for wild carnivores
for its immunogenicity and protectivity.
Veterinary Sci. Today.2020,1(32),31-37. (In
Russian). https://doi.org/10.29326/2304-
196X-2020-1-32-31-37

Ignatyev G.M.,Oksanich A.S.,Antonova L. P.,
SamartsevaT.G., MosolovaS.V.,Mefed K. M.,
Gmyl L. V., Netesova N. A. Molecular Genetic
Testing of Stability and Identification of
Vnukovo-32 Strain Used for Production
of the Cultural Concentrated Purified
Inactivated Dry Rabies Vaccine.
BIOpreparations. Prevention, Diagnosis,
Treatment. 2020, 20(2), 107-115. (In
Russian). https://doi.org/10.30895/2221-
996X-2020-20-2-107-115



Reviews

BIOTEXHOJIOI'TYHI JOCJIIKEHHSA
ITPHU CTBOPEHHI TA Y BUPOBHHUIITBI
AHTHUPABIYHUX BARIIMH

IO. M. Epacronoavcoruil
.M. ITunrunenko

HamnionanpHUM TexXHiYHNN YHIBEpCUTET
«XapKiBCbKUH MOJiTeXHIUHUI iHCTUTYT» ,
Vkpaina

E-mail: yuriykrasnopolsky@gmail.com

Ckas — HeBpOJOTiUuHe 3aXBOPIOBAHHA Bipyc-
HOT'O MTOXO/IKEeHHS, 1110 ITPU3BOAUTH 10 JeTATbHUX
HacaigkiB. Bipyc ckasy ¢ PHK-Bipycom, arwuii,
MPOHUKAIOUN Y IeHTPAJIbHY HEPBOBY CUCTEMY,
COpUYNHIOE AUCHYHKIIiI0 HelpoHiB. CBoeuacHa
BaKIIMHAIliS Ja€ 3MOTY 3a00irTy pO3BUTKOBI 3a-
XBOPIOBAHHS.

Mema. CraTTio IpUCBSYEHO iMyHOOiOTEXHO-
JIOTiYHUM JOCJIiI;KEeHHAM, CIIPSAMOBAHUM Ha CTBO-
peHHA aHTUPaOiuYHNX BaKI[UH.

Pesynvmamu. Po3rigaayTo icTOpito CTBOpPEH-
HA TAKUX BaKIUH — BiJl mepmIinx iHaKTUBOBaHUX,
OTPUMAaHMX 3 HEPBOBOI TKAHWHU, IO BUPOIIYyBaH-
HS Bipycy Ha KyJbTypax KJIiTuH TBapuH. Haseme-
HO JaHi Tpo HaABHI Ha PUHKY aHTHUPabiuHi BaKkI-
HU: iXHIHA CKJIaJ, BUKOPUCTOBYBaHI IIITaMH Bipycy
CKasdy, KYJbTYpHW KJiTHH, cIocoOum imaxTmBaIrrii
Ta OUUIIeHHs Bipycy. OmmcaHo TeXHOJOTiI0 OTPpHU-
MaHHsS aHTHPabiuHOl BaKIIMHMN HA OCHOBI IIITamMy
Bipycy Pitman Moore i KyJIbTypHu KJIiTUH KyPAUNX
¢ibpobaactis. PosriaHyTO IepeBaru pisHUX BU-
IiB BaKIIWH: JKUBUX aTEHYHOBAHUX, MENTUIHUX,
Jgimocomanbunx, PHK-BakIiuH, BaKIIUH, OTPHUMAa-
HUX Ha OCHOBI BipyCHUX BEKTODiB, TPAHCTE€HHUX
POCJIMH i METOIiB 3BOPOTHOI TeHeTHUKH.

Bucnosku. PosButok 6iorexwHoJiorii, imyHo-
Jorii Ta BipycoJiorii mae 3MOry IOCTifHO BO-
CKOHAJIIOBATH BaKI[MHHI IIpemapaTu, 30Kpema
1 mpoTu cKasy, HiABUNIYIOUN 1XHIO e(peKTUBHICTH
i Gesmexry.

Knwuosi cnosea: imymobioTexHoJorisA; BipycHi
BakIuHM; auTupabiuna BaxkmuHa; PHEK-Bipyc;
Bipyc ckaay.

BHOTEXHOJIOTHIECKHE
HACCJIETOBAHHUS IIPH CO3JAHIN
1 B ITPON3BOJICTBE AHTHPABHYECKHX
BAKIIHH

I0. M. Epacnonoavckuil
. M. ITuaunenkxo

HamnmurounanbHBIN TEXHUUYECKUI YHUBEPCUTET
«XapbKOBCKUH IMOJUTEXHUUECKUIN UHCTUTYT»,
Ykpanna

E-mail: yuriykrasnopolsky@gmail.com

BemencTBo — HeBpoJsioTMUECKOe 3a00JIeBaHUe
BUPYCHOU IIPUPOIbI, IPUBOAAIIEE K JIETAIbHOMY
ncxony. Bupyc OellieHcTBa IpeCTaBIAET COOOI
PHEK-Bupyc, KOTOpPBIil, TPOHMKAA B I€HTPAJb-
HYIO HEPBHYIO CUCTEMY, IPUBOAUT K AUCHYHKIITUT
HelipoHOB. CBOeBpeMeHHAasA BaKIIMHAIIUS IO3BO-
JISeT IPeIOTBPaTUTh pa3BUTHE 3a00/IeBaHUA.

I[env. CTaTha mOCBAIeHA UMMYHOOMOTEXHO-
JIOTUYECKUM UCCIEIOBAaHUSIM, HalPpaBJIEeHHBIM Ha
cosanue aHTUPaAOUUeCKUX BaKIUH.

Pesyavmamut. Paccmorpena ucropusa cospa-
HUS aHTUPAOMUECKUX BaKIIUH — OT IIEPBHIX NHAK-
TUBUPOBAHHBIX, IOJYYEHHBIX U3 HEPBHOM TKaHU,
0 BBIpAIIMBAHUA BUPYyCa HA KYJIbTypax KJIETOK
JKUBOTHBIX. [IpuBeneHbl JaHHBIE 00 UMEIOITNXCA
Ha PBIHKE aHTUpPaOMUeCKUX BaKIIMHAX: UX COCTA-
Be, MCIIOJIb3YEeMbIX IIITAMMAX BUPyca OeIleHCcTBa,
KYJbTypaxX KJETOK, CII0co0axX WHAKTUBAIUUA U
ouncTKu. OnrcaHa TeXHOJOTUA IOJYUeHUA aHTU-
pabuuecKoii BaKIIMHBI Ha OCHOBE IIITaMMa BUpyca
Pitman Moore u KyJbTypHI KJIETOK KYPUHBIX (hu-
6pobsacToB. PaccMOTpeHBI IIpemMyIllecTBa pas-
HBIX BHIOB BaKIIMH: KUBBIX aTTEHYMPOBAHHBIX,
HeNTUIHBIX, JuUOoocoMaabHBIX, PHK-Baxkmun,
BaKI[UH, MTOJYYEHHBIX HA OCHOBE BUPYCHBIX BEK-
TOPOB, TPAHCTEHHBIX PACTEHUI 1 METOLO0B oOpar-
HOU TeHEeTUKU.

Bb1600vi. PazBuTne 6MO0TEXHOJIOTUHN, IMMYHO-
JIOTUN ¥ BUPYCOJIOTUU IIO3BOJISAET IIOCTOSHHO CO-
BEPIIEHCTBOBATh BaAKI[MHHBIE IIperapaThbl, B TOM
YycJye U IPOTUB OellleHCTBa, MOBbIITad ux dddex-
TUBHOCTH 1 6€30IaCHOCTb.

Knrwuesvie cnosa: I/IMMyHOGI/IOTeXHOJIOI‘I/IH;

BUPYCHBIE BAKIIMHBI; aHTUPAOMUYeCKasi BAKI[MHA;
PHEK-Bupyc; Bupyc 6elrrescrsa.
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The main complications of organism damaged by SARS-CoV-2 virus are various cardiovascular
system lesions. As a result, the secondary tissue hypoxia is developed and it is relevant to search the
means for hypoxic state alleviation. Mathematical modeling of this process, followed by the imitation
of hypoxic states development, and subsequent correction of hypoxia at this model may be one of the
directions for investigations.

Aim. The purpose of this study was to construct mathematical models of functional respiratory and
blood circulatory systems to simulate the partial occlusion of blood vessels during viral infection lesions
and pharmacological correction of resulting hypoxic state.

Methods. Methods of mathematical modeling and dynamic programming were used. Transport and
mass exchange of respiratory gases in organism, partial occlusion of blood vessels and influence of
antihypoxant were described by the systems of ordinary nonlinear differential equations.

Results. Mathematical model of functional respiratory system was developed to simulate
pharmacological correction of hypoxic states caused by the complications in courses of viral infection
lesions. The model was based on the theory of functional systems by P. K. Anokhin and the assumption
about the main function of respiratory system. The interactions and interrelations of individual
functional systems in organism were assumed. Constituent parts of our model were the models of
transport and mass exchange of respiratory gases in organism, self-organization of respiratory and blood
circulatory systems, partial occlusion of blood vessels and the transport of pharmacological substance.

Conclusions. The series of computational experiments for averaged person organism demonstrated the
possibility of tissue hypoxia compensation using pharmacological substance with vasodilating effect, and
in the case of individual data array, it may be useful for the development of strategy and tactics for
individual patient medical treatment.

Key words: functional respiratory system; transport and mass exchange of respiratory gases;
hypoxic state; partial occlusion of blood vessels.

Review of some publications with
cardiovascular complications of COVID-19
and necessity of mathematical modeling use.
The series of cases of strange pneumonia were
registered in China on December 2019. New
strain of coronavirus SARS-CoV-2, which
was the causative agent of acute respiratory
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disease — coronavirus disease 2019 (COVID-
19) have been identified in course of the
subsequent studies. The epidemic turned
into pandemic during brief period of time.
Currently, there are quite a lot of publications
with the attempts to trace and systematize
current information about coronavirus
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infection SARS-CoV-2 since the beginning of
the epidemic. Out of the domestic authors,
we should like to mention the review of
S. V. Komisarenko [1] first of all; it includes
up-to-date data on etiology, epidemiology,
pathogenesis, clinical manifestations, and
principles of diagnosis and treatment of
new type of coronavirus infection, including
the ideas about COVID-19 influence on
cardiovascular system.

The reports about various cardiovascular
complications of COVID-19 appeared in
scientific literature quite quickly [2, 3].
Some types of cardiovascular system damages
have been described already in literature
[4]: acute myocardial damage, heart rhythm
disturbances, myocarditis, the onset and/
or aggravation of heart failure, pulmonary
embolism [5—8]. High mortality rates: 10.5%
among the patients with cardiovascular
diseases (CVD), and 6.0% — with arterial
hypertension [6, 7] were registered among
the patients with COVID-19 and concomitant
cardiovascular diseases in the studied reviews.
In general, the potential mechanisms of SARS-
CoV-2 influences on cardiovascular system
were summarized according to [2-8], and
demonstrated on Fig. 1.

The mechanisms causing the damage of
cardiovascular system under the influence of
SARS-CoV-2 have not been fully established.

But in [9] the factor of the patients’ age was
mentioned as the first one in the list, as well
as aggravation of the courses of many chronic
diseases (including cardiovascular diseases)
with SARS-CoV-2 background.

Since the information on the mechanisms
of COVID-19 action was limited still, the
analysis of the data from previous studies
about the outbreaks of viral pneumonia and
acute respiratory syndrome in the Middle
East, as well as seasonal influenza, will help
to understand better the mechanisms of
coronavirus action on cardiovascular system,
as it was emphasized in [10]. Understanding of
SARS-CoV-2 cardiovascular effects is seen as
quite important for the development of ways
to provide timely comprehensive medical care
during such lesions. Coronavirus influence
on humans, and potential mechanisms of this
infection effects on cardiovascular system
based on the analysis of the large number of
publications and clinical studies were described
in [10] (Fig. 1).

Direct damaging effect of SARS-CoV-2 on
cardiomyocytes was proved in [11]. In addition,
the severe courses of COVID-19 (pneumonia,
ARDS — acute respiratory distress syndrome)
were accompanied by significant disorders
in gases exchange, which caused hypoxemia.
Oxygen delivery to tissues decreased during
hypoxemia. Thus, the energy supply of

Lungs «_| SARS-CoV2

Heart

h
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respiratory failure,

ARDS

h 4
Acute myocardial

Systemic inflammatory

Increased myocardial
oxygen demand,
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atherosclerotic plaques

injury
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and heart rhythm
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Diastolic dysfunction
Heart failure
Pulmonary embolism

response

Cytokine production
Release of reactive
oxygen species and

—

nitric oxide
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Accumulation of

Acidosiz

Cardiotoxicity used in
lactate COVID-19 therapy | ———
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Fig. 1. Potential mechanisms of SARS-CoV-2 effects on cardiovascular system [2—8]
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cellular metabolism decreased and anaerobic
fermentation increased causing intracellular
acidosis and reactive oxygen species release,
which, consequently, destroyed phospholipid
layer of cell membranes with the damage and
apoptosis of cardiomyocytes [4].

Lactate accumulation and hypoxia caused by
respiratory failure leaded to the formation of
diastolic dysfunction, insufficient myocardial
perfusion, accompanied by hypercoagulation,
which can cause the development of acute
myocardial infarction [12].

In general, the scheme of cardiovascular
system involvement into described phenomena
basing on [5, 9, 12-20] was represented on
Fig. 2[10].

Coronavirus infection influence on
cardiovascular system was described in
[21], in order to clear up and develop the
algorithm for correct medical care provision
for the people with cardiovascular diseases.
This study was based on already known data
on epidemiological characteristics of SARS
and MERS [6, 7, 22—-24], and studies of
cardiovascular system damages in cases of pre-
existing diseases and studied viral pathology.

The potential impact of COVID-19 on
cardiovascular system was observed in
[25]. The statistics of complications during
COVID-19 from [19, 26, 27] were suggested;

in particular, it was noted that in study with
75 patients hospitalized with COVID-19, the
acute myocardial infarction caused 2 of 5
deaths. Also, an analysis of [22, 23, 28—-30] had
demonstrated the presence of large percentage
of cardiovascular pathologies in patients with
COVID-19; but these patients had not such
pathologies before. It was concluded that until
specific medical preparations against SARS-
CoV-2 become available, the treatment of
COVID-19 will be limited mainly by supportive
therapy and treatment of complications [25].
An analysis of literature sources from Pub
Med database was carried out in [31] using the
keywords COVID-19 and SARS-CoV-2. The
aim of the work was to collect and systematize
contemporary information accumulated
recently on pathophysiological mechanisms
of SARS-CoV-2 effects on cardiovascular
system, and the main acute cardiovascular
complications of COVID-19. The sources
[7, 29, 30, 32-57] with the description
of pathophysiological mechanisms of the
influence of SARS-CoV-2 on cardiovascular
system were analyzed in [31]. The author
concluded that in many cases SARS-CoV-2
caused various cardiovascular complications
through the acute inflammatory damage of
myocytes, provoking ventricular dysfunction,
coagulopathy. Hypoxemia lead to insufficient

Virus infection

Inflammation, systemic immune
inflammation

creased sympathetic activity
vocardial oxygen requirements
In adrenergic activity

\ Direct toxic influence on myocardium

(endothelial cells)

J—
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i l
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Fig. 2. Influence of coronavirus infection (COVID -19) on cardiovascular system [10]
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oxygen supply to the myocardium [53], with
the decrease of cardiac output and circulating
blood volume; the sympathetic nervous
system was activated to maintain circulatory
homeostasis and perfusion of vitally important
organs; all this leaded to even greater
imbalance between the oxygen demand of the
heart and oxygen delivery, as a result of which
the heart muscle was damaged [54]. Other
systemic factors lead to myocardial damage
were acid-base imbalance, respiratory and
metabolic acidosis, and electrolyte imbalance
[55].

The publications from Pub Med, Google
Scholar E-library databases for 2020 devoted
to SARS-CoV-2 influences on cardiovascular
system were analyzed in [58]. According
to some authors [6, 7, 19, 30, 59-72], the
spreading of concomitant cardiovascular
diseases in patients with identified COVID-19
and the mechanisms of COVID-19 influence on
cardiovascular system were analyzed [7, 30,
64, 73-75].

Summarizing the above, one has to note
that all this evidenced not only about the
need of symptomatic treatment, which was
quite obvious, but also that it was desirable
to have at least some ideas or approaches
of possibility of patient’s state alleviation.
Therefore, for such cases it seems appropriate
to apply mathematical modeling, which allows
simulating such disturbances in organism.
So, the aim of this work was the development
of mathematical model of partial vascular
occlusion and simulation of antihypoxant
influence.

Mathematical model. The mathematical
model of controlled part of respiratory
system [76—78] was represented by the system
of ordinary differential equations, which
described the dynamics of oxygen tension at all
stages of its path in the organism; and in brief
form it was [79-80]:

dp,0,

ap,&y = 4(p,0,,p,CO,.7,.V,0.0,.G,0,,4,0,), (1)
dr

dp,CO .

psz 2 :l//(PlOzaP[COZ,TL,V,Q,Qh,G,’COz,qllCOZ), (2)

where the functions ¢ and ¢y were described
in details in [76—78]; V — ventilation; n —
degree of hemoglobin saturation with oxygen;
@ — volumetric rate of systemic and Qt
local blood flows; ¢,0; — rate of oxygen
consumption by the i-th tissue reservoir;
q,,02— rate of carbon dioxide release in i-th
tissue reservoir.

The flow rates G,0;of oxygen from the
blood to the tissue and carbon dioxide from the
tissue to the blood were determined by the ratio

Gti = ‘Dtisti (pctl- _pti) (3)

where D, are coefficients of gases permeability
through the air-blood barrier, S, is the surface
area of gas exchange.

In case of partial occlusion of the artery,
which is divided into arterial vessels of right
and left sides, the equations of mathematical
models of mass transfer and mass exchange
of respiratory gases in the blood of tissue
capillaries were presented in [78, 81]:

dpct‘OZ 1
P e, (G, (PO~ Pey Op)
(a1+y Hba 02)
+7'Hb'Qti @, —Uctl_)—Gti02), (4)
dp O. 1
IZIiT = (Gt[02 _qt[OZ)’ (5)
Vt,, (& + 7
op, 0,

Description of changes in oxygen tensions
in heart tissues in the model of respiratory gas
transport in organism, in case of partial artery
occlusion have the form [78, 81]:

dpctkOZ _ 1 %
dT ct,\
cl/( I(Ql Qt )dT (0.’ + }/ Hb apdkOZ)

x (al 'sz 'ptka +7/'Hb'th '77ctk -
_szoz - 'sz 'pcszz Vs -Hb 'th N, )3 (6)
dp, O,

P 1 6,0,-4,00. ()

I/tk (&, + ¥ - Mby

op, 0,

I

where the index k=r, | corresponded to
the left or right side of the heart; o, oy —
solubility of gases in blood plasma; Hb, BH —
the concentration of hemoglobin and buffer
bases in the blood; v, ygz; — Hiifner constants;
V, — the volume of venous fluid; z; — the
degree of blood saturation with oxygen or
carbon dioxide; @, — volumetric rate of
coronary blood flow determined by the model
of functional respiratory system (FRS); @,,
its actual rate in case of pathological changes
in the heart. It is clear that O, <0, , 1i.e. the
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actual blood flow rate with partial vascular
permeability is lower than for the organism of
healthy person.

If we assume that coronary vessels of
the left and right parts of the heart are
not damaged, then, with partial occlusion
of the artery, the oxygen stress gradients
in absolute value will be greater than
corresponding gradients in case of vessel
damage and, depending on occlusion degree,
hypoxia in the heart muscle will be less
pronounced.

If the vessels of the left or right side
of the heart were damaged, then hypoxia
occurred, being caused by partial occlusion
of one part of the heart muscle, in the other,
the volumetric blood flow rate would be
greater than necessary. This would lead to the
increase in oxygen tension in this part, i.e. an
asymmetry in oxygen tensions distribution in
the heart muscle appeared. When the degree
of damage of arterial vessels that supply the
blood to left and right sides of the heart was
different, hypoxia was developed in the tissues
of both parts of the heart, which was caused by
different degrees of vascular occlusion, and
then the distribution of oxygen tension will
also be asymmetric.

Using this model, it was possible to analyze
the situations when complete occlusion of the
capillary bed occurred in elementary part of
the heart muscle. In the initial period, there
will be a sharp depletion of oxygen reserves
from the blood, a mismatch in its supply
with the needs of the tissues that surround
the capillary, then the oxygen tension in
this tissue area will become critical and
this part will not be able to take part in the
pumping function of the heart. Thus, in case
of coronary vessels damage, the distribution
of oxygen in the heart muscle depends on
the degree of capillary bed damage and its
localization.

In order to alleviate the hypoxic state,
a number of medical substance are used
for today; and for the optimization of the
choice of medical substance, we proposed to
use mathematical models that will simulate
the effect of this substance, on organism of
individual person.

The equations for the changes in tensions
of oxygen and pharmacological substance in
the blood of arterial flows were as follows [78,
82]:
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dp, 0y 1
dr

[al(Q_QSh)pLC02 +

n
V (o +y-Hb—9—)
1
¢ 6pa02

+y-Hb-(Q=0 ), .~ )+
1
+0103, Py Oy I+ on. T
apaOZ
+y-BH-Q 15~ 0p .05 —y-BH 41,1, ®

dcﬁl 1
It :Z((Q_Qsh)cfh_ +0,c, —0c, . )

It should be taken into account that
the levels of gases tensions and substance
concentrations is formed as a result of instant
mixing of flows coming from the blood of
pulmonary capillaries and the blood mixed
with gases and substance.

Arterial blood vessels are branched into
microcirculatory networks of organs and
tissues. The classical mathematical model
of mass transfer and mass exchange of
respiratory gases presented above, describes
the dynamics of respiratory gases tensions
in m tissue reservoirs, among which, as a
rule, tissues of the brain, kidneys, liver,
gastrointestinal tract, cardiac and skeletal
muscles, bone and adipose tissues are
distinguished.

Equations (6) and (7), which described
the changes in respiratory gases tensions in
the blood washing the tissue and in tissue
fluid of the reservoir, were supplemented by
following equations for the concentrations of
pharmacological substance for the blood of
tissue capillaries:

de; 1
4 T ©Q, (e, —¢;)=G,)  (10)

and for tissue fluid we supplemented the
equations (6)—(7) with the expression

de, G,
i _ 0 , an
dr
where
Gfti = thi Sti(cfcti - cfti). (12)

During the development of mathematical
model of transport and mass exchange of
respiratory gases and pharmacological
substance, it was assumed that the substance
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did not participated in metabolic processes
directly, but it was regulatory factor for
hypoxia stabilizing and compensation.

Let’s suppose that pharmacological
substance f belongs to pharmacological
group that promotes vasodilation of capillary
walls. Its effect on smooth muscles leads to
more free penetration of oxygen and carbon
dioxide through the barriers separating blood
and tissue fluid and, at the same time, to the
decrease of the rate of oxygen utilization by
smooth muscles of capillaries.

Therefore, the amount of gas flow through
the membrane between blood and tissue fluid
can be expressed by the ratio:

Gjti = K(cfti) . th,- . Sti(pjcti — i) (13)

where K(cft_) — functional enhancer of
diffusion process of respiratory gases into
the tissue reservoir. According to [82], some
experimental studies permit to suggest
that 1< K(c;,) <2 for most pharmacological
substance of this type.

In the venous bed the blood from the
organs and tissues was mixed and transported
to the lungs for oxygenation. Therefore, the
equations for oxygen transport in mixed
venous blood

X[al(z Ql- pctoz_vaoz)_
t
i
—y Hb-Q-n_], (14)

have to be supplemented by the equation for
concentration of pharmacological substance:

de;

1
?:E(Z Qt,»cf,,- +cfan,,- —chv). (15)

Differential equations and algebraic
relations (1-15) describe fully the transport
and mass exchange of respiratory gases
and pharmacological substance in selected
structure of respiratory system of respiratory
cycle. The described mathematical model
makes it possible to predict oxygen, carbon
dioxide and nitrogen regimes of organism
under the disturbing influences in forms
of inhalation, oral, intramuscular and
intravenous administration of pharmacological
preparation.

In our model it was assumed that
intravenous influence of antihypoxant was the
most effective. In this case, the dynamics of
substance fin mixed venous blood was:

de,
aV, 7 =220, ¢, +d,Q, —a,0c;, (16

where (¢, — concentration of pharmacological
substance in the blood of tissue capillaries of
the region; t;, (¢;, —concentration of substance
in tissue fluid of the region ¢,.

It is assumed that the removal of
antihypoxant f from the organism is carried
out through the kidneys, and the change in
substance f concentration in the renal tissue is
determined by the equation:

dc,
@V, e =26, D

where @, is the filtration rate of the liquid. It
was assumed that the volumetric filtration
rate was 0.035 mg/s.

Pharmacological correction of tissue
hypoxia in case of vascular patency lesions.
Results of numerical experiment. Series of
experiments was carried out on mathematical
model of hypoxic states pharmacological
correction. The scheme of software package
was shown on Fig. 3.

The results of computer analysis of the
effect of antihypoxant influence on the
organism of averaged person have been
demonstrated below. Injected dose was 10 mg,
preparation administration was done by pulsed
intramuscular injection. The used substance
had the ability to dilate blood vessels. The
data on organism functional state with basal
metabolism and during hypoxia caused
by diseases of cardiovascular system were
demonstrated in Table 2 [78].

The dynamics of partial pressures and
tensions of respiratory gases in the organism
after the imitation of antihypoxant injection
were presented in Table 2.

The data given in Table 2 indicated that
through 20 hours after the injection of
pharmacological substance a new round of
tissue hypoxia development had started.
Oxygen tensions in tissues began to fall, and
carbon dioxide tensions began to increase.
Let’s note that current concentration of the
preparation in arterial blood reached the norm,
equal to half of the average concentration of
the substance earlier — through 18.5 hours
after the injection.
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Table 1. Indicators of partial pressures and tensions of respiratory gases

in healthy organism and with vascular occlusion

Tensions of respiratory gases in parts of the structure
of respiratory system in mmHg
Functional state
alveoli | arteria | brain | heart | liver | kidney skelet. skin gther veins
muscles tissues
Healthy 0, 125 95.2 38.1 27.7 | 424 66.7 31.8 37.0 37.0 39.9
organism | CO, 38.5 41.5 46.54 | 48.73 | 45.6 48.6 54.1 51.8 51.3 51.02
CAD 0, 128 95.6 35.8 24.6 | 40.0 51.1 25.3 35.7 36.7 37.8
patient CO, 37.1 41.9 47.6 48.8 | 47.3 49.2 55.3 53.1 53.1 52.0

Note. CAD — coronary artery disease, CAD patient — patient with CAD.

Pharmacological

» Hypoxical state |

correction equations

correction

Functional state
estimation

Organism oxygen
regimes model

Physiological

Individualization
[y

L 4

Functional

examine data
r
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respiratory system
model

A

Object of examine

F 3

Fig. 3. Scheme of the work of software package for simulation of pharmacological correction
of hypoxic state at vascular occlusion

In framework of our mathematical model
we would like to emphasize that the results
of computer analysis relate to the effect of
pharmacological substance with only the
characteristic we picked up for this model —
the ability to dilate blood vessels, increasing the
ability of respiratory gases to penetrate tissue
reservoirs. As a rule, pharmacological substance
s consist of several biologically active compounds.
We hope that inclusion into pharmacological
substance of substances that increase the oxygen
capacity of the blood, in particular, increase
the hemoglobin content in the blood, and will
contribute to greater effectiveness of the
substance for hypoxia compensation. However,

14

the stimulation of erythropoiesis can contribute
to an increase in hematocrit, higher density of red
blood cells in circulating blood, and this can cause
vascular thrombosis.

And in this case, for individual choice of
the substance, the method of its influence and
dosage, it is possible to use the algorithmic
and software supply for mathematical model
of respiratory gases transport in the organism
in modification [79].

The iterative procedure for applying of
proposed software package in this case will be
as follows:

1. An instrumental examination of the
patient is carried out. We get the data about
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Table 2. Indices of partial pressures and tensions of respiratory gases after antihypoxant injection

Tensions of respiratory gases in parts of the structure of respiratory system
Time after in mmHg after the substance administration
injection . arte- . . . skelet. . other .
alveoli . brain | heart liver kidney skin - veins
ria muscles tissues

1h 0O, 125.6 95.0 36.5 25.1 40.8 52.0 26.5 35.8 36.5 38.0
CO, 36.2 41.2 47.3 47.8 46.9 48.7 54.8 52.8 53.0 52.3
5h Oy 125.58 | 95.2 36.7 25.8 41.3 55.6 28.1 36.1 36.6 38.2
CO, 36.8 41.8 47.2 47.6 47.1 48.8 54.6 52.4 52.4 53.0
10h 0, 125.2 95.1 37.1 25.9 41.6 60.1 29.6 36.3 36.6 38.5
CO, 37.3 41.3 46.4 47.95 45.7 48.6 54.2 51.9 51.9 51.0
15h 0O, 125.0 95.3 37.3 26.0 41.4 58.0 29.3 36.3 36.3 38.3
CO, 38.0 41.0 46.1 47.5 44.2 48.0 54.3 52.0 52.0 51.1
20 h 0, 125.1 95.2 37.1 25.6 40.65 56.3 28.75 36.0 36.1 37.9
CO, 37.8 40.9 46.8 48.1 46.2 48.2 54.5 52.2 52.2 53.0

lungs ventilation, composition of alveolar and
exhaled air, frequency of respiration, blood
pressure, frequency of heart construction,
hemoglobin, blood acidity, and etc., which
are the initial data for the model of organism
oxygen regimes [78, 83, 84]

2. Basing on the data of instrumental
examination, we calculate such indicators
as minute volume of the respiration, minute
volume of the blood, rate of oxygen consumption
by the organism, the economy, intensity and
efficiency of oxygen regimes of the organism,
the data characterizing the hypoxic state.

3. The data of instrumental examination and
the part of the data obtained in calculation of
organism oxygen regimes were used as input ones
for the operation of respiratory gas transport
model described above. Thus, in such a way, the
individualization of the model was carried out.

4. On individualized model we simulated
the state of the rest of individual person. We
obtained the values of the tensions of oxygen
and carbon dioxide in the tissues of individual
organs, which allow us to estimate the degree
of tissue hypoxia.

5. Further we simulated the injection of
pharmacological substance. Obtained data were
analyzed and, thus, the optimal options for the
use of specific preparation were selected.

We would like to note in addition that on Fig.
3 the immune response model was not subdivided
separately, as it was done in [80]. This is due to
the fact that we deal with already disturbed
respiratory and blood circulatory systems and
this is taken into account in given initial data.
It was also inappropriate, from the point of
view of the authors, to give any physiological
interpretation of the data obtained in numerical
experiment. It is clear that for the test task

they can be erroneous. It is important that with
the help of developed complex of information
support, with the array of individual initial
data, it is possible to simulate various doses
of pharmacological substance and, thus, to
objectify and optimize this process.

Conclusions

Thus, a complex mathematical model for
simulating of cardiovascular system damage
and correction of the resulting hypoxic state was
suggested in present article. Our united model
consists on the models of transport and mass
exchange of respiratory gases, self-organization
of respiratory and blood circulatory systems,
partial vascular occlusion and pharmacological
correction. On the developed software package,
a series of computational experiments was
carried out for the organism of averaged
person, the imitation of antihypoxant injection
— pharmacological influence with only
characteristic — the ability to expand blood
vessels, increasing the ability of respiratory
gases to penetrate into tissue reservoirs.
Naturally, since the test task was examined, it
could be concluded that this approach could be
used to alleviate the complicated course of the
disease. For more specific conclusions the arrays
with patient’s individual data have to be used.

The review was prepared within the
framework of the research work “To develop
the mathematical models of mechanisms for
interaction of body functional systems and
the integration methods of their mathematical
models to maintain the reliability and safety
of human life in extreme conditions” (State
Registration No. 0114U001052).
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MATEMATHYHA MOJEJIb
AJIA JOCJHIAMREHHA I'TTIOKCHYHUX
CTAHIB CEPIIEBOI'O M’AA3A
3A BIPYCHOT'O YPAKREHHA

H.I.Apanosa', O. M. KEnourxo?,
B.I. Mawkin', I. B. Mawkina®,
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Yucruryr kiGepreruku im. B. M. I'tymkosa
HAH VYxpainu, Kuis
*Hanionanpanit aBiaminamit yHiBepcurer,
Kuis, Ykpaina
3Kuischruit yHiBepcuTeT
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Y 3B’a3Ky 3 TUM, IO OJHUM 3 OCHOBHUX
yCcKJagHeHb 3a BipycHoro ypaskeHuHsa SARS-
CoV-2 e pisui martosorii cepieBo-CyIHMHHOIL
CHCTEeMH i, AK HACJIiJIOK, BTOPMHHA TKAHUHHA
rinmokcis, akTyaJbHUM € IIOIIYK 3aco0iB mjs
MMOJIeTIIeHHA TimoKcuyHoro crany. Oguum i3 Ha-
MpAMiB MOKe OyTH MaTeMaTUYHe MOIe/TIOBAHHA
IOTO IIPOIECY 3 HACTYMHOIO iMiTalli€ef0 PO3BUT-
Ky TiIIOKCHMYHOTO CTaHY i IIOAAJIBINOI KOPEeKI[il
rimoxkcii.

Mema. ITobyayBaTu MaTeMaTUUYHY MOIEJIb
GYyHKIIOHAJIBHOI CHUCTEMU TUXAaHHA i KPOBOO-
0iry aaga imirtariii vacTKOBOI OKJIF03ii cyquu 3a
ypasKeHHd BipycHOIO iH(peKIier i (hapmakoio-
riuaoi KOpekKI[ii CIPUYMHEHOTO IiMOKCUYHOTO
cTaHy.

Memodu. 3acToCOBYBaJIN METOAN MATEeMATNU-
HOT'O MOJIEJIOBAHHA Ta AUHAMIUHOTO IIpOTpamy-
BaHHA. TpaHCIOPTYBaHHSA Ta MacoOOMiH pecIri-
paToOpHUX ra3iB B opraHiami, 4aCTKOBY OKJII03ii0
CYIWH i BBeleHHS aHTUTINOKCAHTIB 3alnCyBaJl
CHCTEMOIO 3BUUYANHUX HeJiHITHUX qudepeHItiaib-
HUX PiBHSAHB.

MATEMATHUYECKASA MOJEJIb
AJII HCCJIAENJOBAHUA T'NIIOKCUYECKHUX
COCTOSIHUH B CEPIEYHOM MBIIIITE
TP BUPYCHOM IIOPAKEHHNN
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B.H. Mawxun®, 4. B. Mawxuna®,
Pawet Radziejowski4, Maria Radziejowska*
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2HanuoHaIbHBIH ABUAIOHHBIH YHUBEDPCHUTET,
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3Kuescruit YHUBEPCUTET
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B c¢BsA3U ¢ TeM, UTO OAHUM 13 OCHOBHBIX OCJIOK-
HEeHUH IpU IOPasKeHUN opranusMa supycom SARS-
CoV- 2 aBismoTCA pasaInyHbIe IIATOJIOTUH CEPAeUHO-
COCYIMCTOM CHUCTEMBI 1, KaK CJIEJICTBIE, BTOPUUHAS
TKaHeBas M'UIOKCU, aKTYAJIbLHBIM SIBJISIETCS IIOUCK
CpelCcTB AJis1 00JIeTUeHUA TUIOKCUUYECKOTI'0 COCTOs-
Husa. OOHUM U3 HalpaBJIeHUH MOKeT ObIThH MaTeMa-
THYECKOe MOIeIMPOBAHIIE 9TOTO IIPOIIECCa C TIOCIery -
IOITel UMUTAIIEN PAa3BUTUA TNIOKCITYECKOr0 COCTO-
SHUS U TIOCJIEAYIOIeH KOPPEKIINY TUIIOKCHUH.

I[enw. IlocTpouTh MaTEMaTUUYECKYIO MOIEH
GYHKIIMOHAJIBHON CUCTEMBI ABIXaHUA U KPOBOO-
OpalleHusd A UMUTAIIAY YaCTUYHON OKKJII0O3UN
COCYIOB IIDU MOPaYKeHUU BUPYCHOU MHDeKImel
1 GapMaKOJOTUYECKON KOPPEKIIMU BOBHUKIIIETO
TUIIOKCUYECKOT0 COCTOSHUS.

Memoodv.. IlpuMeHAANCh METOABI MaTeMa-
TUYECKOTO0 MOJEJUPOBAHUA U TUHAMUYECKOTO
mporpaMMupoBaHus. TpaHCTIOPTUPOBKA 1 MACCO-
0o0MeH pecIupaTOpPHBLIX T'a30B B OpraHuU3Me, Ua-
CTHUYHAA OKKJIIO3US COCYIOB U BBeIeHUEe aHTUTU-
TMOKCAHTA 3aMUCHIBAJU CUCTEMOI OOBIKHOBEHHBIX
HeJNHEeUHBIX TudepeHnnaabHbIX YPaBHeHUN.
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Pesyavmamu. Po3po6iieHO MaTeMaTUUYHY MO-
Iesib (DYHKI[IOHAJbHOI CUCTEMU AUXAHHS A iMi-
Tanii papMaKoJIOriuHOI KOPeKIlil IrinoKCuYHOT0
CTaHy, CIPUYNHEHOTO YCKJaIHEeHUM Iepebirom
BipycHoi iH(ekrnii. Mogeab I'PYHTYEThCA Ha Teopii
dyukionanpbHux cuctem I1. K. AnoxiHa i mpuny-
IIeHHI 111010 OCHOBHOI QYHKIIIT cucTeMu JuXaHHA
ITepenbauaeThcsa B3a€MOBIIJIUB i B3a€MO3B’ IB0K
OKpeMUX (PYHKI[IOHAJIbHUX CHUCTEM OPraHi3MYy.
CKIamoBUMU YaCTHHAMMN KOMILJIEKCHOI Mozesi
€ MOJeJi TpaHCIOPTYBaHHA i MacooOMiHy pec-
nipaTopHuX ras3iB B opraHismi, camoopranisairii
CHCTEeMU TUXAHHSA i KpoBOOOiry, YaCTKOBOI OKJIIO-
3ii cyauH i TpaHCIIOPTYBaHHA (DapMaKOJJIOTiYHOTO
mpemnapary.

BucHosku. IIpoBemeHo cepiio o0UKCIIOBATIL-
HUX €KCIIePUMEHTIB [IJId OpTaHi3My cepeaHboCcTa-
TUCTUYHOI JIOJUHY, AKa II0Ka3ajia MOKJIUBOCTL
KoMIIeHcaIlil TKaHWHHOI TiMmoKcii 3a JOIIOMOT0I0
¢apmakrogoriuHOTrO IIpenapary i3 cyJuHOPO3IIU-
PIOBAJIBHOIO Ii€l0. 3alIPOIIOHOBAaHA MOJENb, ¥ Pasi
HaABHOCTI MacUBY iHAWBiAyaIbHUX OJAaHUX, MOXKe
OyTH KOPUCHOIO AJIs BUPOOJIEHHS cTpaTerii i Tak-
TUKH JIIKYBaHHA KOHKPETHOT'O XBOPOTO.

Knamwuosi cnosa: QpyHKIiOHAJIbHA cuUcCTeMa IU-
XaHHA; TPAHCIOPTYBAHHSA Ta MacooOMiH
IUXAJbHUX T'a3iB; TNIIOKCUYHUNA CTAH; YaCTKOBE
3aKyIIOPIOBAHHA CYAUH.
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Pesyavmameot. Pazpaborana maTeMaTudecKas
Mozes b GPYHKITMOHAIBHON CUCTEMBbI ABIXAHU AJIA
uMuTanuu GapMaKoJOTUYECKON KOPPEKIIUU T'H-
TIOKCUYECKOTO COCTOAHUS, BBI3BAHHOTO OCJIOMK-
HEHHBIM TeUeHNeM BUpycHou nuderiuu. Momenn
GasupyeTcs Ha TeOpUU PYHKIIMOHATIBHBIX CUCTEM
II. K. AHoXUHAa U IIPeAIOJ0KeHU 00 OCHOBHOM
dyuKIIUU cucTeMbl AbIxaHuA. [Ipeamoaaraercsa
B3aMMOBJINSAHTE U BBAUMOCBS3H OTHAEIbHBIX QYHK-
IUOHAJBHBIX cucTeM opranmsma. CocTaBHBIMU
YACTSIMU ABJIAIOTCS MOJEJNHN TPAHCIOPTUPOBKU U
MaccoobMeHa pecnupaTOpPHBIX I'a30B B OPraHU3-
Me, CAaMOOPTaHU3AIlNY CUCTEMbI IbIXaHUA U KPO-
BOOOpAIIeHNA, YaCTUYHON OKKJIO3UU COCYIOB U
TPAHCIOPTUPOBKU (HhapMaKOJIOTUUECKOTO IIpemna-
para.

Bobreodvt. IIpoBemeHHAaA CePUA BHIUNCINTEh-
HBIX 9KCIIEPUMEHTOB [IJIs1 OPraHu3Ma CpeJHecTa-
THUCTUYECKOTO UeJIOBeKa MoKa3ajia BO3MOKHOCTH
KOMIIeHCAIlMY TKAHEBOW T'MIIOKCUU C IIOMOIIIBIO
(apmMakosOrnUecKOTO Ipemapara ¢ cocymopac-
IUPAIOITAM JefiCTBUEM U, TPU HAJTUUUU MaCcCUBa
VHIWBUAYAJIbHBIX JAHHBIX, MOJEJb MOMKET OKa-
3aThCA MOJIE3HOUN AJIA BHIPAOOTKU CTPATEruu U
TAKTUKHU JIEUeHUSI KOHKPETHOr0 00JIBHOTO.

Knwouesvie cnosa: GyHKIMOHATBHAA AbIXATEb-
Hasdg CHUCTeMa; TPAHCIOPTUPOBKA U MaccOOOMeH
IBIXaTeJbHBIX I'a30B; T'MIIOKCUUECKOe COCTOSHIIE;
YacTUUYHaA OKKJI03UsA KPOBEHOCHBIX COCYIOB.
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Local cultivars of A. caudatus: Helios and Karmin were used as plant material. Amaranth is a new
pseudocereal introduced in Ukraine. The plant biomass of amaranth is used in medicine, food industry
and cosmetology industry.

Aim. The purpose of the work was to identify the optimal conditions for the transient expression of
reporter genes in Amaranthus caudatus cultivars.

Methods. Biochemical and microscopy methods were used in the following work. Seedlings and
adult plants of different age were infiltrated with agrobacterial suspensions separately (genetic vector
pCBV19 with a uidA gene and genetic vector pNMD2501 with a gfp gene in Agrobacterium tumefaciens
GV3101 strain).

Results. Transient expression of the uidA and gfp genes was obtained in amaranth plants after
conduction series of experiments. The most intensive transient expression of gfp and uidA genes was
observed in seedlings infiltrated at the age of 1 day. The maximum fluorescence of the GFP protein was
observed on 5th—6th days.

Conclusions. It was shown that the cultivar Helios was more susceptible to agrobacterial infection
than the cultivar Karmin. The effectiveness of Agrobacterium mediated transformation was from 16% to
95% for the Helios cultivar and from 12% to 93% for the Karmin cultivar. The obtained results indicate
that the studied amaranth cultivars can potentially be used for obtaining transient expression of target

genes and synthesizing target proteins in their tissues in the future.

Key words: Amaranthus, uidA; gfp; Agrobacterium; transient expression.

The term “transient gene expression”
refers to the expression of genes that are
expressed shortly after the nucleic acid of
bacteria has been introduced into eukaryotic
cells. During transient expression, there is no
integration of foreign genes into the nuclear
genome of plants. In this way the genetic
material that has been integrated into plant
cells is not inherited by offsprings during the
sexual reproduction of plants [2].

Transient gene expression in plant
systems has several advantages over stable
expression. Transient expression technology
does not need the regeneration of transformed
tissues or organs, nor does it influence the
plant genome stability. This technology
allows accelerating the experiments, so the
functions of the target genes can be studied

4-10 days after the incorporation of foreign
genes in the plant cells. Transient expression
allows studying the gene functioning in non-
sterile conditions [1, 2]. Transient expression
also permits protein interactions to be studied
[3, 4].

Transient gene expression can be
achieved via several methods of delivering
of genetic information. One of which these
is agroinfiltration which allows infiltrating
many plants at the short time period.
Moreover, several genetic vectors (with
different genes) can be used for the infiltration
of a single plant [5, 6].

Genetic constructs used to obtain transient
expression often carry a gene where the target
gene is transcriptionally fused to a reporter gene
(for example, the green fluorescent gene (g7p)).
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Reporter genes are those genes that encode
proteins, the presence of which can be quickly
detected by the appearance of fluorescence or
specific staining of transformed tissues when
stained with a dye. In turn, reporter proteins
encoded by reporter genes can help to detect
the localization of target proteins in certain
organs, tissues, or organelles of plant cells [2].

Mainly, gfp and uidA are used as reporter
genes. The presence of the gfp gene is detected
by the appearance of green fluorescence of
transformed plant tissues under blue rays.
The presence of the uidA gene is detected by
staining plant tissues in blue color when they
come into contact with a specific dye. Genetic
vectors with these genes are often used in
Agrobacterium-mediated transformation,
when it is necessary to obtain a transient or
stable gene expression [2].

The choice of a particular reporter gene
for use in experiments should be based on data
from the localization in the plant cell of the
product encoded by the reporter gene. Thus,
the GFP protein encoded by the gfp gene is
an effective reporter protein in experiments
where the localization of the target protein
is in the nucleus [7, 8], cytoplasm [9, 10],
plasma membrane [10], Golgi apparatus [11],
endoplasmic reticulum [9, 11], tonoplasts [12],
mitochondria [13] and chloroplasts [11], while
reporter yellow fluorescent protein (YFP) and
mCherry are used to assess the localization of
target protein in peroxisomes [6, 14].

Representatives of the Amaranthus genus
were the objects of our investigation. The
choice is due to the wide use of amaranth
plant raw materials in various industries:
food industry; pharmaceuticals, agriculture.
Improving the quality of amaranth using
genetic engineering methods offers
considerable potential.

Representatives of Amaranthus genus
have unique amino acid composition and
are rich in biologically active compounds
(squalene and amarantin). Squalene has
anticancer and wound healing properties.
Amarantin has an antioxidant effect [16]. The
properties of Amaranthus can be improved
using biotechnological methods to produce
biologically valuable substances (for example,
squalene and amarantin).

The possibility of transient expression of
the gus gene was shown in our previous work
for adult A. caudatus plants [16, 48]. Yet,
there has been no information about obtaining
the transient expression of the gfp gene in
representatives of the Amaranthus genus. We
show here for the first time the results of the
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transient expression of the gfp gene for the
Amaranthus genus.

Materials and Methods

The objects of the research were cultivars
of Amaranthus caudatus: Helios and Karmin.
The seeds were obtained from the M. M. Grish-
ko Botanical Garden of the National Academy
of Sciences of Ukraine.

Plants of different age: 1 day-old seedlings,
10 day-old seedlings, 2 month-old adult plants
were used in the experiments. To obtain
1-day-old seedlings, seeds were soaked for
one day in water under non-sterile conditions
(22-26 °C, 14-hour light period, illumination —
3 000—-4 500 1x). To obtain 10-day-old seedlings
and 2-month-old plants, seeds were sown in the
pots with soil and grown in a greenhouse under
the conditions of 22-26 °C, 14-hour light
period and illumination — 3 000—4 500 1x.

The aim of the experiments was as follows:
to check and evaluate the functioning of the
pCBV19 and pNMD2501 genetic vectors of
A. tumefaciens in A. caudatus plant tissues
after Agrobacterium-mediated transformation;
to determine the optimal age of plants for
infiltration and to identify the plant’s organs
and tissues in which the transient gene
expression occurs the most intensively.

The vacuum infiltration method [15] and
methods for detection of uidA [17] and gfp
genes presence were used to obtain transient
gene expression.

Plants of different ages (previously
mentioned) were infiltrated with agrobacterial
suspensions. The strains GV3101 of A. tume-
faciens harboring pCBV19 [16] and pNMD2501
genetic vectors separately were used in the work
(supplementary material Fig. 1). The genetic
vector pNMD2501 was kindly donated by
NOMAD Bioscience GmbH (Germany). Genetic
vector pCBV19 carried uidA gene, genetic vector
pNMD2501 carried gfp gene.

The steps of preparation of agrobacterial
suspension were described in the author’s
previous article [16].

Plants were infiltrated in a flask with
a medium containing the agrobacterial
suspension for 5 min, at 22—-24 °C in a vacuum
chamber under pressure of 0.1 mPa.

Detection of the uidA gene (B-glucuronidase
activity) was carried out by histochemical
assay on the 5" day after infiltration in the
presence of substrate, X-gluc (5-bromo-4-
chloro-3-indolyl-B—D-glucuronide) [17].

The leaves of the infiltrated plants and
control plants (negative control) which were
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not infiltrated, were taken and incubated
in a histochemical buffer (50 mM sodium
phosphate, pH 7.0; 50 mM EDTA, pH 8.0;
0.5 mM K3;Fe(CN)6; 0.5 mM K,Fe(CN)6;
0.1% Triton X-100; 1 mM X-gluc). The
histochemical reaction was stopped after 24h
of incubation at 37 °C in the dark, followed by
five rinses in 70% ethanol. Leaves of stably
transformed Nicotiana tabacum plants were
used as positive control.

Next, the leaves of adult plants and whole
seedlings were placed on microscope slides
for observation (Zeiss axiophot fluorescent
microscope®, Germany; microscope
magnification x100 and x200). Beta-glucuro-
nidase protein (GUS) activity was detected
visually by the appearance of blue staining of
plant tissues. Leaves of stably transformed
Nicotiana tabacum were used as positive
control.

The presence of the GFP protein was
detected after 4 days in the seedlings
(that were immersed in a suspension of A.
tumefaciens with genetic vector pNMD2501)
and was evaluated visually under light with a
wavelength in the range of 365-400 nm (Black
ray®, model B 100 AP the ultraviolet lamp.)
and a microscope with an attachment with a
special filter (Plan-Neofluar). The result was
considered as positive by the appearance of
green tissue fluorescence. The results were
documented by photographing on digital
media.

Data collection and statistical analysis

One hundred plants (young seedlings) and
30 plants (2-month-old adult) of each variety
were used for each part of the experiment.
Namely 100 seedlings of cv. Helios and 100
seedlings of cv. Karmin (1-day-old); 100
seedlings 10-day-old of each cultivar and 30
plants of each cultivar (2-month-old) were
infiltrated with suspension of A. tumefaciens
(harboring pCBV19 genetic vector).

For the experiment of gfp expression
were used 100 seedlings of cv. Helios and
100 seedlings of cv. Karmin (1-day-old); 100
seedlings 10-day-old of each cultivar; 30 plants
of each cultivar (2-month-old) which were
infiltrated with suspension of A. tumefaciens
(harboring pNMD2501 genetic vector). The
same quantity of seedlings and adult plants
of each variety as mentioned above (for the
experiment of transient expression of uidA and
gfp gene) were used as negative control (non-
infiltrated with agrobacterial suspension).

The percentage of uidA-positive plants
for each age group (as a percentage expressed

the number of plants in which were detected
the presence of uidA/gfp genes from the total
quantity of plants, which were infiltrated)
was calculated after obtaining the results.
The standard error (SE) and the arithmetical
mean (M) were calculated using the Excel
program 2007 and the ¢-Student criterion was
calculated in the program Statistica in order to
determine the accuracy of the obtained results.

Results and Discussion

Transient expression of uidA gene

The histochemical reaction was performed
after conducting a series of experiments with
infiltration [17]. Large areas of plant tissues
stained in blue color were identified. Such
staining occurred in plant tissues where the
GUS protein was bound with the specific
X-gluc substrate. This may indicate that after
infiltration, bacterial genes were incorporated
into plant cells, DNA was correctly transcribed
and a functional GUS reporter protein was
synthesized in plant tissues.

The intensity of blue staining varied
among the plant groups of different ages,
as well as varied the surface areas that were
colored in the plants of different ages. In
young seedlings (in most of the seedlings
which were infiltrated at the age of one day)
all parts of the plant (root, hypocotyl and
cotyledons) were stained (supplementary
material Fig. 2). The percentage of positive
gus-stained plants for the cultivar Helios was
95%, for the cultivar Karmin — 93% . The
areas in which the reporter protein GUS was
synthesized (in 10-day-old seedlings) were
mainly along the midrib and occupied most of
the surface area of the leaf blade (more than
80%) (Fig. 1, supplementary material Fig. 3).
The percentage of gus-positive plants (which
were infiltrated at the age 10 days) for the
cultivar Helios was 61.26% , for the cultivar
Karmin — 41.55%.

In plants that were infiltrated at the age of
2 months, small areas stained in blue color were
revealed only in the region of the midrib. The
percentage of gus-positive plants was for the
cultivar Helios — 16% and for the cv. Karmin
12% (supplementary material Fig. 4). These
results indicate that very young seedlings
1-day-old of both cultivars (Helios and Karmin)
were the most susceptible to agrobacterial
infection. In seedlings that were infiltrated
at the age of 10 days and 2 months, the cv.
Helios displayed a higher susceptibility to
agrobacterial infection. Perhaps this is due to
the peculiarities of the biochemical composition
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Fig. 1. 15-day-old seedlings of A. caudatus cv. Helios

after the histochemical reaction:

A — seedlings infiltrated with A. tumefaciens harboring

genetic vector pCBV19;
B — non-infiltrated control seedlings

Fig. 2. Hypocotyls of A. caudatus seedlings
(15-day-old) which were infiltrated with
A. tumefaciens harboring genetic vector
pNMD2501 under UV light (4, B) (magnifection
x200)
A — cv. Helios; B — cv. Karmin); C — hypocotyls
of non-infiltrated control plant (cv. Helios)
(magnifection x200)

of plants. The cultivar Karmin has a higher
content of betacyanins than the cultivar Helios.
Betacyanins can reduce the transformation
efficiency of Agrobacterium [16].

Transient expression of gfp gene

The next stage of the work was the
analysis of plants that were infiltrated via
A. tumefaciens harboring genetic vector
pNMD2501, carrying the gfp gene. The results
of transient expression of the gfp gene were
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Supplementary material Fig. 1. Schematic repre-
sentation of the T-DNA site of the pNMD2501
genetic vector:

LB — left border sequence; RB — right border
sequence; Nos pro — nopaline synthase promoter;
Nos ter — nopaline synthase terminator; 35S
prom — promoter of cauliflower mosaic virus gene
(CaMV); Ocs — octopine synthase terminator;
Q — regulatory sequence enhancer; gfp — green
fluorescent protein gene; P19 — gene of protein
P19 (suppressor of gene silencing)

L

Supplementary material Fig. 2. Seedlings
of A. caudatus cv. Helios
(6-day-old) after the histochemical reaction:
A — seedlings infiltrated with A. tumefaciens,
genetic vector pCBV19; B — non-infiltrated con-
trol seedlings of cv. Helios

analyzed visually using an ultraviolet light and
were considered as gfp-positive when green
fluorescence of tissues appeared (Fig. 2—5).

In seedlings of both cultivars (which
were infiltrated at the age of 10 days), green
fluorescence was observed in hypocotyls and at
the edges of leaf blades (Fig. 2, 3).

Microscopic examination revealed that the
most intense transient expression of the gfp
gene occurred in the vascular bundles of the
hypocotyl and in the midrib of the leaf blade
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Fig. 3. Cotyledonous leaves of A. caudatus seedlings (15-day
old) which were infiltrated with A. tumefaciens, genetic vector
pNMD2501 under UV light (A, B, C):

A — cv. Helios (magnifection x100); B — cv. Karmin (magnifection
x100); C — top of the cotyledonous leaf cv. Helios (magnifection
x100); D — leaf of non-infiltrated control plant (cv. Helios); M —
area of midrib

Fig. 4. Seedlings of cv. Helios which were infiltrated with
A. tumefaciens harboring genetic vector pPNMD2501 (6-day old)
under UV light (A4, B, C, D):

A — petiole and lower part of cotyledonous leaves (magnifection
x100); B — top of the cotyledonous leaf (magnifection x100);
C — hypocotyl (magnifection x200); D — hypocotyl
(magnifection x100); E — cotyledonous leaves of non-infiltrated
control plant (magnifection x100); F — hypocotyl of non-
infiltrated control plant (magnifection x200)

‘ ’ -'. ‘ 1
Supplementary material Fig. 3.
Seedlings of A. caudatus cv. Karmin
(15-day-old) after the histochemical
reaction: A — seedlings infiltrated
with A. tumefaciens, genetic vector
pCBV19; B — non-infiltrated control
seedlings)

Supplementary material Fig. 4. Leaf of
A. caudatus variety Karmin
(2-month-old) after the histochemical
reaction (plant was infiltrated with
A. tumefaciens, genetic vector pCBV19),
gus —areas, where activity of
B-glucuronidase was detected
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Fig. 5. Seedlings of cv. Karmin which were infiltrated with A. tumefaciens harboring
genetic vector pPNMD2501 (6-day old) under UV light (A, B):
A — hypocotyls (magnifection x100);
B — hypocotyl and part of cotyledonous leaves (magnifection x100); C — hypocotyl of non-infiltrated control
plant (magnifection x200); D — part of non-infiltrated control cotyledonous leaf (magnifection x100)

(Fig. 3).

In seedlings, which were infiltrated at the
age of 1 day (both cultivars), intensive green
fluorescence was detected in all organs (root,
hypocotyl, cotyledonous leaves) (Fig. 4, 5).

Microscopy of the seedlings which were
infiltrated at the age of one day, revealed a
very intense green glow in all tissues of the
aforementioned seedling organs (Fig. 4, 5).

It should be noted that in plants that were
infiltrated at the age of 2 months, only a points
of green glow were visible on the leaf blades in
the region of the central vein. So, we obtained
transient expression of the gus and the gfp
genes in all plants of all experimental groups.

Agrobacterial infiltration of the youngest
seedlings (1 day-old) turned out to be more
effective. Expression was more abundant
in young plant tissues which intensively
synthesized proteins. In plants that infiltrated
at an older age, expression occurred mainly in
vascular bundles and leaf midrib (seedlings
infiltrated at the age of 10 days), or only in
vascular bundles and leaf midrib (plants that
infiltrated at the age of 2 months). It was
found that amaranth cultivars have different
susceptibility to agrobacterial infection.
The cultivar Helios was more susceptible to
agrobacterial infiltration (Fig. 6).

The number of plants in which were
confirmed the expression of the gus gene was
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significantly or highly significantly different
from those group of plants which were not
infiltrated with Agrobacterium.

So far, transient gene expression has been
obtained in the following plants: Arabidopsis
thaliana [18, 19], Capsicum annuum [20, 21];
Catharanthus roseus [22, 23]; Cucumis sativus
[24]; Fragaria x ananassa [12], Fragaria vesca
[25], Glycine max [26], Helianthus annuus
[27], Juglans regia [28, 29], Lactuca sativa
[30], Fagopyrum esculentum [31], Brasica
napus [32].

There is currently a great deal of
experimental work on obtaining transient
gene expression in Nicotiana benthamiana
and review articles that mention the successful
transient expression of various genes in
Nicotiana benthamiana [33, 34].

According to the latest literature,
the reporter gfp gene has been used in
Agrobacterium-mediated transformation of the
following plant species: Fagopyrum esculentum
[31], Setaria italic [35], Nicotiana tabacum
cv. Bright Yellow 2 [36], Vigna unguiculata
[37], A. hypohondriacus and A. hybridus [38],
Oryza sativa cv. Kitaake [39], Setaria italica
[40], Nicotiana benthamiana [41], Solanum
lycopersicum [41], Solanum tuberosum [41],
Physalis peruviana [41].

The uidA reporter gene was used in
Agrobacterium-mediated transformation of the



Experimental articles

95%** 0305+

~§§ 100 -
2 E I
5
g: 30‘
=
£ 61%*
E5_ 60
3L
§§§ 40 4
= o
Es =
= E
2 20
Pl ™)
S5
o
£y 0 . _
R
= Helios Karmin Helios

16%*

12%*
. 0% 0%

1 day-old 1 dayv-old 10day-old 10day-old 2 month-old 2 month-old control group control group

Helios Karmin Helios Karmin

Age of plants used for infiltration and name of cultivar

Fig. 6. Effectiveness of vacuum infiltration of different age plants with agrobacterial suspension
(A. tumefaciens harboring genetic vector pCBV19), expressed as a percentage:
values showing significantly differences between the study groups and control groups are marked with
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following plant species: A. hypohondriacus and
A. hybridus [38], Oryza sativa cv. Kitaake [39],
Setaria italica [40], Cannabis sativa [42].

There is only one report of transient gene
expression in representatives of A. hypochondria-
cus and A. hybridus [38], indicating insufficient
investigation in this sphere.

In our experiments, the most intensive
fluorescence of the GFP protein was observed in
seedlings infiltrated at the age of one day in all
parts of plant. GFP fluorescence was observed
also in the hypocotyls (areas of vascular
bundles) and in cotyledon leaves (mainly
point fluorescence in the area of midrib). In
the leaves of 2-month-old plants fluorescence
of GFP protein was observed with maximum
fluorescence observed on 56" days.

After infiltration of whole amaranth
plants under vacuum with a suspension of
Agrobacterium tumefaciens harboring the
genetic vector pCBV19 and histochemical
reaction, positive results of B-glucuronidase
activity were obtained for two cultivars
(Karmin and Helios) (blue areas). Gus-positive
areas were located mainly in the middle and
lateral veins. This may indicate that the most
sensitive tissues to agrobacterial transformation
and in which active protein synthesis occurs
are the central and lateral veins [43, 44]
(supplementary material Fig. 4).

It is known that when interpreting the
results of the histochemical reaction, a number
of problems may arise. For example, residues
of live Agrobacterium suspension left on the

surface of untransformed plant tissues can
lead to false-positive results in standard
histochemical analysis and thus may complicate
the analysis of transformation results [16].
Usage of genetic vectors with intron increases
the reliability of the histochemical analysis.
An intron was presented in the pCBV19 genetic
vector, to enable the histochemical reaction to
take place only in plant tissues and this ruling
out the possibility of a false positive result in
the presence of agrobacterial contamination.

Chimeric genetic constructs have been used
successfully in the Agrobacterium-mediated
genetic transformation of several plants:
Spinacia oleracea [45], Momordica dioica [46],
Spinacia oleracea [47].

Our results of transient expression of the
uidA gene after infiltration were not positive
for all cultivars of Amaranthus caudatus.
This may be due to differences in biochemical
composition of the various cultivars, which in
turn may affect susceptibility to Agrobacterium
infection. In the leaves, B-glucuronidase
activity was detected in the central vein. Our
results of localization of the gus gene in plant
tissues and organs during transient expression
are similar to those obtained by Jun Jasic [44].

Conclusions

The optimal conditions for the transient
expression of reporter genes in Amaranthus
caudatus cultivars were determined. The most
intensive transient expression of gfp and gus
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genes was observed in seedlings which were
infiltrated with agrobacterial suspensions at
the age of one day. Maximum fluorescence
of GFP protein was observed on 5"—6" days.
It was shown that cultivar Helios was more
susceptible to agrobacterial infection than
the cultivar Karmin. The effectiveness of
agrobacterial transformation was from 16%
to 95% for the Helios cultivar and from 12%
to 93% for the cultivar Karmin.
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TPAH3IEHTHA EKCIIPECIA
PEITIOPTEPHUX I'EHIB
Y COPTAX Amaranthus caudatus L.

O. M. Apowro
M. B. Ryuyx

TactutyT KIAiTHHHOIL Giosorii
Ta remetuuHoi imkenepii HAH Vkpainu, Kuis

E-mail: 90tigeryaroshko90@gmail.com

SK pocamHHUN MaTepiaJs AJA AOCTiTiB BUKO-
puctoByBaJu Miciesi coptu A. caudatus: Temioc i
Kapwmin. AmapasuT — HOBAa CiJIbCHKOTOCIIOAAPCHKA
KyJabTypa s Ykpainu. Pocauuuy 6iomacy, or-
pUMaHYy 3 aMapaHTy BUKOPHUCTOBYTh Y MEeAUITMHI,
XapuyoBili IPOMUCIOBOCTI Ta KOCMETOJIOTI1.

Mema pobomu — 3HaAUTHU OUTUMAaJIbHI YMOBU
JIIJIA TPaH31€HTHOI eKcIIpecii penopTepHUX I'eHiB y
coprax Amaranthus caudatus.

Memodu. Y pob6ori 3acTocoByBaJu 6ioximiu-
HUHN Ta MikpocKomiunuii metoxu. IIpopocTru i
JIOopOoCJIi pocJauHM pidHOro BiKy iHGinbTPpYBaIU
cycneH3igMu arpobakTepiii oKpemo (reHeTud-
Huit BekTop pCBV19 3 renom uidA i reHeTHUHU
BekTop pNMD2501 3 remom gfp y mrami GV3101
Agrobacterium tumefaciens).

Pesyavmamau. Ilicia npoBeneHHs cepil ekcie-
PUMEHTIB JOCATHYTO TUMYaCOBOX eKcIpecii reHa
uidA ra gfp y pocamHax amapaHnTy. Hai6inbim in-
TeHCUBHA TPaH3i€HTHA eKcIIpecis rexis gfp i uidA
cmocTepiranm y OIpopocTKiB, iHQINbTPOBAHUX ¥
Bimi 1 gaa. Makcumym (uryopeciieHirii nporeiny
GFP cnocrepiranu na 5—6 no0y.

Bucnosku. Ilokasamo, 1110 copt 'esrioc 6iabIn
COPUUHATINBUY [0 arpobakTepianbHOl iH(eKIIi],
i’k copt Kapmin. EdpexkTuBHicTh arpobakTepiaib-
"ol Tpancdopmalii cramosuaa Big 16% mo 95%
nasi copry Iemioc i Bix 12% mo 93% past copry
Kapwmin. Orpumani pesyabTaTi cBiguaTh Ipo Te,
170 AOCJIiI*KYBaHi COPTH aMapaHTy, AKi JOCJIiIKY-
BaJuCA, TOTEHI[IHO MOXKYTb OyTU BUKOPUCTAHI
IJig OTPUMAaHHA B MaiiOyTHBOMY TpaH3ieHTHOI
eKcmpecii mMiTb0BUX TeHiB Ta CUHTE3Y I[1IIbOBUX
OpOTeiHiB B iXHiX TKaHWHAX.

Knawouwoei cnoea: Amaranthus;, uidA; gfp;
Agrobacterium; TpaH3ieHTHA eKcIIpecis.

TPAH3UEHTHAS O9KCIITPECCHUSA
PEIIOPTEPHBIX TEHOB
B COPTAX Amaranthus caudatus L.

O. H. Apowrko
H. B. Kyuyk

HUcTutyT KJIeToOuHO# O010JI0TUN
u reHeTuvYecKoii maxeHepuu HAH YkpauHnsbl,
Kues

E-mail: 90tigeryaroshko90@gmail.com

B kxauecTBe pacTuUTeIbLHOTO MaTepuaia IJad
HWCCJIeTOBAHUII MCIOJb30BAaJNUCh MECTHBIE COPTA
A. caudatus: Tenmnoc u Kapmuu. AmMapauT — HO-
Bas CeJIbCKOXO03AMCTBeHHAA KyJAbTypa AJsd YKpa-
nHBI. PacTuTenbHasa Ouomacca, MoJyueHHasd U3
aMapaHTa, UCIIOJb3yeTCsa B MeIUIUHE, TUIIeBOH
IIPOMBITIIJIEHHOCTYA ¥ KOCMETOJIOT M.

ITenv pabomb. — HAUTU ONTUMAJIbHBIE YCJIO-
BUSA [IJIS TPAH3UEHTHOMN 9KCIIPECCUU PEIIOPTEPHBIX
TeHOB B copTrax Amaranthus caudatus.

Memodbst. B paboTe OBIIN MCIIOJIb30BAHBI O110-
XUMHUYECKUN U MHUKPOCKOIMYECKUN METOMBI.
IIpopocTKu 1 B3pOCable pacTeHUA Pa3Horo Bo3pac-
Ta THQPUIBTPUPOBAJIU CYCIEH3UAMEU arpodaxTe-
puii (reretuueckuii BeKTop pPCBV19 ¢ renom uidA
u reaetrudyeckuit BektTop pNMD2501 ¢ rernom gfp
B mTamme Agrobacterium tumefaciens GV3101).

Pesyavmameot. Ilocie mpoBefieHUA CePUU SKC-
TIEPUMEHTOB ObLIa JOCTUTHYTA TPAH3MEHTHA 9KC-
mpeccusi reHoB uidA u gfp B pacTeHUAX aMapauTa.
Hanbosee ”HTEHCUBHYIO TPAH3UEHTHYIO 9KCIIPeC-
cuio resoB gfp u uidA Habaogaau y IPOPOCTKOB,
MHPUIBTPUPOBAHHLIX B BodpacTe 1 musa. Makcu-
mMyM dayopecrennuu norenHa GFP mabaoganm
Ha 5—6 cyTKH.

Buvisoodvt. Briio mokasaHo, uTo copT Iesmoc
0oJiee BOCIIPUUMUMNB K arpobaxTepuaabHON WH-
dexnuu, yem copt Kapmua. 9d(HeKTUBHOCTDH
arpobakTepuaIbHOM TpaHCHOPMAIIUY COCTABUIA
ot 16% mo 95% mnsa copra I'eruoc u ot 12% mo
93% masi copra Kapmun. ITonydenHble pesyibTa-
TBI CBUETEILCTBYIOT O TOM, UTO M3ydaeMbIe copTa
aMapaHTa IIOTEeHI[MAJIbHO MOTYT OBITh MCIIOJIb30-
BAHbI JJId IOJIYyYeHUs B OyAyIlleM TPAaH3UeHTHON
9KCIIPECCUH I[eJIEeBBIX I'€HOB U CUHTE3a IIeJIeBBIX
IIPOTEeMHOB B X TKAHAX.

Knatouesvie cnoea: Amaranthus; uidA; gfp;
Agrobacterium,; TpaH3UeHTHAS S9KCIPECCUA.
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The creation of effective drugs for the prevention and treatment of atherosclerosis is one of the
urgent interdisciplinary tasks for modern chemistry and pharmacology. Given the role of
hypercholesterolemia in the development of this disease, it is necessary to remove excess amounts of
cholesterol from the body. As an alternative to means of lowering total cholesterol and low-density
lipoprotein (LDL) cholesterol, the possibility of using carbon enterosorbents for efferent therapy is
considered.

Aim. The purpose of the study was to evaluate the sorption capacity of the adsorbents developed by the
authors in terms of the possibility of cholesterol adsorption.

Methods. Using the spectrophotometric method, the sorption of cholesterol on samples of adsorbents
obtained by chemical activation of waste from the processing of lignocellulosic raw materials — dogwood
and coffee residue has been studied.

Results. A comparison of sorption isotherms with the isotherm obtained on the industrial adsorbent
SORBEX has been performed. It was shown that the adsorption capacity of carbon adsorbents is primarily
determined by their porous structure. The highest sorption values (7.3 mg/g) have been revealed by the
sorption material obtained by chemical activation of cornel seed, an intermediate position (6.3 mg/g) is
occupied by the adsorbent obtained from the coffee residue. Industrial carbon SORBEX has the lowest
sorption values (5.3 mg/g).

Conclusions. Calculations by Langmuir’s and Freundlich’s models testify about the accordance of the
experimental data to Langmuir’s model. The use of the obtained activated carbons may be one of the
effective alternative ways to lower blood cholesterol.

Key words: cholesterol; atherosclerosis; low-density lipoprotein (LDL); enterosorbents;

metabolism.

An increased concentration of cholesterol in
the blood (i.e., hypercholesterolemia) is widely
recognized as a risk factor for coronary artery
disease. Cholesterol-LDL — one of the classes
of lipoproteins, particles circulating in the
blood, transporting cholesterol from the liver
to other organs and tissues, a risk factor for the
development of atherosclerosis and coronary
heart disease — “bad cholesterol”. This fraction
of cholesterol refers to the so-called “bad
cholesterol” because it contains a large amount
of cholesterol. Deposited in the vessels, in the
form of plaques, cholesterol, together with
other metabolites, can lead to the development
of atherosclerosis and the progression of
coronary heart disease. Reducing plasma
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levels of total and low-density lipoprotein
(LDL) cholesterol by diet, drugs or lifestyle
modification is thus of principal importance in
treating and preventing cardiovascular disease.
In humans, blood cholesterol is derived from
two sources. It is either absorbed from food by
the intestine, or it is synthesized from precursor
molecules in the liver [1].

Hepatic cholesterol synthesis can be
pharmacologically regulated with statins
by inhibiting 3-hydroxy-3-methylglutaryl-
CoA reductase, the enzyme responsible
for cholesterol synthesis. Statins are very
potent lipid-lowering agents and they may
significantly reduce significantly reduce
coronary morbidity and mortality [2].
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However many patients do not reach
currently defined treatment goals and there
is considerable interest in finding additional
ways to reduce plasma and LDL cholesterol
levels. This has led to the development of a
new family of drugs that inhibits intestinal
cholesterol absorption [3, 4]. Ezetimibe
is a 2-azetidinone compound that reduces
cholesterol absorption by inhibiting the
protein responsible for cholesterol transport
into enterocytes. As monotherapy, ezetimibe
decreases LDL-C levels by 15-20 percent [2];
in combination with statins it reduces LDL-C
by an additional 20—-25% [3]. Increasing use
of these therapeutic agents has refocussed
interest on enterosorbents that have the
potential to reduce intestinal cholesterol
absorption. For this purpose, sorbents based
on cellulose granules and modified cellulose
[5, 6], alumina obtained by the sol-gel method
[7], polyacrylate [8], a mixture of activated
carbon and microcellulose [9], lignocellulose
based activated carbons [10—-13], are used for
selective adsorption of LDL in order to prevent
atherosclerosis. However, the elaboration
of enterosorbents with high capacity for
cholesterol is still topical. The oral intake of
activated carbon may be helpful in therapy of
atherosclerosis and diseases associated with an
increased level of cholesterol and lipids.

The objective of the study was to evaluate
the sorption capacity of the agricultural waste-
based enterosorbents developed by the authors
in terms of the possibility of cholesterol
elimination.

Materials and Methods

Cholesterol was purchased from Sigma
Chemical Co. (USA). Procaine hydrochloride
solution was purchased from AO “Chemfarm”
(Kazakhstan). Sodium nitrite was purchased
from Co. “Stirol” (Ukraine). Hydrochloric
acid ch. p. was purchased from Co.
“Chemlaborreactive” (Ukraine).

Samples of adsorbents were prepared
by chemical activation of waste from the
processing of lignocellulosic raw materials —
dogwood and coffee residue.

Spectrophotometric measurement of
cholesterol for the purpose of sorption from
alcoholic solution was determined according to
the methodology of guidance [14].

Cholesterol solution was prepared by
dissolving 0.05 g in ethanol and the volume
was made up in 500 mL volumetric flask.
Solutions of further dilute concentrations were
prepared from this working standard solution.

Precisely weight of 0.0818 g of procaine
hydrochloride was dissolved with less amount
of distilled water, then 3 mL of NaNO, 0.1 M
and 3 mL of HC1 1 M were added to the beaker.
The solution was allowed to stand for 5 min
at 5—-10 °C, the solution was transferred into
50 mL volumetric flask and the volume was
made up to mark with distilled water where
temperature at 5—10 °C was kept.

1 mL of cholesterol solution (100 png/mL)
was added into 10 mL volumetric flask. 2 mL
of the diazotized procaine hydrochloride
solution and 2 mL of 2M NaOH were added to
the volumetric flask. The solution was mixed
thoroughly, the volume was made up to mark
with distilled water and the solution allowed
to stand for 5 min. Adsorbance of a colored
product is proposed to measure at 428 nm in
case of cholesterol against reagent blank.

Spectrophotometric measurements
were carried out using the ultraviolet
spectrophotometer Shimadzu UV-2500 with
1.00 cm glass cells.

Results and Discussions

Table 1 includes the characteristics of
agro-based adsorbents, obtained with H;PO,
activation of dogwood stone (DS-AC) and
coffee residue (CR-AC), and, for comparison,
commercial sorbent SORBEX. It is seen that a
rather high content of mesopores is typical for
the considered sorbents.

In [14], the wavelength for measuring
cholesterol was chosen mistakenly (for our
opinion). To determine the optical density of
the colored product, a blurred region of the
spectrum (not having a peak) in the range of
360—430 nm was chosen.

In present work the solution was mixed
thoroughly, the volume was made up to mark
with distilled water and the solution allowed
to stand for 24 hours to acquire permanent
coloration. The wavelength of 318 nm has
been chosen to determine cholesterol in
a colored product. Obtained adsorption
spectra of cholesterol are presented in
Fig. 1. As it seen, the spectra are arranged
in proportion to the concentration of the
prepared solutions, the adsorption maxima
are close, and the spectral shapes are similar.
The adsorption maximum corresponds to the
wavelength 318 nm.

The calibration curve obtained at different
concentrations of cholesterol is presented
in Fig. 2. It may be seen that solutions with
different cholesterol content fit well along this
straight line.
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Table 1. Characteristics of agro-based sorbents, obtained with H;PO, activation of dogwood stone
and coffee residue, and commercial sorbent SORBEX

Characteristics DS-AC CR-AC SORBEX
Granulometric composition, mm 0.5-1.0 0.25-1.0 0.25
Ash content, % 4.6 6 3.7
Yield, % 46 48 -
Bulk density, g/cm? 0.35 0.36 0.40
Sggr specific surface area, m?/g 2169 1480 1228
Spe specific surface area, m?/g 573 431 84
Total pore volum, VE, cm®/g 1.0 0.84 0.58
Mesopore volume, 0.67 0.32 0.12
Vine cm? /g
Average pore radius, A 10.6 9.8 9.5
MB sorption capacity 145 120 72

Note: DS-AC — dogwood stone activated carbon; CR-AC — coffee residue activated carbon; SORBEX —

commercial activated carbon.
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Fig. 1. Adsorption spectra of cholesterol at different concentrations (mg/L)

Photometric methods for determining
cholesterol are based almost exclusively
on the use of chemical reactions. Among
the classical colorimetric methods, the
Lieberman-Burkhard method is of the
greatest importance, which is based on the
measurement of the intensity of the greenish-
blue color, which appears as a result of the
treatment of cholesterol with a mixture of
rather aggressive reagents — sulfuric acid
and acetic anhydride. Toxic reagents such
as acetic acid and chloroform are also used
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as solvents. In addition, the rate of color of
the complex and its stability are strongly
dependent on temperature, which significantly
complicates the determination procedure. That
is why, in this work, the method, described in
[14], was chosen for the spectrophotometric
determination of cholesterol on the obtained
samples.

The corresponding adsorption isotherms
are shown in Fig. 3. The best sorption
ability is possessed by a sample of dogwood
stone activated carbon (the maximum value
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Fig. 2. Calibration curve obtained
at different concentrations of cholesterol
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Fig. 3. Cholesterol sorption isotherms by samples:
1 — SORBEX; 2 — CR-AC; 3 — DS-AC

Table 2. The parameters of the Langmuir and Freundlich isotherms calculated
for isotherms of cholesterol sorption

Langmuir isotherms Freundlich isotherms
Samples 9 2
AOO, Mg/g K;, L/mg r Ky, mg/g n r
DS-AC 7.08 60.67 0.978 38.59 2.23 0.984
CR-AC 7.34 79.30 0.997 35.64 1.96 0.967
SORBEX 8.48 63.22 0.956 37.5 2.08 0.957

reaches 7.5 mg/g). An intermediate position
is occupied by a sample of coffee residue
activated carbon (the maximum value reaches
6.3 mg/g). SORBEX possesses the weakest
adsorbing characteristics (the maximum value
reaches 5.3 mg/g). It may be stated that the
adsorption of cholesterol increases according
to the growth of the specific surface area of
mesopores.

With the help of the obtained isotherms,
the parameters of the adsorption processes
have been analyzed. Isotherms of adsorption
were calculated by Langmuir and Freundlich
equations:

KC,,
—_—, (1)
1+ KC,,
where C,, is equal concentration, mg/l; a, —
value of maximum adsorption, mg/g; K is a
constant;

a=a0

Ap=KyC'", @)

where Ay — adsorption value, mg/g; n —
exponent index.

Table 2 shows the values of the maximum
adsorption, Langmuir and Freundlich constants,
as well as coefficients of correlation.

The characteristics of the correlation
are quite high for all prepared samples that
testified about the accordance of experimental

data to Langmuir’s model. It can be seen
that the value of the maximum adsorption
calculated using this equation also agrees well
with the experimental data. Based on this, it
is possible to make a guess about the potential
mechanism of adsorption of cholesterol:
adsorption is not carried on surfaces of the
adsorbent, but on active centers, which are
characterized by so-called free valency. Every
active center is designed for interaction
only with one molecule of the adsorbate; as a
result, only one layer of adsorbed molecules
may be installed on the surface. The process
of adsorption is reversible and equally
important — the adsorbed molecule is absorbed
by the active center for a while, when it is
desorbed; in this way, over time, a dynamic
equilibrium will arise between the processes of
adsorption and desorption.

Conclusions

A new method of spectrophotometric
measurement of cholesterol in solutions
has been mastered and improved. Using the
spectrophotometric method, the isotherms
of cholesterol adsorption on samples of
adsorbents obtained by chemical activation of
waste from the processing of lignocellulosic
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raw materials — dogwood and coffee
residue have been studied. It was proved
the advantages of chosen methodology of
determining cholesterol.

It was established that cholesterol adsorb-
tion grows proportionally to the mesopore
specific surface area of enterosorbents.

Calculations by Langmuir’s and
Freundlich’s models testify about the
accordance of the experimental data to
Langmuir’s model. The value of the maximum
adsorption, calculated with the help of this
equation, fit well with experimental data.

With great probability it is possible to
survive, that application of the obtained active
carbons may be one of the effective alternative
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ITPO MOKJINBOCTh BUKOPUCTAHHS
BYTJIEIIEBUX EHTEPOCOPBEHTIB
11 HOPMAJII3AIIIL
XOJIECTEPOJIOBOT'O METABOJII3MY

H.B.Cuu
JI. U. Komuncvka
B. M. Bikapuyk
1.A. Dapbyn

IacTuryT copbirii Ta mpobsieM eHg0eKOoJIoTil
HAH VYxpaiunu, Kuis

E-mail: nataliya_sych@ukr.net

CrBopeHHA eeKTUBHUX IpenapaTiB IJis Ipo-
dinakTUKMU Ta JiKyBaHHA aTEPOCKJIEPO3Y € OTHUM
i3 aKTyasbHUX MiKIVUCIUILIIHAPDHUX 3aBAAHb CY-
vacHOI ximii Ta papmakrosorii. 3 oryAany Ha POJIb
rimepxoJsecrepuHeMii y po3BUTKOBI 11iei xBopoOuU
HeoOXiTHO BUBOAUTU HAMJUIIKU XOJIECTEPOJY 3
opra"iamy. fIK aabTepHATHUBY 3ac00aM 3HUKEHHS
3araJIbHOTO XOJIECTEPOJIY Ta XO0JIECTEePOJIY Jimo-
mpoTeiniB Hu3bKol miinbHocTi (JITTHIIL) posris-
IAaeTHhCA MOYKJINBICTH BUKOPUCTAHHS €HTEPOCOP-
O6eHTiB mya edepeHTHOI Teparmii.

Memoro moctimxeHHs OyJI0 OI[IHUTY COPOIiliHY
3IaTHICTH aJcOPOEHTIB, PO3POOJIEHIX aBTOPAMIU, 3
TIOTJIAZY MOYKJIMBOCTI a[cOpOIlii X0JIecTepoTy.

Memodu. 3a 1OTIOMOT0I0 CIIeKTPOGhOTOMETPU Y-
HOTO METOAY JAOCJiIKeHO cOpOITifo X0JIecTepoay
Ha 3pasKax aAcopO0eHTiB, OTPUMAaHUX XiMiuHOIO
aKTUBAIli€I0 BiIXO/IiB IIiJI uac mepepoOIeHHS JIir-
HOIIEJII0JI03HOI CUPOBUHU — KH3UJIOBOI KiCTOUKH
Ta 3aJUIITKIB KaBU.

Pesyavmamu. IIpoBeneHO MOPiBHAHHA i30-
TepM copOIIii 3 i3oTepMOI0, OTPUMAHOIO Ha TIPO-
muciaoBomy azcopbenti SORBEX. Ilokasaso,
110 TMOTJIMHAJbHA 3[aTHICTh BYTJIEIEBUX aJICOP-
0eHTiB BU3HAUYAETHCA HacamIilepel iXHBOIO IIO-
pyBaToio cTpyKTyporo. HaliBunii 3HaueHHA COP-
61ii (7,3 Mr/r) BuABJAe copOLiiHMIT MaTepiaJ,
OoJlep:KaHUMA 3a MOMOMOIOI0 XiMiuHOI akTmBaIii
KicTOYOK KU3UJIy, MPOMisKHe mojokKeHHA (6,3
MTr/T) 3afiMae afcopOeHT, OTPUMAaHUI i3 KaBOBUX
saaumkis. [Ipomucaosuii Byrienb SORBEX mae
HaWHMKYI ToKasHUKY copobIii (5,3 mr/T).

BucHosxku. Po3paxyHKu 3a MOJeJAAMHU
Jlearmopa Ta @peliHAIIXa cBigUYaTh IPO TE, IO
eKCIeprMMeHTaJbHI JaHi HaltbiJIbIl BiAIOBiZa0ThH
mogenai Jleurmopa. BukopucranHs ofep:KaHoro
aKTHBOBAHOI'O BYTiJLIA MOKe OyTH OTHUM i3 edheK-
TUBHUX aJIbTEePHATUBHUX CIIOCO0iB 3HUIKEHHS XO-
JIECTEPOJIY B KPOBi.

Knwuwosi cnoea: X0JecTepoy; aTePOCKJIEPO3;
aimonporeinu Hu3bKol miigabHOCTI (JIITHIIL);
eHTepocopOeHTH; MeTaboIi3M.

0 BOSMOKHOCTH UCITIOJIb30BAHU
YTJIEPOAHBIX OHTEPOCOPBEHTOB
AJId HOPMAJIM3AIIUN
XOJECTEPOJIOBOI'O METABOJIUSMA

H. B.Cviu
JI. . Komunckas
B. M. Bukapuyk
U. A Dapoyn

HMHcTUTyT copbiiuu u mpobJieM dHA09KOJIOTUN
HAH Vxpaunsl, Kues

E-mail: nataliya_sych@ukr.net

Cospanne s()(peKTUBHBIX IPENapaToB AJIs IIPO-
GUIaKTUKY U JIeYeHUs aTePOCKJIepo3a ABJIAEeTCA
OJHOM M3 aKTYaJbHBIX MEKIUCIUILINHAPHBIX 3a-
Jlady COBpeMeHHOU xuMum u (papMaKoJIOTuu. ¥ Uu-
TBIBasAg POJIb TUIIEPXOJIECTEPUHEMUN B PA3BUTUU
5TOM 00JIe3HM, HeO0OXOANMO BBIBOLUTH U3JIUIIKU
XoJiecTepoJsia 13 opraHu3ma. B KauecTBe ajabTep-
HATUBBI CPECTBAM CHUKEHUA 00IIeTr0 X0JIeCTePO-
Jia ¥ X0JIeCTepoJia JIUIONPOTEUI0B HUBKOM IIJIOT-
voctu (JITTHIT) paccmaTpuBaeTca BO3MOYKHOCTh
MCTIOJIb30BAHUS 9HTEPOCOPOEHTOB A a(pdepeHT-
HOMU Tepalnu.

IJenv. OnieHKa COPOIMOHHON CIIOCOOHOCTH al-
cOopOeHTOB, pa3paboTaHHBIX aBTOPAMU, C TOUKU
3peHUI BOBMOYKHOCTH aICOPOIINY X0JIecTepoJia.

Memoo0bt. C moMoIbio cieKTpodoToMeTpuye-
CKOTO MeTO/Ia CCJIeJOBAaHbI COPOIUA X0JIecTepoIa
Ha o0pasiiax agcopbeHTOB, IOJYUeHHBIX XUMUUe-
CKOII aKTHBaI[ell 0OTXO0/I0B IIPH IepepaboTKe JINUT-
HOIIEJLITI0JIO3HOTO ChIPbA — KM3UJIOBOI KOCTOUKU U
0CTaTKOB Kode.

Pesyavmameot. IIpoBeieHO cpaBHeHUE N30TEPM
COpOIINH C M30TEPMOii, MOJYUEHHON HA IIPOMBIIII-
aeuaroM agcopbertTe SORBEX. ITokasano, uTo 110-
TJIOIIAIOIIAS CIIOCOOHOCTD YIJIEPOAHBIX afcOPOEHTOB
ompeJesisieTcs, IPesKIe BCero, uX MOPUCTOI CTPYK-
Typoii. Beicokue sHaueHus copbruu (7,3 Mr/T) 00-
HapysKUBaeT COPOITMOHHBIN MaTepuaJl, OJTyIeHHbBIH
C IIOMOIIIBI0 XMMIYECKOHM aKTUBAIIUY KOCTOUEK KU-
3UJIa, IIPOMEKYTOUHOe moJioKeHue (6,3 Mr/T) 3aHU-
MaeT afcopOeHT 13 KopelHbIX 0CTATKOB. IIpOMBIIII-
nenubt yraepon SORBEX mmeer caMble HU3KUE
mokasareau coporuu (5,3 Mr/r).

Bbigodvi. Pacuersl o mogesnam JleHrmiopa u
DpeRHAINXA CBUAETEIBCTBYIOT O TOM, UTO SKCIIe-
PUMeHTaJbHbIE TaHHbIe Han00Jee COOTBETCTBYIOT
mogenu Jlearmiopa. Mcmoab3oBaHue mMOJTydYeHHO-
0 aKTUBUPOBAHHOTO YTJIA MOYKET ObITH OTHUM U3
3(hHEeKTUBHBIX aTbTEPHATUBHBIX CIIOCOO0B CHIKE-
HUA X0JIeCTEPOJIa B KPOBMU.

Knrouesvle cnosa: X0JIeCTePOJI; aTepPOCKJIEepPO3;

aumnornporennabl Hu3Kou mnaorHoctu (JITTHII);
9HTEPOCOPOEHTHI; MeTa00JI3M.
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The accumulation of solid and liquid organic waste requires their treatment to develop energy
biotechnologies and prevent environment pollution.

Aim. The goal of the work was to study the efficiency of the purification of the filtrate from dissolved
organic compounds by aerobic oxidation and methane fermentation.

Methods. The standard methods were used to determine pH and redox potential (Eh), the gas
composition, the content of short-chain fatty acids, the concentration of dissolved organic compounds
counting to the total carbon. The efficiency of two types of microbial metabolism for the degradation of
soluble organic compounds of filtrate was compared.

Results. The aerobic oxidation was established to provide 1.9 times more efficient removal of dissolved
organic compounds, compared with the anaerobic methane fermentation. However, it provided CH, yield
1 L/dm? of filtrate (carbon concentration — 1071 mg/L). The necessity to optimize the methods for
purifying filtrate to increase the efficiency of the process was determined.

Conclusions. The obtained results will be the basis to develop complex biotechnology providing not
only the production of environmentally friendly energy H, via the fermentation of solid food waste, but
also the purification of filtrate to solve the ecological and energy (CH, production) problem of society.

Key words: solid organic waste; soluble organic compounds; environmental biotechnologies;

hydrogen; methane; fermentation; aerobic oxidation.

The development of food industries,
intensification of agriculture and increasing
yields are an indisputable positive aspect of the
development of society and the improvement
of life quality. However, the intensification
of production and the processing of thousands
of tons of organic products daily causes an
increase in the amount of waste. The problem
of degradation of both solid and liquid organic
waste is urgent for most countries. Thus, up
to 100 million tons is annually accumulated
in European countries, and up to 600 million
tons is reached in Asian countries [1-5].
They include a wide range of components:
food waste, vegetables, fruits, meat, dairy,
household, bakery products, agricultural waste
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(feed residues, crop waste, etc.), restaurant and
culinary food residues, etc. [6, 7]. Irrational
processing of raw materials and improper use
of finished products causes the accumulation of
surpluses that pose a threat to the environment
and require proper disposal [6, 8, 9].

The accumulation of waste in landfills leads
to uncontrolled decay, release of toxic gases
and concentrated liquid filtrate polluting the
environment [5, 10, 11]. Landfill filtrate is
a concentrate of toxic products of microbial
metabolism (fatty acids and alcohols), which
inhibits plant growth, reduces soil fertility and
is toxic to animals and humans [7, 8]. Liquid
waste from food and canneries, livestock
waste, alcohol bard, etc. are another examples
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of dangerous for the environment waste.
The volume of such waste is also constantly
growing. For example, more than 5.5:107 m3
of wastewater is generated annually in South
Korea[12, 13].

Organic waste can be an alternative
constantly renewable source for valuable
products: molecular hydrogen, methane and
purified water. Raw materials for hydrogen
production can be food and culinary waste,
vegetable residues, agricultural and industrial
organic waste, rich in nutrients suitable
for the growth of hydrogen-synthesizing
bacteria [14]. High efficiency of hydrogen
production is achieved by optimization of the
process of fermentation of solid organic waste
by a community of hydrogen-synthesizing
microorganisms. H, yield depends on pH,
temperature, fermentation time, mass
transfer, concentration of organic compounds
and microbiome used [3].

To increase the efficiency and profitability
of the process, the filtrate formed as a result
of fermentation of solid organic waste requires
additional purification from dissolved organic
compounds. Proper treatment of such waste is
a serious environmental problem [6]. Existing
physical and chemical methods of filtration,
sorption, concentration, etc. are expensive,
complex and do not provide effective
purification [15, 16].

The liquid filtrate contains easily
degradable organic compounds (fatty acids
and alcohols), which is a promising substrate
for oxidation by microorganisms of a wide
range of physiological and taxonomic groups
[5,17].

Accelerated oxidation by aerobic
microorganisms to obtain CO, and H,O is
the most promising among the biological
methods of degradation of dissolved organic
compounds [18-20]. Methane fermentation is
an alternative to it. Fermentation provides not
only the degradation of organic compounds,
but also the synthesis of additional energy
(CH,) [18, 21].

To develop an optimal approach to solve
the problem of purification of the filtrate, it
is necessary to evaluate the efficiency of the
aerobic and anaerobic methods, as well as to
optimize the process to achieve maximum
efficiency.

Therefore, the goal of the work was to
study the efficiency of the purification of the
filtrate from dissolved organic compounds by
aerobic oxidation and methane fermentation.

Materials and Methods

For the purification of the filtrate formed
after the fermentation of multicomponent food
waste, modular installation with a volume of
40 L (linear dimensions 0.3x0.45x0.3 m) was
used (Fig. 1).

The installation is made of plexiglass
providing continuous visual inspection of the
process dynamics. The installation is divided
by two perforated plates (1) into three sections.
On the one hand, they allowed separating the
stages of purification, and, on the other hand,
they did not interfere with mass transfer in
the installation. Fittings for the sampling of
the culture fluid (2) and the gas phase (3) are
installed in the walls of the installation.

Fig. 1. The modular plexiglass installation for purification of filtrate:
1 — perforated plates for division of installation into sections; 2 — fittings for sampling of filtrate;
3 — fittings for sampling of the gas phase
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To establish the efficiency of the filtrate
purification, two pathways of degradation
of dissolved organic compounds were
investigated. In the first case, aerobic
oxidation was performed. For this purpose, 10
L of the filtrate were added to the installation.
The aerators were installed at the bottom of
the installation to bubble air over the entire
volume of the liquid. The lid was sealed, and
air removal was carried out through a water
seal. Hoses from the fittings were immersed
into the water seal to prevent the spread of
bacterial suspension.

In the second case, the anaerobic
fermentation of the filtrate by a methanogenic
microbial community of the fermented sludge
(FS) of methane tank was used. For this, 30 L
of the filtrate were added to the installation
and 0.5 L of FS was added to the bottom. The
installation was sealed and connected to the
gasholder.

The dynamics of the process was monitored
by changes in pH and redox potential (Eh), the
content of dissolved organic compounds in the
culture fluid counted on the concentration
of total Carbon. The main criterion for
completion of the process was the reduction
of Carbon concentration, which indicated the
purification of the filtrate from dissolved
organic compounds. In addition, changes in the
composition of the gas phase (CH, and CO,) and
the intensity of gas synthesis were evaluated in
the anaerobic installation.

The pH and Eh were evaluated by the
universal ionometer EZODO MP-103 with
remote electrodes (models PY41 and PO50,
respectively).

The volume of gas synthesized during the
purification of filtrate from soluble organic
compounds in the anaerobic installation was
determined by the volume of water displaced
under the gas pressure from the gasholder to
the water seal. The gasholder was refilled with
water after each measurement to avoid errors
in calculating the composition of the gas phase.

The composition of the gas was analyzed
according to the standard method on the
gas chromatograph LHM-8-MD [22]. The
sterile plastic syringes were used to sample
the appropriate volume of gas. The gas
composition was calculated by the square of the
peaks of its components.

The chromatograph is equipped with two
steel columns. The first one (I) in necessary
for the analysis of H,, O,, N, and CH,.
The second column (II) is required for the
analysis of CO,. Column parameters are as
follows. First column: 1 =3 m, d = 3 mm, with
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molecular sieve 13X (NaX). Second column:
l1=2m, d=3 mm, with Porapak-Q carrier.
The column temperature is +60 °C. The
evaporator temperature is +75 °C. The detector
temperature (catharometer) is +60 °C. The
detector current is 50 mA. Argon is used as a
carrier gas. The gas flow rate is 30 cm?®/min.

The concentration of dissolved organic
compounds counting to the total Carbon was
determined using the permanganate method
[23]. For this, a 5 mL sample of culture fluid
was centrifuged in an OPn-8 centrifuge at
3 000 g for 15 min. The supernatant (1 mL)
and 0.1 mL of 10% sulfuric acid (H,SO,) were
added into a chemically pure test tube. The
mixture was heated on a boiling water bath.
Then 0.05 mL of 0.1% solution of KMnO, was
added. The solution was titrated until a light
purple color specific for the permanganate
ion appeared. The concentration of Carbon
in the sample correlates with the amount
of oxidant KMnO, required for complete
oxidation of dissolved organic compounds
in the sample. The total content of dissolved
organic compounds (mg/L) was calculated
after determining the volume of the solution
KMnO, spent for the titration of the test
solution, according to the formula:

[C1= 0,11 x Vigyu0, (ML) — 12.168.

The content of short-chain fatty acids in
the filtrate was determined by gas chromato-
mass spectrometry on the device Agilent
6890N/5973inert (Agilent Technologies,
USA), capillary column DP-FFAP
(30 mx0.25 mmx0.25 pm), (J&W Scientific,
USA). The separation was performed with a
temperature gradient of 10 °C/min from 60 °C
to 230 °C. The flow rate through the column is
1 mL/min. The identification of the compounds
of individual substances was performed using
libraries of mass spectra NIST02 and standard
solutions of short-chain fatty acids.

For the analysis, 5 mL of filtrate was
sampled. Aliquots of samples were added to
1.5 mL Eppendorf microtubes and frozen at
—20°C. The batch of samples was given for
analysis to Kharhota M. A. to the Laboratory of
Biological Polymer Compounds of the Zabolotny
Institute of Microbiology and Virology of the
National Academy of Sciences of Ukraine.

The efficiency of the filtrate purification
was evaluated by the duration of the process,
the efficiency of degradation of soluble
organic compounds, as well as the efficiency of
methane synthesis by anaerobic purification.

The experiments were carried out in
triplicate. Statistical analysis was conducted via
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Excel and Origin 8.5.1 software determining
the standard deviation of the data.

Results and Discussion

The study of the efficiency of molecular
hydrogen obtaining by the fermentation of
organic compounds has been attracting the
attention of scientists and representatives
of the industrial sector for several decades.
The prospects and benefits of this area are
in the opportunity to combine energy and
environmental biotechnology increasing the
efficiency and the profitability of the process
[6, 24, 25]. To achieve the maximum yield
of H,, it is necessary to optimize the key
fermentation parameters such as pH and Eh of
the culture fluid, conditions of mass transfer,
the ratio of solid and liquid phases, etc.
Thus, the series of experiments resulted in the
shortening of the fermentation duration (7 to
2-5 days. The yield of molecular hydrogen (VH,)
reached 50-100 L/kg of waste in terms of total
solids (TS). The efficiency of waste destruction
(Kd), i.e. the multiplicity of reduction of their
weight, reached 85-95 [26—28].

The results of dark hydrogen fermentation
of solid organic waste were promising.
However, obtained fermentation filtrate
required further purification. The filtrate
formed after fermentation contained the
following fatty acids: hexanoic (caproic),
3-methylbutanoic (isovaleric), butanoic
(butyric), propane (propionic) and acetic. The
concentration of dissolved organic compounds
reached 1 071 mg/L. In high concentrations,
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they are toxic to the microbiome of soils,
water reservoirs, and lead to the disruption of
ecosystems [27, 29-32].

Therefore, the application of an effective
method for the degradation of dissolved
organic compounds is necessary to develop
environmentally friendly biotechnology for
hydrogen synthesis and waste degradation. In
addition, the purified filtrate is suitable for
the reuse for solid food waste fermentation,
avoiding the need for new portions of water
and increasing the profitability of the process.

To study the dynamics of the aerobic
oxidation of organic compounds, 10 L of the
filtrate after fermentation of solid food waste
were loaded into the plexiglass installation.
The initial parameters of the filtrate were
as follows: Eh = +80 mV; pH = 6.32; carbon
concentration [C]=1 071 mg/L. To provide the
continuous aeration, bubblers were installed
at the bottom of the installation. Under such
conditions, the filtrate microbiome oxidized
organic compounds, providing purification of
the culture fluid.

The dynamics of oxidation of organic
compounds without regulation was performed.
As a result, the concentration of total Carbon
19-fold decreased from 1071 to 56 mg/L
(Fig. 2).

The following patterns were established
There was a decrease in pH values from 6.32 to
5.74 at the initial stages of oxidation (during
the first 4 days). It could take place due to the
hydrolysis of unfermented small solid particles
of waste that may have been untreated. As
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Fig. 2. The dynamics of metabolic parameters during aerobic oxidation
of dissolved organic compounds of filtrate
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a result, the accumulation of hydrolysis
products (fatty acids and alcohols) appeared
at the initial stages. Further, the pH values
were shown to increase from 5.74 to 10.66
over the next 48 days of cultivation. This
may indicate the stage of degradation of low
molecular weight soluble organic compounds,
such as organic acids, alcohols, amino acids,
etc. The increase in pH may indicate complete
oxidation of the compounds and accumulation
of ammonium ions that alkalized the medium.
Subsequently, the pH stabilized at about 10.0,
which could indicate a decrease in the rate of
degradation and completion of the process.

The dynamics of the Eh values also testified
to the active growth of microorganisms.
Thus, during the first 8 days, the microbiome
adapted, as evidenced by the increase in Eh
from +80 to +190 mV. Over the next 22 days,
the Eh values decreased to —300 mV. Despite
intense aeration, the redox potential reached
negative values, indicating the growth of
microorganisms and oxidation of the substrate.
Further, growth and stabilization of Eh about
+130 mV correlating with pH stabilization
indicated the completion of the process.

The decrease in the concentration of
dissolved organic compounds is the main
criterion for the efficiency of the process. The
concentration of carbon was decreased within
16 days from the beginning of cultivation
the most intensively (3-fold from 1071 to
337 mg/L). Subsequently, from 16 to 80 days,
the process slowed down, and the concentration
of carbon decreased from 337 to 75 mg/L
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(4.5-fold decrease). Over the next 35 days, the
concentration of soluble organic compounds
decreased 1.3-fold (from 75 to 56 mg/L).

Thus, as the result of the conducted
research aerobic oxidation was shown to be
promissing for the purification of the filtrate
after fermentation of solid food waste from
the dissolved organic compounds. The study
of the dynamics of the process distinguished
3 stages. During the first one, the microbiome
adaptation and rapid degradation of organic
compounds took place. It was evidenced by
rapid changes in pH and Eh, as well as a
rapid decrease in Carbon concentration. The
second stage was characterized by a decrease
in the efficiency of degradation of organic
compounds and stabilization of pH and Eh.
In the third stage, the oxidation of residual
concentrations of organic compounds took
place and the process was completed. The total
duration of the process without optimization
was 115 days.

The dynamics of the degradation of
dissolved organic compounds of the filtrate
due to methanogenic fermentation was
investigated. For this purpose, 30 L of filtrate
and 0.5 L of F'S as inoculum were added to the
installation.

As a result, methane fermentation of
dissolved organic compounds was shown to 10-
fold reduce the concentration of Carbon from
1071 to 105 mg/L (Fig. 3).

The decrease in pH during the first day of
cultivation from 6.34 to 5.65 indicated the
hydrolysis of unfermented detritus. During
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Fig. 3. The dynamics of metabolic parameters during methane fermentation
of dissolved organic compounds of filtrate
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the next 50 days of fermentation, the pH
values remained in the range of 5.6-5.7.
Subsequently, for 30 days, the pH increased
to 7.5 and did not change until the end of the
process. Such changes in the pH showed that
the degradation of organic compounds and
possible salinization of the medium due to the
accumulation of alkaline NH," was achieved
during methane fermentation.

The redox potential values remained in
the range of —50...+70 mV for 74 days of
fermentation. Subsequently, Eh decreased to
-135 mV and remained within negative values.
Since the regulation of microbial metabolism
and optimization of cultivation conditions did
not occur, this may indicate the adaptation of
microorganisms to the created conditions.

The efficiency of complete degradation
of dissolved organic compounds to gaseous
products was evidenced by the release of
methane after 21 days of cultivation. The
most intensive accumulation of methane was
observed after 80 days of cultivation. The
concentration of CH, increased from 26 to 52%
in the gas phase.

The most intensive degradation of organic
compounds occurred within 23 days from the
beginning of cultivation. Thus, the Carbon
concentration 4.8-fold decreased from 1 071
to 221 mg/L. Over the next 92 days, the
Carbon concentration was halved to 105 mg/L.
As a result, the concentration of organic
compounds during methane fermentation 10-
fold decreased.

Thus, anaerobic degradation by methane
fermentation was shown to be useful for
effective purification of the filtrate. Two
stages of the process were identified. During
the first one, an intensive decrease in the
Carbon concentration was observed. During the
second stage, there was a gradual fermentation
of organic compounds and methane synthesis.
The total duration of the process was 115 days,
with a CH, yield of 1 L,/dm?® of filtrate.

Therefore, methane fermentation of
organic compounds can be effective for waste
degradation. However, the speed of the
process is low. It can cause an imbalance in the
accumulation of waste and the rate of their
treatment. In addition, further industrial
implementation requires optimization of
fermentation conditions, as methanogenic
microorganisms are sensitive to cultivation
conditions and competitive microbial
communities [33, 34].

Hydrogen fermentation of multicomponent
organic waste is a promising area for hydrogen
production with simultaneous degradation of

waste [24]. It is confirmed by the literature
data. Thus, for the fermentation of a wide
range of substrates, the yield of hydrogen
varies: swine manure with the addition of
glucose produces up to 26—30 L/kg of substrate
[35], molasses — 585 L/L, dairy waste —
31.5 L/kg of solids [36], corn starch —
150 L/kg, sugars (hexose) — 311 L/kg [37,
38], multicomponent solid food waste —
50-100 L/kg [26—28]. Naturally, carbo-
hydrate-rich foods and wastes (potatoes,
cereals, etc.) are fermented faster and more
efficiently than meat containing more
protein and fat [6]. In addition, the use of
hexoses increases the yield of hydrogen,
but significantly increases the cost of
biotechnology. Therefore, the optimization
of the fermentation process of common cheap
substrates (food waste) requiring the disposal
is promising [24, 28].

The approach for treatment of solid waste
is actively being developed and optimized.
However, no information was found about the
methods for treatment filtrate accumulated
after fermentation. The paper compares the
efficiency of two types of microbial metabolism
for the degradation of soluble organic
compounds of filtrate: aerobic oxidation and
methane fermentation.

Based on theoretical calculations,
aerobic oxidation of the substrate is more
promising. Thus, the energy output reaches
-2 877.0 kdJ/M providing greater speed and
efficiency of the process [18—20]:

C6H1206 + 602 = 6002 + 6H20,
AG,=-2877,0kdJ/M.

Methanogenesis provides lower energy
yield, so the degradation of organic compounds
under such conditions can occur for a long time
reducing the efficiency of biotechnology[18, 21]:

HCO3_ + HjL + 4:H2 = CH4 + 3H20,
AG, = —135,6 kJ/M.

Although aerobic oxidation of organic
compounds is the most energy-efficient,
its industrial application is limited due to
the imbalance in the ratio of electron donor
(organic compounds) and acceptor (molecular
oxygen). During the oxidation of organic
compounds, the rate of oxygen consumption
by microorganisms in the liquid phase
significantly exceeds the rate of its diffusion
into solution. Therefore, to provide an efficient
process, it is necessary to use compressors to
inject air into a bioreactor. It causes the need
to use additional equipment and increase the
cost of biotechnology [18].
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On the other hand, the use of obligate
anaerobic methanogenic microorganisms
does not require the application of additional
electron acceptors and process equipment
[39, 40]. Low molecular weight fatty acids
and alcohols are the main products of the
fermentation of solid food waste. They are the
precursors of monocarbon compounds that serve
as substrates for methanogenesis (formate,
methanol, methylamine, etc.) [21, 41]:

4CH,0H + 2H,0 — 3CH, + CO, + 4H,0;
4HCOO™ + 4H' — CH, + 3CO, + 2H,0;
4NH,CH, + 2H,0 — NH;, + 3CH, + CO,.

This method is common today for the
degradation of polymeric organic waste,
both agricultural (manure, plant residues)
and industrial (excess biomass of activated
sludge of aeration tank) [39, 40]. However, it
is a complex process that requires control and
regulation, as methanogenic microorganisms
are sensitive to toxic metals (Cu®*, Co?", Hg?",
etc.) and competitive processes, including
sulfate reduction [42, 33].

Thus, aerobic degradation of dissolved
organic compounds can provide a high rate
of oxidation of the substrate, but requires
additional technological equipment. Methane
fermentation is a longer process that can
provide the degradation of organic compounds
without the need of additional electron
acceptors. But its application requires
careful control and regulation of the process
to maintain the efficient functioning of the
methanogenic microbial community.

Two methods were used to purify the
filtrate. According to thermodynamic
calculations both of them are promising. These
suggestions were confirmed experimentally.
The efficiency of purification of the filtrate
by aerobic method was shown to be higher
than anaerobic for the same period of time
(115 days). Thus, during aerobic oxidation the
concentration of dissolved organic compounds
19-fold decreased from 1071 to 56 mg/L.
Methane fermentation provided 10-fold
decrease of total Carbon concentration from
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TBEPJIUX OPTAHIYHUX BIIXOJIIB
TA PITKOTO ®IIBTPATY
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HakonuueHHA TBepAUX Ta PiAKUX OPTaHIUHUX
BimxomiB moTpedye ix mepepoOIeHHs OJIsI PO3BUT-
Ky eHepreTUYHUX 0i0TeXHOJOoril Ta 3amodbiranusa
3a0pPyAHEHHIO JOBKiJIIA.

Memoto poboTu 6y10 BUBUUTH e(PeKTUBHICTD
ounIteHHa (QiabTpaTy BiJ PO3UMHEHUX OpraHiu-
HUX CIIOJIYK 32 JOIIOMOT00 aepOOHOI0 OKMCHEHH
Ta MeTaHoBOI (hepMeHTAaIrii.

Memodu. [ns susHauernus pH Ta oKucHO-Biz-
HoBHOrO moteHniaay (Eh), ckaany rasy, BmicTy
KOPOTKOJIAHI[IOTOBUX JKUPHUX KUCJIOT, KOHIIEH-
Tpalil po3UuNHEeHUX OPraHiYHUX CHOJIYK 3a 3a-
raJbHUM KapOOHOM BUKOPMCTOBYBAJIV CTAHJAPTHI
MEeTOIU.

Pesyavmamu. IlopiBHIOBanu eheKTUBHICTD
IBOX TUIIiB MiKpPOOHOTO MeTaboJIi3My s Jerpa-
marii posYMHHUX OPTaHIYHUX CIOJYK (hiJbTpary.
Bceranosieno, 1110 aepo0iHe OKUCHEHHA 3a0e3meun-
J0 B 1,9 pasa 6iybI1I e(peKTHBHE BUJAJIEHHS PO3U-
HEeHHIX OPTaHiUYHUX CIIOJYK IIOPiBHSHO 3 aHaepoon-
HOIO METaHOBOIO (hepMeHTAIli€l0, OJHAK BOHA CTBO-
puna ymoBu i suxony CH, 1 1/xM° @imsTpary
(xoumenTpartia 3a kapbouom — 1 071 mr/xa). Bu-
3Ha4YeHO HeoOXigHicTh omTuMisarii MmeToaiB oun-
mIeHHA PiabTPaTy AJd IiABUIeHHI e(DEKTUBHOCTI
mporiecy.

Bucnosku. OrpuMani pe3yJJbTaTu CTAHOBU-
TUMYTh OCHOBY [JIsI PO3POOJIEHHS KOMILIEKCHOI
GioTexHoorii, 1110 3a6€3T€YUTH HE TiILKU BUPOO-
HUIITBO €KOJIOTIYHO YNCTOr0 eHeproHocia Hy msa-
XOM 30pOJKYBaHHS TBEPAUX XapUuOBUX Biaxomis,
aJie i1 ounIeHHs QiabTpPaTy OIS BUPIIIIEHHSA eKO-
Jgoriunoi Ta eHeprermuHoi (npoxykyBauuHa CH,)
mpobJIieMu CYCIiJIbCTBA.

Knarouosi cnoea: TBepai opramiuHi Bigxomu; pos-
YMHHI OpraHiuHi CIOJyKH; eKoJIoTiuHi 6ioTexHo-
Jorii; BomeHb; MerTaH; (epMeHTaIlisg; aepoOHe
OKICHEHHH.

IBYXCTYIIEHYATAS TETPATAIIAS
TBEPJBIX OPTAHUYECKHX OTXO0JI0B
H JKUTKOTO ®UJIBTPATA
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A.B.IIlabauii, I'. B. I'nadka,
JI.C. Acmpemckas, A. B. Tawupes

MHCTUTYT MUKPOOMOJIOTHY U BUPYCOJIOTUN
um. [1. K. 3ab6ororaoro HAH Ykpaunsi, Kues

E-mail: vira-govorukha@ukr.net

Haxonenue TBepAbIX U KUAKUX OpraHuve-
CKUX OTXOJ0B TpebyeT UxX mepepaboTKU AJA pas-
BUTHUS SHEPreTUUECKUX OMOTEeXHOJIOTUH 1 IIPeOT-
BpAIlleHus 3arPA3HEHU OKPYIKaIoIell Cpeabl.

I[eawv. 3yuenue s(pPpeKTUBHOCTU OUUCTKU
duabTpaTa OT PACTBOPEHHBIX OPraHUYECKUX CO-
eIVHEHUI C IIOMOII[bIO a39POOHOT0 OKUCJIEHUA U
MeTaHOBOU (hepMeHTaAINH.

MemoOdvt. lna onpenenenuda pH u oxkucau-
TeJIbHO-BOCCTAHOBUTENbHOTO moTeHiuaaa (Eh),
cocTaBa rasa, ComepsKaHus KOPOTKOIEIIOUEeUHBIX
JKUPHBIX KUCJOT, KOHI[EHTPAIIUN PACTBOPEHHBIX
OpraHMYeCKUX COeIUHEHUH M0 00IIeMy KapOoHy
OBLIM UCIIOJB30BAHBI CTAHAPTHHIE METOIBI.

Pesyavmamut. IIpoBeneno cpaBHeHME 3 heK-
THUBHOCTH JABYX THUIIOB MUKPOOHOTO MeTaboam3Ma
I merpagalliy PACTBOPUMBIX OPraHUYECKUX
coequHEHUH (puabTpara. ¥CTaHOBJIEHO, UTO a9-
pobHoe oKucaenue obecmeunsio B 1,9 pasa 6osee
a(QpeKkTUBHOE yrajleHNe PACTBOPEHHBIX OPraHU-
YeCKUX COeIMHEHNN 10 CPaBHEHUIO ¢ aHAPOOHOI
MeTaHOBOU (hepMeHTaIrel, OJHAKO OHA clejaja
BO3MOXKHBIM BeIxXo CHy 1 71 /,11M3 dunbrpara (KOH-
meuTpanua mo kapborny — 1 071 mr/x). Oupeze-
JleHa HeOOXOAMMOCTH OITHUMU3AIIUU METOIOB
O4UCTKH (PUIBbTPATA LA NOBBIIIEHUA 3(P(PeKTHB-
HOCTH IIpoIiecca.

Buwvigoodvi. ITlonyuenuble pe3yabTaThbl OYAYT
OCHOBOWM IJis1 pa3pabOTKM KOMILJIEKCHOI OnoTex-
HOJIOTUU, 00ECTIeUNBAIOIIEH He TOJIBKO IIPOU3BOI-
CTBO 9KOJIOTUYECKY YUCTOT0 sHeprounocutesnd H,
myTeM cOpaKMBAHUA TBEPAbIX MUIIEBBIX OTXO/IOB,
HO TaK’Ke OUMCTKY (huabTpaTa I PeIIeHns 9KO-
JIOTUYECKOM! U 9HEePreTuYecKou (IIpoayIinpoBaHue
CH,) npo6JieMbl 0611IeCTBA.

Kniwouesvte cnosa: TBepable OpraHUUYeCKLe OTXO-
Ibl; PACTBOPMMBIE OPraHMYECKHE COeINHEHUS;
SKOJIOTHYECKIE OMOTEeXHOJOT M ; BOLOPOI; METaH;
depMeHTAIINA; a9POOHOE OKKCICHNE.
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Wastewater generated during vegetable oil production contains various pollutants that enter it
during soapstock processing: fats and fatty acids and their salts (aqueous soap solutions), glycerin,
phosphoglycerates, neutral fat, phosphatides, proteins, carbohydrates, dyes, unsaponifiable and waxy
substances, salts, mechanical impurities, etc.

Aim. The purpose of the work was to study the processes of purification of industrial wastewater from
oil production and to propose an effective technology for their treatment, taking into account the
regulatory requirements for the discharge of treated wastewater into the city sewage system.

Methods.Chemical oxygendemand (COD)was determined by the dichromate method. The concentration
of suspended solids was determined by gravimetric method.

Results. As a result of research, calcium carbonate was chosen as an alkaline reagent. After treatment
of soapstock with calcium carbonate followed by flotation, the effect of removing the suspended particles
was 70-75%, and COD decreased by 60% . On the basis of the research, a technology for processing
soapstock was proposed, including sequential processes of physicochemical wastewater treatment —
averaging, alkalization with calcium carbonate, stage I of flotation, coagulation, stage II of flotation,
oxidation with hydrogen peroxide, filtration through quartz filters and adsorption on carbon filters.

Conclusion. An effective technology for preliminary cleaning of the soapstocks oil production has
been developed. This will significantly reduce the concentration of organic matter and other pollutants
in soapstocks, which will significantly reduce the impact of such effluents on the processes of biological

wastewater treatment of urban wastewater treatment plants.

Key words: soapstock; vegetable o0il; pollutants; technology; treatment; wastewater.

Wastewater generated during the
production of vegetable oil contains various
pollutants that enter it during the soapstock
processing: fats and fatty acids and their
salts (aqueous soap solutions), glycerin,
phosphoglycerides, neutral fat, phosphatides,
proteins, carbohydrates, dyes (carotene,
carotenoids, chlorophyll, etc.), unsaponifiable
and waxy substances, salts — sodium sulfate
and chloride, mechanical impurities, etc.

Soap impurities have a complex and volatile
composition, which depends on the nature and
properties of their constituents, the amount
of substances associated with fats and other
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factors. Wastewater is characterized by high
concentrations of organic pollutants in terms
of COD, high suspended solids, and low pH
(Table 1).

In a phase-dispersed state, such wastewater
is a stable emulsion with water. The presence
in wastewater of phospholipids, which are
emulsion stabilizers, leads to complications
of phase separation. Wastewater contains
suspended solids, colloidal substances and
various organic and inorganic solutes as
well. Soaps contained in wastewater had a
high stabilizing and absorption capacity, due
to which they absorbed a significant part of
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Table 1. Average value of indicators of wastewater from vegetable oil production

No Indicator Units of measurement Average value
1 pH - 2
2 Suspended solids mg/L 6 300
3 Non-volatile suspended solids mg/L 700
4 Dry residue mg/L 13 400
5 Ignited residue mg/L 1 300
6 COD mg/L 40 000

impurities such as phosphatides, proteins,
mucus, dyes and others[1].

Wastewater color varies from chestnut
brown to brown. Dyes can be divided into
three groups: substances that are in the fat
cells and turn into oil unchanged; substances
that change composition and color during oil
production; substances that are formed during
oil production when heated.

Wastewater in terms of the content of
pollutants exceeds the norms for discharge into
city sewer systems. Therefore, before being
discharged into city treatment facilities at
local treatment facilities, they must be treated
by physicochemical and biological methods.

Flotation combined with sedimentation has
proven to be the most effective way to remove
grease, soap, and suspended solids from water
[2]. At the same time, there is a decrease in
fat content by 10 or more times, soaps — by
4-5 times.

Comparison of the methods of coagulation-
sedimentation and coagulation-flotation
in terms of the efficiency of removing
organic matter from wastewater due to COD,
suspended solids showed that the use of
coagulation and flotation enables to obtain a
higher efficiency of removing organic matter,
suspended particles due to effective adsorption
of soap and fat on suspended solid particles,
particles of metal hydroxides formed during
coagulation, and flotation of these pollutants
on the surface of the liquid and the formation
of flotation sludge [3, 4].

For the treatment of soapstocks after
physical and chemical treatment, it was
proposed to use aerobic biological treatment
[5]. The technology of such wastewater
treatment using coagulation with the addition
of coagulant Al,(SO,)s, flotation and biological
treatment in an aerotank is considered.
When the COD of untreated wastewater is
1 800 mg/L, a decrease in the COD of 98% is
achieved and the quality of treated wastewater
is ensured, which is acceptable for discharge
into a natural reservoir.

It was found that when using iron
chloride FeCl; as a coagulant [6] in the

treatment of soapstocks with an initial COD of
220,000 mg/L and high turbidity, the optimal
pH value, which provides the best performance
of wastewater treatment in terms of COD, is
8.5 for the pH range 2—13, the cleansing effect
of COD reached 80% at a dose of coagulant
FeCl; — 800 mg/L.

To clean soapstocks, absorption methods
are also used, when choosing which it should
be noted that when the temperature rises
above 80 °C, the peroxide content of fatty
acids increases significantly, and when
the temperature drops below 50 °C, a mass
is formed that is difficult to absorption
purification [7].

Membrane methods are used for local
cleaning of soapstocks. Fats are successfully
separated from an aqueous solution by
ultrafiltration at a pressure of up to 6 atm,
since fats have practically no osmotic pressure.
Low molecular weight fatty acids and other
related substances with low osmotic release
due to nanofiltration. Reverse osmosis is used
at high osmotic pressure [2, 8].

The proposed technology includes cleaning
of soapstocks by two-stage flotation in the
presence of reagents under pressure and gravel
filtration. The use of ultrafiltration made it
possible to abandon the use of a reagent, the
second stage of flotation and gravel filtration.
The COD value after the first stage of flotation
was 1 000 mg/L, and after ultrafiltration —
250 mg/L with the initial COD value up to
5000 mg/L[9].

The use of ultrafiltration makes it
possible to effectively use expensive
ingredients contained in wastewater, as well
as reuse purified water in production. The
disadvantages of membrane methods are their
high cost, the need for membrane regeneration
and preliminary removal of substances
that cause turbidity of water — suspended
and colloidal, leading to clogging of the
membranes. Consequently, membrane methods
are difficult to operate, require complex
equipment, and are very expensive [10].

The aim of the work was to study the
processes of purification of industrial
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wastewater from oil production and to
propose an effective technology for their
local treatment to regulatory requirements
for the treated wastewater discharge into
the city’s sewerage system. To achieve these
goals, a study was conducted using the actual
production of soapstocks from vegetable
oil in 2021.

Materials and Methods

COD was determined by the dichromate
method (according to managing normative
document in Ukraine — KND 211.1.4.021-95.
“Method for determining the chemical oxygen
demand (COD) in surface and wastewater”.
The concentration of suspended solids was
determined by gravimetric method.

For the study, vegetable oil production
soapstocks were used, which were
characterized by the pollutants indicators
given in the Table 1. The COD value of
soapstocks was 40 000 mg/L, the pH value
was 2.

For leaching, a comparison of the effect of
two reagents on soapstock, namely NaOH and
CaCOg, was used. A 20% NaOH solution was
added to the soapstock samples at a dose of
20 mL/L, which ensured an increase in pH to
7. When using CaCOsg, the dose was 2 g/L.

The following soapstock processing
processes have been consistently studied:

1. Aeration using an aquarium compressor
and aerator, installed with a capacity of 250 ml
with the test soapstock, for 24 hours.

2. Chemical precipitation with calcium
carbonate CaCO; at a dose of 1.8-2.0 g/L,
pH 5.5, reaction time 10—15 min and flotation
(stage I) with air supply through fine-
porous aerators for 75 min, air flow rate was
8 m3/(m?- h).

3. Coagulation was carried out with
aluminum sulfate at a dose of 1-1.2 g/L at an
optimum pH of 5.5. The soapstock sample was
quickly mixed with the coagulant solution for
1-2 min and the stirring was continued for
15—20 min until the formation and compaction
of flakes.

4. Flotation (stage II) of coagulated
impurities was carried out for 75 min with air
supply through fine-porous aerators.

5. The selection of purified water from the
tank and the separation of the formed flotation
sludge were carried out.

6. Oxidation of organic pollutants
remaining in purified water at the outlet of the
II stage flotation, hydrogen peroxide at a dose
of 1.5-1.8 g/L, pH 4.5-5.5, process duration
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2 hours with stirring laboratory magnetic
stirrer.

7. Filtration of wastewater after oxidation
through a sand filter. Sand for filtration
was prepared as follows: thoroughly washed
with running water to remove mechanical
impurities; dried in an oven at 105 °C for 10 h;
ignite in a muffle furnace at 600 °C for 2 hours
to remove all residual contamination into
ash; cooled and washed with distilled water.
Thereafter, the sand was transferred to a filter
and a filter layer was formed.

8. Filtration of wastewater after the sand
filter through a carbon filter. Fine-grained
activated carbon was used in the form of a
filtering layer.

At each stage of the process, water
samples were taken at the outlet, in which
the indicators were determined: suspended
particles and COD. The results of the analyses
and the determined cleaning effects at each
stage are shown in Table 2 and Fig. 1 and
2. The reliability of the obtained data was
P <0.05, i.e. statistically significant differences
were found. To assess the significance of the
difference between the averages of the two
groups, t-test (Student’s test) was used.

Results and Discussion

To alkalize the soapstock by adding 20%
NaOH solution at a dose of 20 mL/L, the pH
was raised to 7. The liquid became dark. There
were some difficulties in setting the dose of
NaOH to bring the pH of the wastewater to 5.5.
With an increase in the alkali dose, the pH rose
sharply above pH 7.

In the second variant, calcium carbonate
CaCO® was used. To increase the pH of
wastewater from 2 to 5.5, the dose of CaCO4
was 2.4 g/L. In the process of alkalization, an
intense formation of CO, gas was observed,
the bubbles of which rose to the surface of the
liquid with the formation of foam (about 10%
of the volume). The amount of sediment was
about 5% . The formation of gas promoted the
flotation of pollutants — suspended particles,
dissolved organic substances during their
adsorption on the “bubble — solid particle”
complexes. The use of CaCO; allowed the
following flotation to be used to separate the
flotation froth from the water. Therefore,
CaCO; was chosen as the alkaline reagent,
which made it possible to obtain the following
positive results. When calcium carbonate
reacted with water, insoluble calcium
hydroxide was formed and carbon dioxide was
liberated. The pH of the water increased, the
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Fig. 2. Change in the rate of suspended solids in soap stocks during treatment by technology:
averaging and aeration — chemical deposition, flotation — coagulation and flotation —
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emulsion bonds between organic matter and
water were destroyed, and the organic solution
was destabilized. Due to the formation of small
particles of calcium hydroxide with a large
surface area, dissolved organic substances were
adsorbed on their surface and precipitated.
The release of carbon dioxide contributed to
the saturation of water with gas bubbles, into
which surfactants were released, which were

released from the solution on the surface of the
bubbles and float, forming foamy sediment on
the surface of the water in the float. As a result
of the processing of soapstock with calcium
carbonate, followed by flotation, the effect
of removing suspended solids of 70-75% was
obtained, and the COD was reduced by 60% .
The research results on the processing
of soapstock in some physical and chemical
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processes of the technology given in the Table
1 showed the highest values of the effect of
reducing COD — 80% with an initial COD
of 40,000 mg/L, the effect of reducing the
concentration of suspended solids — 70-75%
with an initial 6 300 mg/L in the process of
coagulation using Al,(SO,);and flotation.
High effects were also observed for COD —
88-90% and suspended solids — 90% at
the stage of soapstock adsorption. The use
of other purification processes according
to the investigated technological scheme
made it possible to reduce the COD by 30%
during aeration, by 60% during the chemical

precipitation of CaCOs and flotation, by 70%
during oxidation with hydrogen peroxide, by
65-68% during filtration on quartz filters.
After all stages of sequential physical and
chemical treatment according to the proposed
technology, the obtained purified water was
characterized by pollution indicators that
did not exceed the permissible values for
discharging to city treatment facilities with
aeration tanks.

Based on the obtained results, the
technology of local physical and chemical
treatment of oil production soapstocks was
developed (Fig. 3), process parameters were
determined (aeration duration, reagent dose,
flotation duration, oxidation, filtration rate,
filtration loading height, amount of flotation
sludge, and sediment formed, etc.).

The technology included the sequential
processes of physical and chemical wastewater
treatment — averaging, alkalization with
calcium carbonate, stage I of flotation,
coagulation, stage II of flotation, oxidation
with hydrogen peroxide, filtration through
quartz filters and absorption on carbon filters.
Taking into account the uneven removal of the
soap solution of oil production and fluctuations
in the concentration of pollutants during a day,
to equalize the quantitative and qualitative
composition of wastewater when it entered
the treatment plant for local treatment, it was
required to use wastewater averaging, which
was carried out using an aeration system.

The use of wastewater aeration in
the balancing tank enabled up to 30% of
organic substances contained in industrial
wastewater to be oxidized with oxygen in the
first stage.

At the first stage of wastewater treatment,
it is recommended to use calcium carbonate
CaCO; as a precipitating agent. When
calcium carbonate reacts with water, poorly
soluble calcium hydroxide is formed and
carbon dioxide is liberated. The pH of the
water increases, the emulsion bonds between
organic matter and water are destroyed, and
the organic solution is destabilized. Due to
the formation of small particles of calcium
hydroxide with a large surface area, dissolved
organic substances were adsorbed on their
surface and precipitated.

Table 2. Change in soap stock indicators at certain stages of processing according
to the proposed technology

No Stages of technology, indicators At the inlet At the outlet E,%
Averaging and aeration
1 COD, mgO,/L 40 000 28 000 30
Suspended solids, mg/L 6 300 6 300 0
Chemical precipitation with CaCO3 and flotation
2 Suspended solids, mg/L 6 300 1575-1 890 70-75
COD, mgO,/L 28 000 11 200 60
Coagulation with Al,(SO,4)3; and flotation
3 Suspended solids, mg/L 1575-1 890 205-284 85—-87
COD, mgO,/L 11 200 2 240 80
Chemical oxidation with Hy0,
4 Suspended solids, mg/L 205-284 205-284 0
COD, mgO,/L 2240 672 70
Filtration on quartz filters (2 stages)
5 Suspended solids, mg/L 205-284 41-71 75-80
COD, mgO,/L 672 215-235 65—68
Adsorption on pressure adsorption filters (2 stages)
6 Suspended solids, mg/L 41-71 4.1-7.1 90
COD, mgO,/L 215-235 22-28 88-90
Adsorption on pressure adsorption filters (2 stages)
7 Suspended solids, mg/L 41-71 4.1-7.1 90
COD, mgO,/L 215-235 22-28 88-90
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Fig. 3. Technology scheme of the local physical and chemical vegetable oil production soapstock:
1 — wastewater from the factory; 2 — averaging; 3 — alkalizing with calcium carbonate; 4 — flotation of the
first stage; 5 — coagulation; 6 — flotation of the II stage; 7 — oxidation by hydrogen peroxide;
8 — filtration through quartz filters (2 stages); 9 — adsorption on carbon filters (2 stages);
10 — treated water in the city sewer

The release of carbon dioxide contributed
to the water saturation with gas bubbles, which
attached to the surfactants released from the
solution on the surface of the bubbles and float,
forming foamy sediment on the water surface
at stage I of flotation with air supply through
wonderful materials. The recommended dose
of calcium carbonate is 1.8-2.0 g/L, pH 5.5.
The air supply to the skimmer must provide the
process with gas and could be carried out in case
of insufficient amount of carbon dioxide formed
as a result of the reaction, for example, in case
of a decrease in the reaction temperature, etc.
Duration of flotation was 75 minutes.

Removal of pollutants from wastewater
by flotation occurred due to the adhesion of
polluting particles to the carbon dioxide bubbles
formed in the reaction chamber and the air
that was introduced into the water by aerators
with a porous surface. Surfactants and slurry
fine particles attached to the gas bubbles. The
resulting complexes “bubble — solid particle
— surfactant” floated to the surface of the
water, forming a layer of foam (flotation
sludge). Flotation was considered as a molecular
adhesion process of flotation material particles
at the interface between two phases — gas (air)
and water. Foam and sludge were periodically
removed from the float for disposal.

The next wastewater treatment process was
the coagulation of pollutants with a mineral
coagulant, for example, aluminum sulfate —
Aly(SO,); at adose of 1-1.2 g/L at an optimum
pH of 5.5. It is possible to use flocculants, for
example, polyacrylamide (PAA) at a dose of
10 mg/L to form large flocs and intensify the
deposition of coagulant flocs.

Due to the large specific surface area
of colloidal particles, they have significant
surface energy and, as a consequence, high
adsorption capacity, due to which there was an

effective adsorption of substances dissolved
in wastewater on the surface of the resulting
colloidal particles.

The use of flocculants is based on the action
of flocculants, which is based on the flocculant
molecules adsorption on the surface of colloidal
particles, the formation of a network structure of
flocculants molecules and the adhesion of colloidal
particles due to van der Waals forces. Under
the action of flocculants, three-dimensional
structures were formed between colloidal
particles, capable of faster and more complete
separation from the liquid phase. Flocculation
was carried out to intensify the formation of
aluminum hydroxide flakes in order to increase
the rate of their deposition. The use of flocculants
enables to reduce the dose of coagulants, reduce
the duration of coagulation and increase the of
deposition rate of the resulting flocs.

Thus, with the introduction of coagulant
and flocculants into industrial wastewater due
to coagulation and flocculation, contaminants
were removed from wastewater — impurities of
varying degrees of dispersion — finely dispersed,
colloidal and molecularly soluble substances
due to the adsorption of these substance on
the surface of mineral coagulants flocs that
were formed in water, providing the necessary
conditions for coagulation. Stage II flotation
with aeration through porous materials was
used to separate the formed flocs with adsorbed
pollutants from water. The duration of the
flotation was taken as 75 min. Flotation sludge
was periodically removed for disposal.

Then, according to the technology (Fig. 3),
the wastewater after flotation of the II stage
was directed to the oxidation of pollutants
remaining in the wastewater at the outlet of
the flotation of the II stage, using hydrogen
peroxide H,0, as an oxidizer at a dose of
1.5-1.8 g/L, pH 4.5-5.5 for 2 hours, and
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contact of wastewater with an oxidizing agent
under stirring conditions to carry out reactions
between hydrogen peroxide and pollutants.
The advantages of hydrogen peroxide using
over other oxidizing reagents were the high
oxidation efficiency of organic substances, the
absence of residual concentrations of hydrogen
peroxide in the treated wastewater due to its
decomposition, the stability of the salinity of
the treated wastewater, and reactions without
toxic intermediate products.

The final process in the technology was
wastewater filtration. For example, at first it
was through loading a sand filter, the through
coal. Due to filtration, small impurities were
removed from the wastewater, which, after
the settling stage, were removed by a stream
of water: small coagulant flakes; colloidal
substances that were retained on the surface
of the grains of the filtering loaded due to the
action of adhesion forces, mutual coagulation of
colloids, adsorption on the surface of the load.

Conclusions

Experimental studies have determined
rational parameters for processing soapstocks
in the production of oils: efficiency at different
stages of processing, duration of aeration, dose
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Criuni Boau, AKi yTBOPIOIOTHCSA IIiJ Yac BUPOO-
HUI[TBA 0Jii, MicTATHL pisHOMAaHITHI 3a0pyaHIO-
BaJIbHi PEUOBUHU, AKi IIepPeXOonATh Y CTiUHi BOoU
i yac mepepoOIeHHs COAIICTOKIB: sKUPH I sKUPHI
KMCJIOTH Ta iXHi couri (BOMHI po3UMHYT M), TJIiIle-
poJ, dochorminepunu, HeUTpaIbHUN KUP, Poc-
daTugu, nporeinu, ByrjeBOAu, 3a0apBIOBATbHI
peuoBuHU (KapOTHUH, KAPOTUHOIAM, XJIOPO(ia Ta
iH.), PEYOBUHY, K1 HEe OMUJIIOIOTHCS, T4 BOCKOIIO-
Ii6Hi, coi — cyabdar i xJopug HaTpito, MeXaHiu-
Hi JOMIIIIKH TOIIIO.

Mema. JocaiguTu mpoIiecu OUHUIIeHHS BUPOO-
HUYUX CTiYHUX BOJ OJIIAHOTO BUPOOHUIITBA Ta 3a-
IPOMOHYBaTU e(eKTUBHY TEXHOJIOTIIO iX JIOKAIb-
HOT'0O OUUITIEHHSA 10 HOPMATHUBHUX BUMOT y IIPOIle-
ci CKUJZAHHSA OUUINEHUX CTIiYHUX BOJ Y CUCTEMY
BOJIOBiIBeIeHHS MicTa.

Memoodu. Ximiune criokuBauHa KucHO (XCK)
BuU3HauUaau 6ixpomMaTHUM MeTomom. KoHIleHTpa-
IiI0 3aBUCJINX PEUOBUH — IPaBiMETPUUYHUM Me-
TOLOM.

Pezyavmamu. ¥ mpoiieci o6pobIeHHA coat-
CTOKiB KapOOHATOM KaJIbIiI0 3 ITOMAJIBIITOI0 (JIo-
Tarieio 0yJo oTpuMaHO ePEeKT BUAATEHHS 3aBU-
caux peuoBuH Ha 10-75% , sumkenus XCK — Ha
60% . Ha ocHOBI mocaim:keHs 6yJI0 3aIIPOIIOHOBAHO
TEeXHOJIOTiI0 OUMIINEHHS COAIICTOKIB, IO BKJIIOUAE
mocJifmoBHI mporecu (PiBUKO-XiMiYHOTO OUHUITIEH-
HA CTIiYHUX BOJ — yCepeqHEeHHS, iy KyBaHHA
KapOoHaTOM KaJIbIlifo, I cTymins (paoraiiii, Koary-
aamisa, II crynias gaorallii, OKMCHEHHS IePOKCH-
JIOM BOJIHIO, (DiIbTpAIlif0 uepes KBapIioBi (GigIbTpu
Ta afgcopObIlito Ha ByriJbHUX (PiabTpax.

Bucnosxu. Po3pobiero eheKTUBHY TeXHOJIO-
riio monepegHLOTO OUUIIEHHS COAIICTOKIB OJIilfiHO-
ro BupoOHuUITBa. Ile macTh 3MOry 3HAUHO 3HUBU-
TH KOHIIEHTPAIlil opraHiuyHMX pPevuoBUH Ta iHIITHUX
3a0py/HEHDb y COAICTOKAX, II[0 CYTTEBO 3HU3UTH
BIJIMB TaKUX CTOKiB Ha mpoiiecu 06ioJIOTiuHOTO
OUUINEHHA CTIYHNX BOJ MiCbKMX OUMCHUX CTAHITIM.

Knawuoei cnoea: coalCTOKW; POCJAWMHHA OJIid;
3a0pyAHIOBAJIbHI PEUOBUHN; TEXHOJIOTiA OUUIIIEH-
HA; CTiuHi Bogm.
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CTouHbIe BOJBI, 00Pa3yIOIUecs IPU IIPOU3-
BOJICTBE MAacJjia, comepsKaT pasJaudyHble 3arpa3Hs-
IOII[F€ BEIlleCTBA, KOTOPbIE MIEPEXONAT B CTOUHBIE
BOJABI TpU IIepepaboTKe COAICTOKOB: KUPHI U
JKUPHBIE KMCJOTHI ¥ X COJU (BOJHBIE PACTBOPHI
MBLIT), TJIUIEPOJI, (OCHOTIUIEPUALI, HeHTPATD-
HBIA »Kup, pochaTuabl, IPOTEUHBI, YIJIEBOILI,
OKpallimBaoIue BelecTBa (KapoTuH, KapoOTUHO-
UIBI, XJIOPOMUILI U AP.), BEeIl[eCTBa, KOTOPLIE He
OMBLISAIOTCS, M BOCKOOOpasHbie, COJIU — CYJIb(aT
¥ XJIOPUJ HATPUSA, MEXaHNYECKHUe IIPUMECH U T. II.

Ienw. UccnemoBaTh IPOILECCHI OUUCTKY IIPO-
M3BOACTBEHHBIX CTOYHBIX BOJ MACIHUYHOTO IPO-
M3BOACTBA U HPEAJIOMKUTE 3PPEKTUBHYIO TEXHO-
JIOTUIO UX JIOKAJbHON OUMCTKH 10 HOPMATUBHBIX
TpeGoBaHU B Ipoliecce cOPoOca OUHUIIEHHBIX CTOY-
HBIX BOJ B CCTE€MY BOJOOTBEIEeHNS rOpPoIa.

Memodv.. XuMuueckoe moTpebdaeHne Kucao-
poza (XIIK) onpemensaiu 6MXpOMAaTHBIM METOIOM.
KoHIeHTpaInio B3BeIIeHHLIX BEIleCTB — I'PDaBU-
METPUYECKIM METOIOM.

Pesyavmamut. B mporecce o6paboTKu coat-
CTOKOB KapOOHATOM KaJbIUA C IOCIEenyoIei
droTaiueit 6bLT MOTYUeH 9((PEKT yaaTeHa B3Be-
IIeHHbIX BellecTB HA 10—-75% , cumxenne XIIK —
Ha 60% . Ha ocHOBe uccaemoBaHU ObIIa IPeJIo-
JKeHa TeXHOJIOTUSA OUNCTKY COAlICTOKOB, BKJIIOUA-
10I[asA IOoCJIeI0BaTeIbHbBIE TIPOITeCChl (PU3UKO-X-
MUYECKON OUMCTKHU CTOUHBLIX BOJ — yCpPeIHeHne,
mofIelaunBaHue KapboHaToOM Kajablusd, I cTy-
neHb puoranuu, Koaryaanus, I ctynens guora-
1IU1, OKUCJIEHNE IePOKCUIOM BOOPOaa, (GUIbTPAa-
IO Yepe3 KBaplieBble (GUILTPLL X aJCOPOIIUIO Ha
YrOJILHBIX (DUJIBTPAX.

Bbreoodvi. Pazpaborama ahGheKTuBHAA TeXHO-
JIOTUS NPeABAPUTEIbHON OUMCTKU COAIICTOKOB
MACJISTHOTO MMPOW3BOACTBA. ITO MO3BOJIUT 3HAUN-
TEJIbHO CHU3UTh KOHIEHTPAIMYN OPraHUYECKUX
BEIeCTB M IPYTrUX 3arpsA3HEeHUll B COANCTOKAaX,
YTO CYIECTBEHHO CHUBUT BJINAHNE TAKUX CTOKOB
Ha IIPOIEeCCHI OMOJOTMYECKON OUNMCTKN CTOUHBIX
BOJI TOPOACKUX OUMCTHBLIX CTAHIIUIA.

Knwuesve cnosa: COAIICTOKHM,; pPacCTUTeJIbHOe
MAacJIO; 3arpdas3HdAI0INe BeljeCTBa; TeXHOJIOTUA
OYMCTKH; CTOUHBIC BOJBI.
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