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Aim. The purpose of the review was to analyze the use of DNAzyme biosensors for the detection of
pathogens. In the recent years, deoxyribozymes (DNAzymes) have a significant impact as biosensors
in diverse fields, from detection of metal ions in the environment to theranostic applications and
detection of microorganisms. Although routinely used sophisticated instrumental methods are
available to detect pathogenic bacterial contamination, they involve time-consuming, complicated
sample pre-treatment and expensive instruments. As an alternative, pathogen-specific DNAzymes
have demonstrated a series of advantages: a non-destructive rapid analysis technique with in situ and
real-time detection of bacteria with high sensitivity and selectivity. A wide range of pathogen-
specific DNAzymes has been developed using colorimetric and fluorescence-based detections for
pathogenic bacterial contamination in various samples. The current review summarizes the in vitro
selection of pathogen-specific DNAzymes, various strategies utilized in the sensor designs, and their

potential use in theranostic applications.

Key words: pathogen, DNAzyme, biosensors, peroxidase mimicking DNAzyme.

The emergence of pathogen outbreaks
imposes a significant threat to humankind
and is responsible for global deaths,
hospitalizations, and economic down growth.
Therefore, early detection and prevention
of these outbreaks areessential. Detecting
and preventing pathogen outbreaks at
the earliest possible stage requires highly
sensitive, specific, and rapid analytical
methods. Conventional detection methods
such as cell cultures, enzyme-linked
immunosorbent assay (ELISA) [1], and
polymerase chain reactions (PCR) [2] are
available to detect pathogens. Still, these
methods are associated with drawbacks such
as high time consumption, the requirement of
expert knowledge, and highly sophisticated
laboratories.

Furthermore, in the case of severe
pathogen outbreaks, these techniques cannot

be used to detect and prevent the spreading
since the detection process requires a longer
time to analyze the samples [3]. PCR-based
detection methods are capable of detecting
the pathogen bacteria in less time compared
to the other methods. But it requires multiple
sample preparation steps such as extraction,
isolations, and purification of the bacterial
DNA samples. The use of thermocycler for the
PCR amplification makes it inconvenient to
use it effectively. The detection of pathogen
bacteria by ELISA is based on the specific
antigen-antibody interactions and it provides
a wide range of pathogen bacteria detection.
Even though, ELISA contains drawbacks
such as expensiveness in synthesizing
antibodies and less sensitivity due to the cross
contaminations. Therefore, compared to the
conventional detection methods, effective
analytical methods are required to detect and
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prevent pathogen outbreaks earliest stage. As
an alternative analytical method, DNAzyme
based pathogen detection arose due to its
ability to identify the target molecule rapidly,
accurately, and effectively compared to the
other available technologies.

Ronald R. Breaker and Gerald F. Joyce
[4] discovered the first RNA cleaving
DNAzyme (RCD) in 1994 via the in vitro
selection method, which exhibits catalytic
cleavage of the ribonucleotide linkage in the
presence of Pb%' ion. The discovery of the
DNAzyme revolutionized the detection of
metal contamination due to its remarkable
catalytic activity. DNAzymes are isolated by
the in vitro selection method using a catalytic
strand consist of a DNA library containing
10 random DNA sequences and the unique
substrate strand embedded with a single
ribonucleotide (rA) linkage. The incubation
of specific metal ions with the DNAzyme
induced the catalytic activity and promoted the
ribonucleotide linkage’s cleavage. The desired
DNA fragment is isolated and purified by the
biotin-streptavidin chromatography [5, 6] or
denaturing polyacrylamide gel electrophoresis
(dPAGE) [7, 8]. Finally, the PCR is carried
out to amplify the cleaved DNA sequences
and regenerate the DNA pool. The above
procedures are repeated for 5—20 rounds until
the activity of the DNA pool is sufficiently
saturated with catalytically active sequences.
At the end of the selection process, individual
sequences in the collection will be cloned and
sequenced to identify the secondary structure
of the DNAzyme [9]. DNAzyme exhibits
remarkable specificity for the DNA sequence
of the substrate strand, and a single mismatch
of deoxyribonucleotide affects the DNAzyme
activity. Higher sensitivity, selectivity, signal
amplification ability, and catalytic activity,
thermal stability, the cost-effectiveness of the
DNAzyme made it an exceptional recognition
molecule for biosensing.

Initially, the activity of the RCD
was investigated using the denaturing
polyacrylamide gel electrophoresis (dPAGE)
since the cleaved DNA fragment migrates
a greater distance than the remaining
DNAzyme due to the smaller size. However,
the use of dPAGE is a time-consuming process
and unable to detect the catalytic activity
rapidly. Therefore, as an alternative method,
researchers incorporated radioactive elements
(3?P) and organic fluorophores into the
DNAzyme strand for easy identification since
nucleic acids are non-fluorescent biomolecules.
However, the use of radioactive labels for the
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tagging process contains drawbacks due to its
hazardous nature and limited lifetime [10].
Therefore, radioactive labels were replaced
by organic fluorophores to overcome the
disadvantages associated with the radioactive
labels. However, organic fluorophores
provide less sensitive detection compared to
radioactive labels. Still, they provide several
advantages over radioactive labels, such as the
real-time monitoring of the ion concentration
fluctuations due to its fast time scale and
the non-radioactive behavior of the
fluorophore facilitates easy disposal and waste
management [11].

In the presence of the target molecule,
the catalytic activity of the RCD is induced,
and it facilitates the release of fluorophore-
tagged DNA fragments due to the cleavage
of the ribonucleotide linkage embedded in the
substrate stand. The release of the fluorophore
tagged DNA fragment generates a fluorescence
signal used to detect the target molecule. The
strategy of releasing fluorophore-tagged
DNA fragments intrigues scientists’ research
interest, and this strategy was incorporated
to develop novel fluorescence-based DNAzyme
biosensors. Usually, fluorescent-based
DNAzyme sensors were tagged with an
external fluorophore and quencher molecule
to act as fluorescence “Turn On/Turn Off”
sensors upon the cleavage of the ribonucleotide
linkage in the presence of a specific analyte
[12]. Most of the DNAzyme based biosensors
utilized the catalytic activity of the DNAzyme
to detect metal ions. In the past few decades,
novel DNAzyme based biosensors were
developed, such as metal contamination
detectors, cancer therapeutic drug delivery
systems, etc. [13, 14].

The applications of DNAzymes are not
confined to a particular field, and researchers
are still exploring its capacity due to its unique
characteristics. The recent advancement
of biosensors based on DNAzyme to detect
different pathogen bacteria proves that there
is plenty of room available for the development
of the DNAzyme based sensors. In the past
decade, various types of DNAzyme based
biosensors were developed to detect the E. coli
bacteria contaminations which provide higher
sensitivity and selectivity. However, the
recent development of DNAzyme based sensors
to detect other pathogen bacteria is promising
due to their lower detection limits. Most of
these pathogens cause severe health problems
and affect the world economy. Therefore,
to detect these pathogens’ development
of accurate, rapid analytical methods are
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essential. The incorporation of the DNAzyme
to detect pathogen bacteria provided a novel
platform. Several biosensors were developed to
detect Escherichia coli, Klebsiella pneumoniae,
Vibrio anguillarum, Helicobacter pylori,
Cronobactersakazakii, Legionella pneumophila,
and Salmonella. This review analyses the
recently developed DNAzyme based biosensors
to detect pathogen bacteria, the different
strategies utilized in the sensor designs, the
importance of detecting pathogen bacteria, and
how it affects global health and the economy.

Development of DN Azyme-based biosensors

Development of the DNAzyme based
biosensors uses the two different activities
exhibited by the DNAzyme known as catalytic
activity and peroxidase mimicking activity.
DNAzymes exhibiting catalytic activity
(RCD) was utilized for the specific target
recognition upon the ribonucleotide cleavage
reaction. In the presence of the specific target,
DNAzyme promotes DNA fragment release
due to its catalytic activity. This released DNA
fragment was utilized to incorporate signal
transduction pathways such as fluorescence
and colorimetry to detect the target easily.
The development of the fluorescence-based
DNAzyme sensor used the incorporating
fluorophore/quencher systems, amplification
of the released DNA fragment by rolling
cycle amplification (RCA) [15] enzymatic
process mediated by certain DNA polymerases
in which long singlestranded (ss, and loop-
mediated isothermal amplification technique
(LAMP) [16]. Colorimetric-based DNAzyme
sensors used the release of the urease-tagged
DNA fragment to hydrolyze the urea, leading
to colorimetric signals. Also, different types
of signal transduction technologies were
incorporated to develop novel DNAzyme based
sensors. DNAzymes exhibiting peroxidase
mimicking activity are usually used to develop
the colorimetric sensors due to their peroxidase
behavior.

This peroxidase activity mainly depends on
the formation of the G-quadruplex (G4) from
the guanine-rich DNA sequence. Upon binding
to the hemin, G4 exhibits the peroxidase
activity. It is capable of catalyzing the
oxidation of H,0,/2,2'-azino-bis diammonium
salts (ABTS?-) to (ABTS-*) and H,0,/3,3',5,5'-
tetramethylbenzidine sulfate (TMB) to
oxTMB to generate a color change which can
be observed by the naked eye [17]. G4 were
extensively explored as molecular tools in
different fields for various applications to
develop recognition elements. However,

DNAzyme based biosensors are mainly focused
on the RCD due to its target specificity,
selectivity, easy modifications, ability to act
as a molecular recognition element, design
convenient signal transduction systems, and
rapid response upon the incubation of the
target.

Specificity and selectivity
of RN A-Cleaving DNAzyme

Instead of utilizing metals to isolate
specific RCD, alternative strategies were
developed to isolate RCD specific towards a
nundefined, small molecular target/cellular
mixtures. To date, various successful
approaches were reported about the in vitro
selection of RCDs specific to bacteria by
using the crude extracellular materials
(CEM) of the bacteria as the candidate to
trigger the cleavage of the ribonucleotide
linkage of the DNAzyme. The successful
isolation of highly specific and selective
RCD depends on the negative and positive
selection steps. Initially, in the negative
selection step, the DNAzyme library will
be incubated with the nonspecific bacterial
CEM. The cleaved fragments will be
discarded, and uncleaved library fragments
will be isolated and purified for further
selection. In the positive selection, uncleaved
library fragments from the negative selection
are incubated with desired bacterial CEM,
and cleaved DNA library fragment is isolated
and amplified. This cycle is repeated several
times to achieve highly specific and selective
RCDs. The specificity and selectivity of the
pathogen bacteria-specific RCDs mainly
depend on the two factors: the catalytic
core of the RCD and the triggering factor.
According to Table 1, the catalytic strand
sequence of the different RCDs exhibits
unique sequences specific to the different
pathogen bacteria. The sequence analysis
provides evidence that the selectivity and
specificity are based on the catalytic core
of the DNAzyme. Experiments were carried
out to identify the triggering factor in the
CEM. It was found that a specific protein
is responsible for the induction of the
catalytic activity of the RCD. Scientists
also identified the trigger protein size to
be around 30-100 kDa, and the catalytic
activity is not based on the ribonucleases
(RNases) activity. The mechanism and
interaction associated with the cleavage
of ribonucleotide linkage upon the CEM
incubation is still a mystery and yet to be
identified. The protein tertiary structure and
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its functional groups may play an essential
role in cleaving the ribonucleotide linkage
of the DNAzyme. Since catalytic cores of
the different DNAzymes are unique, it can
be hypothesized that the tertiary structure
of the specific protein induces the active
DNAzyme and promotes catalytic activity.

Escherichia coli detection via DNAzyme

Escherichia coli (E. coli) is a gram-
negative, rod-shaped, nonsporulating,
facultatively anaerobic bacteria that reside in
the lower intestines of humans and animals.
Most E. coli strains are harmless, and the
symbiotic relationship provides aid for the
digestive process and keeps the digestive
tract healthy for humans and animals [3].
However, few serotype strains are capable
of causing respiratory illness, diarrhea,
and urinary tract infections. Usually, the
detection of E. coli infection is carried
out using culture-based methods or PCR,
fluorescently tagged enzymes, monoclonal
antibody labeled gold-nanoparticles, enzyme-
linked immunosorbent assay (ELISA),
Laser-induced fluorescence coupled with
flow cytometry, microarrays, and molecular
beacon (MB) [23—-25]. Even though these
methods provide sensitive detection of
the bacteria, certain drawbacks such as time
consumption, low selectivity, sensitivity, and
accuracy due to the cross contaminations,
cost-ineffectiveness, and highly labor-
intensive due to the pre-treatment process
are observed [23, 24]. Therefore, it is
essential to develop sensors to detect bacterial

contaminations more rapidly and effectively
to prevent E. coli outbreaks. Recent
developments of DNAzyme based sensors
attracted scientists to develop DNAzyme
based biosensors to detect microorganisms.
Ali and co-workers [3] initiated the
development of DNAzyme based fluorescent
sensors to detect E. coli contamination. Later,
many research groups followed Ali and co-
workers’footstepsand developed different
biosensors utilizing various techniques to
see not only E. coli but alsos everal other
pathogenic bacteria. These biosensors
exhibited promising detection of the bacteria
compared to the conventional methods [3,
23-25].

Fluorescence-based DNAzyme sensing
of the E. coli

Ali and co-workers [3] used the principle
behind the fluorescence-based DNAzyme
biosensors and developed a “mix and read”
type fluorescent-DNAzyme based sensors
to detect bacteria. Instead of using specific
metal ions,the research group used the crude
extracellular mixture (CEM) obtained from
the E. coli K12 non-pathogen bacteria for the
in vitro selection of the DNAzyme, as shown in
Fig. 1, A. An E. coli specific DNAzyme, RNA
cleaving fluorogenic DNAzyme-EC1 (RFD-
EC1), was isolated and reported as a cis-acting
DNAzyme where the substrate is covalently
bound to the DNAzyme catalytic strand.
The RFD was modified by incorporating
fluorophore (F) and quencher (Q) molecules,
and this F/Q pair flanked the ribonucleotide

Table 1. Catalytic strand sequence of the different pathogen bacteria-specific RCDs.
The catalytic core sequences are denoted in red color

DNAzyme DNA Sequence of the DNAzyme catalytic strand Ref
RFD-EC1 5'-CACGGATCCTGACAAGGATGTGTGCGTTGTCGAGACCTGCGACCGGAACA [3]
CTACACTGTGTGGATTTCTTACAGTTGTGTGCAGCTCCGTCCGACTCTTCCTA
GC FRQ GGTTCGATCAAGA-3’
VAE-2 5-TTTCGCCATCTTAGCGAAGCGGGTGGTATCGCAGATGGGAGCTGAGTAAA [18]
CGTAGTGACGGTAAGCTT-3’
DHp3T4 5'ATGCCATCGATGGTCTTTGGTATGTGGGGTCCGAGGGTAGAGCTCTGAACT [19]
CGTTTTTTTTTTB-3’
RFD-KP6 5-ATGCCATCCTACCAACCATGACTGGTTTGTACTAAGAGATTTCAGGCATCG [20]
CTGCACGTCGTAGGTGAGCTCTGAACTCG-3’
LP1FQ 5-CTATGAACTGAC QRFGACCTCACTACCAAGCAAGCATGGACAATACCGA [21]
GCCTTTCATTTCAGCCGATCATACCTCAATGTAGATAAGCACATCTTGTCATC
GGAGGCTTAG-3'
DAIIT1 5-GAAAAGCGGTCTGCTGCGCTTCTTCCTCTAGTCTGTATACCTATGTTCACT [22]
TATGAGCGA-3'

Abbreviations: Fluorophore — F; Quencher — Q; Ribonucleotide — R; Substrate sequence — underlined.
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linkage. To remove the nonspecific cleavage
of the DNAzyme, the DNA library was
initially incubated with the CEM extracted
from Bacillus subtilis. The uncleaved
sequences were incubated with the CEM
obtained from the E. coli K12 (CEM-EC),
enhancing the specificity and sensitivity
of the DNAzyme towards the E. coli K12
bacteria. The specificity of the DNAzyme
towards the E. coli K12 was investigated
by incubating the CEM extracted from
nine gram-negative pathogen bacteria and
five gram-positive bacteria. None of them
could activate the RFD-EC1 and facilitate
the cleavage of the ribonucleotide linkage.
Therefore, RFD-EC1 was shown to be highly
specific for the E. coli K12 [3]. Ali and co-
workers treated the CEM extracted from E.
coli K12 with two types of protease enzymes
known as trypsin and proteinase K to identify
the RNA cleavage triggering factor of the
CEM. It was found that the protease treated
CEM was unable to activate the DNAzyme and
suggested that the triggering factor was a
protein. Further investigations were carried
out to identify whether the cleavage activity
was due to the ribonucleases (RNases) in the
CEM. However, the cleavage activity of the
DNAzyme was unaffected when CEM was
treated with RNase inhibitors indicating that
the cleavage activity of the DNAzyme was
independent of the RNases activity.

Ali and co-workers utilized molecular
sizing columns (3—-100 kDa) to separate and
isolate the protein responsible for the cleavage
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activity of the DNAzyme and reported that
the filtrate from the 50kDa and 100 kDa
successfully cleaved the ribonucleotide
linkage of the DNAzyme, indicating that
the triggering protein is in the range of 30—
50 kDa [3]. The detection of E. colivia RFD-
EC1 still requires the culturing step, and RFD-
EC1 could detect a single colony-forming unit
(CFU) with a robust signal after a minimum of
12 h culturing step. However, compared to the
other methods such as immunoassay, PCR,
and phenotypic identifications, RFD-EC1
based method is faster. In 2013, Aguirre and
co-workers [24] developed a novel DNAzyme-
based fluorescent assay by optimizing the
previously reported RFD-EC1 DNAzyme. The
cis-acting RFD-EC1 DNAzymewas modified
to a trans-acting RFD-EC1 (EC1T/FS1) by
detaching the substrate strand covalently
attached to the catalytic strand of the
DNAzyme. The modified DNA provides the
advantages such as cost-effectiveness, ease
of synthesis, and inexpensive modifications.
Since the RFD-EC1 DNAzyme was isolated
by in vitro selection by utilizing the CEM
from E. coli, the possibility of achieving the
cleavage activity of trans-acting RFD-EC1 via
the crude intracellular mixture (CIM) was also
investigated. Cleavage activity of the EC1T/
FS1 with CIM was increased by 45% compared
to CEM. Aguirre and co-workers identified
super optimal broth and super optimal broth
with catabolic repressor as effective growth
media to extract the CIM. The CIM extracted
from these culture media enhanced the

Fig. 1. A — Schematic illustration of the in vitro selection of bacteria-specific DNAzyme using CEM

In this process, CEM extracted from the bacterial culture was utilized as the specific analyte. It was
incubated with the DNAzyme library to isolate novel DNAzyme specific to the bacterial CEM

B — Schematic illustration of the colorimetric detection of bacterial contamination [26]

Upon the incubation of the specific CEM with the DNAzyme, cleaved DNAzyme fragments were purified by
magnetic separation. The remaining DNAzyme fragments containing the urease enzyme hydrolyzed the urea
into ammonia. This conversion results in increased pH in the medium, which was reported by the color change

of the phenol red
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cleavage activity of EC1T/FS1 DNAzymeby
26% compared to the other culture broth
media [24]. Therefore, the nutritional factors
in the growth media affect the cleavage
activity by inducing bacterial growth,
reducing growth time, and facilitating the
rapid detection of E. coli compared to the
other methods.

The specificity of the EC1T/FS1 for the E.
coli was further investigated by incubating
the CEM extracted from several gram-
negative and gram-positive bacteria such as
P. peli, Y. rukeri, H. alvei, A. xylosoxidans,
L. mesenteroides, L. planturum, P. acidilactici
and B. subtilis. However, the cleavage activity
showed that no pathogenic bacteria could
cleave the ribonucleotide linkage in the
DNAzyme except the E. coil, proving that the
trans-acting DNAzyme is highly specific for
E. coli. The optimized assay could detect 10°
CFU of E. coli without the culturing step and
detect 1 CFU within a shorter time than the
earlier version, which requires 12 h culturing
of the sample to achieve a signal [24].

In 2019, Cao and co-workers [25] reported
a simple, cost-effective bacterial detection
method for E. coli based on the modified
DNAzyme. Compared to the earlier DNAzyme
based methods, Cao and co-workers used a
molecular beacon (MB) as the signal molecule to
report the cleavage activity of the DNAzyme.
The DNAzyme was modified by removing the
5" end primer binding site and using an intact
single DNA strand consisting of the catalytic
and substrate strands (s-DNAzyme-E. coli).
The ribonucleotide linkage was placed within
the substrate strand. The MB loop was
designed using the complementary sequence
of the cleavage site of the substrate strand
(MB-rA). The 5’ and 3’ end of the MB were
modified with the fluorophore and quencher
molecules. In the presence of the s-DNAzyme
E. coli, MB-Ra was hybridized with the
complementary sequence and facilitated the
loop’s opening, enhancing the fluorescence
emission. The CIM of E. coli induced the
cleavage of the s-DNAzyme E. coli and
facilitated the release of MB-rA. Since
MB-rA consists of a partial substrate
sequence, it cannot remain in open form due
to the cleavage of the ribonucleotide linkage.
Therefore, MB-rA reassumes the loop shape
and causes the fluorescence turn-off due to the
close proximity of fluorophore and quencher
[25].

Most of the previously developed
fluorescence-based DNAzyme detection
methods use fluorescence emission due to the
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cleavage of the ribonucleotide linkage. Still,
the detection of fluorescence emissionsis
difficult. In contrast, the quenching of the
fluorescence is more distinguishable and can
be utilized to develop sensitive sensors. Also,
compared to the traditional DNAzyme, the
molecular beacon method is cost-effective
and simplifies the overall detection process,
providing a platform for developing culture-
independent bacteria detection via novel
DNAzyme based sensors.

Paper-based DN Azyme sensing of the E. coli

Tram and co-workers [26] further
developed the RFD-EC1 DNAzyme to
develop a colorimetric detection of E. coli
contamination. The enzyme urease was used
as the signal transducer due to its hydrolytic
activity to convert urea into carbon dioxide
and ammonia. A sensor was designed by using
litmus dyes. Tram and co-workers modified
the RFD-EC1 DNAzyme into a 5'-biotinylated
DNAzymeby biotinylation process, and
3’ end of the DNAzyme was modified by
sequence extension. The attachment of
the biotin facilitates the immobilization
of the DNAzyme onto the streptavidin-
coated magnetic beads, which provide the
easy separation of DNA. The 3’ sequence
extension facilitates the hybridization of
urease conjugate DNA oligonucleotide. The
urease enzyme was conjugated onto the DNA
oligonucleotide via the maleimidobenzoic acid
N-hydroxysuccinimide ester (MBS) linker
molecule. The simple mixing of the modified
DNAzyme attached magnetic bead swith the
urease conjugate DNA oligonucleotide induced
the formation of functional DNAzyme. The
formed functional molecule releases the urease
conjugate DNA oligonucleotide in the presence
of the CEM extracted from the E. coli due to
the cleavage of the ribonucleotide linkage.
After the magnetic separation, the cleavage
solution was treated with urea containing
solution with phenol red. As indicated in
Fig. 1, B, hydrolysis of urea in the solution
facilitates the release of ammonia. It results
in increased pH in the medium, and this
conversion is indicated by the color change
from yellow to red in the solution. The design
of the functional DNAzyme can further be
used with other dyes such as bromothymol
blue, neutral red, cresol red, m-cresol purple,
and o-cresolphthaleincomplexone [26] since all
of them are sensitive to the pH.

The functional DNAzyme was further
studied using commercially available litmus
papers and discovered that a color change could
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be observed within 10 minutes for the E. coli
sample and detect 5 - 10° bacteria cells that are
on par with the detection limits of the PCR
and ELISA [26]. Furthermore, detecting the
single CFU of bacteria by the culture/litmus-
based method provides rapid results compared
to the PCR and ELISA. Compared to the other
DNAzyme based E. coli detection methods,
the current method provides advantages such
as rapid detection, fewer sample preparation
steps, cost-effectiveness, and efficient
detection of bacterial contamination without
high-end equipment such as fluorimeter,
PCR machine as the detection can be carried
out using litmus paper. The color change is
observable by the naked eye [26].

Nanotechnology-based DNAzyme sensing
of the E. coli

The recent development of nanoscience
and nanotechnology provided a novel
platform for developing cost-effective
biosensors with higher sensitivity to detect
microorganisms via their unique physical and
chemical characteristics. Usually, most of the
nanomaterial-based sensors utilize the bio-
conjugation strategy to attach the biomolecules
onto the nanomaterials. However, these
techniques are expensive, time-consuming,
and irreproducible. Further studies showed
that graphene could form non-covalent
bonds with biomolecules such as DNAzymes,
antibodies, and aptamers. The sp?-conjugated
sites of the graphene facilitated the interfacing
of nucleic acid on the graphene sheets. In 2018,
Liu and co-workers [27] incorporated the same
technology to develop a novel DNAzyme based
fluorescent sensor to detect the E. coli K12
bacteria, as shown in Fig. 2, A. Liu and co-
workers used the previously isolated E. coli
specific RNA cleaving DNAzyme (RCD-EC)
and graphene to develop the senor. The hybrid
sensor performed self-assembly due to the
non-covalent adsorption of RCD-EC on the
graphene and resulted in low fluorescence
intensity due to the super quenching ability of
the graphene. In the presence of E. coli CEM/
CIM, the cleavage reaction of the DNAzyme
was induced and resulted from the release
of fluorophore tagged DNA fragments. The
release of the DNA fragment enhanced the
fluorescence intensity drastically.The sensor’s
limit of detection (LOD) was estimated as
10°CFU/mL in CEM and 10* CFU/mL for the
CIM extracted from the E. coli. Earlier studies
showed that a specific protein range from
30-100 kDa is responsible for the cleavage
activity of the RCD-EC, and the tenfold

sensitivity occurs due to the abundant
availability of the triggering protein inside
the cell compared to the crude extracellular
mixture isolated from the culture. The hybrid
sensor can detect E. coli in complex matrices
such as blood with a LOD of 10° CFU/mL [27].
The quenching molecule has been removed
from the DNAzyme sequences in the sensor
compared to the earlier fluorescence-based
methods. It provides advantages such as cost-
effectiveness, higher sensitivity due to the
super quenching of the graphene, less chemical
consumption due to the self-assembly of the
nucleic acid and graphene. A fluorescence
enhancement was utilized to detect E. coli
and can be further modified to develop a
fluorescence quenching sensor using graphene
due to its super quenching properties and
incorporating the rolling circle amplification
(RCA) technique to enhance the detection of
bacteria.

Zheng and co-workers [28] reported a
novel strategy to detect E. coli via a specific
DNAzyme as the recognition molecule and the
DNA templated fluorescent silver nanoclusters
(AgNCs) as the reporter molecule. As shown
in Fig. 2, B, the DNAzyme was modified by
covalently attaching acetylcholinesterase
(AChE) and attaching to the magnetic beads
forming a complex (MNP-DNAzyme-AChE).
Cleavage of the ribonucleotide linkage of the
substrate strand was induced in the presence of
the CEM-EC and facilitated the release of the
AChE into the solution. After the magnetic
separation, free AChE was transferred into the
solution containing Acetylthiocholine (ATCh)
iodide and DNA-templated AgNCs. The AChE
catalyzes the hydrolysis of ATCh to thiocholine
(TCh). The formation of the TCh enhances the
fluorescence emission of the DNA-templated
AgNCs via the silver-sulfur bond formation.

The individual fluorescence intensity
measurement at 635 nm proves that
ATCh cannot improve the fluorescence
without the AChE. The LODis 60 CFU/mL
compared to the other methods, and it can even
detect E. coli ranging from 1-102 CFU/mL
to 1-107 CFU/mL [28]. The current design
could be used as an ultrasensitive fluorescence
turn-on sensor to detect E. coli. However,
this method contains several steps, such
as separation and transfer; therefore, it
cannot be used as a rapid method to detect
E. coli contaminations. However, this novel
strategy can be utilized to develop a versatile
microorganisms detection tool.

Following the previous research on
DNAzyme based detection of E. coli, Zhou and
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co-workers[29] developed an ultrasensitive
method to detect E. coli O157:H7, capable of
causing diarrhea and hemorrhagic enteritis.
An ultra-sensitive magnetic sensor was
developed by a novel strategy to improve the
sensitivity and signal amplification via triple
signal amplification (1) DNAzyme detection,
(2) RCA amplification, (3) copper nanoclusters
(CuNCs) formation to achieve ultra-sensing of
E. coli. The E. coli O157:HT7 specific DNAzyme
was isolated via in vitro selection and
hybridized with a supportive chain modified
with biotin to facilitate the immobilization
of the DNAzyme on the magnetic beads by
using biotin-streptavidin bio-conjugation. The
incubation of CIM extracted from E. coli with
the DNAzyme induced the cleavage reaction.
After the magnetic separation, the remaining
DNAzyme fragments facilitate the RCA
reaction to form thymine (T) rich sequences
(poly-T). These sequences provide the specific

sites to facilitate the formation of CulNCs in
copper sulfate and sodium ascorbate. CuNCs
emit red light under the ultraviolet (UV)
irradiation (345 nm), and the fluorescence
intensities were used to analyze the E. coli
O157:H7 contamination in the sample
quantitatively. The LOD of 1.57 CFU/mL
in 1.5 h was reported for the novel sensor with
an excellent linear range from 10-1 000 CFU/
mL. The sensor could detect the E. coli
O157:H7 contaminations in drinking water
and apple juice [29].

DNAzyme and rolling-circle amplification
(RCA) based detection of E. coli

Signal amplification of the biosensors is
essential to enhance sensitivity and LOD.
Biosensors’ activity is usually based on
the receptor-ligand interactions and is not
highly sensitive to detect the contaminant in
the environment due to low concentrations.

CEM
3-F s A
Magnct:c separation

. Magnetic Nanoparticle (MNP)

mEmmm Magnet

@ AChE
ATCh
TCh )

__Acetylthiocholine iodide and
DNA-templated AgNCs

Fig.2. A — Schematic illustration of the graphene-based DN Azyme biosensor to detect E. coli bacteria [27]
Attachment of the DNAzyme onto the graphene quenched the fluorescence emission of the fluorophore.
Upon the cleavage reaction,the release of fluorophore tagged DNA fragment enhanced the fluorescence emission,

suddenly causing a detectable signal

B — Schematic illustration of the DNA-templated fluorescent silver nanoclusters sensor integrated with
MNP-DNAzyme-AChE complex for detecting E. coli bacteria [28]

Upon the incubation of the specific CEM with the DNAzyme, cleaved DNAzyme fragments were purified by
magnetic separation. The remaining DNAzyme fragments containing the AChE enzyme convert the ATCh into
TCh, which enhances the fluorescence emission of fluorescent AgNPs
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Therefore, to detect these contaminations,
culturing step is required to increase the
pathogen’s concentration, which causes a
delay in the early detection of the pathogen
microorganisms via biosensor. Traditional
in vitro DNA amplification techniques such
as PCR provide powerful amplification
of the target. Still, it requires expensive
instruments, reagents, different thermal
conditions, trained personnel, and it can
produce false readings due to nonspecific
bindings.Therefore, rolling circle
amplification (RCA) [15] of DNA attracted
the interest of researchers due to its unique
characteristics such as isothermal process
and simplicity, as shown in Fig. 3, A. Here,
a particular DNA polymerase (phi29 DNA
polymerase (Pol®29) is used to extend the
short DNA primer around the circular DNA
template several times to generate a single-
stranded DNA sequence (ssDNA). Liu and co-
workers [30] developed a DNAzyme feedback
amplification strategy to detect E. coli using
RCA technology with the SYBR Gold.

The design contains three major
components; 1) short DNA primer (DP),
2) Circular DNA template (CDT) integrated
with the antisense sequence of the RNA
cleaving DNAzyme catalytic strand (RCD),
3) RNA cleaving DNAzyme substrate strand
(RDS) where the 5’ end modified with a
sequence similar to the DP. The hybridization
of these sequences generates two complexes
designated as complex I (DP and CDT hybrid)
and complex II (RDS and CDT hybrid).
Formation of the complex I induces the

A 5’@ 3 Pol®29
——— e
—_—
Complex I
5 DP l Pol 29

_E@ 3‘

Complex 11

generation of long RCA products containing
RCD repetitive sequences in the presence
of Pol®29. The resultant RCD hybridized
with the 3’ end of the RDS. In the presence
of E. coli, the cleavage reaction occurs and
facilitates CDT formation with a 5’ cleavage
fragment. The Pol®29 polymerase removes the
unpaired deoxyribonucleotide from the cleaved
DNA fragment and enables the complex I,
which is used to feedback the RCA process
to amplify the DNA. The RCA product (RP)
generation was measured using the SYBR gold
stain, which generates enhanced fluorescence
emission upon the binding to the ssDNA. RCA-
based DNAzymescan detect E. coli with a LOD
of 10 CFU/mL using a 60 min reaction time
and exhibit 1 000-fold improvement compared
to the other DNAzyme signal amplification
methods. The detection time is significantly
reduced in RCA-based DNAzyme detection
for E. coli than the different DNAzyme
based approaches. Furthermore, RCA-based
DNAzyme autonomously converts small
molecular recognition signal into a distinct
signal due to its amplification process and
causes higher sensitivity and simplicity to
detect contamination in the environment [30].

Paper/RCA based DNAzyme detection
of Escherichia coli

Paper-based analytical devices to detect
bacterial contamination [26] recently received
more attention due to their simplicity, user-
friendliness, cost-effectiveness, and rapid
detection. Scientists have already developed
some DNAzyme based paper sensors, and

Fig. 3. A — Schematic representation of RCA-based DNAzyme detection of E. coli [30]
In this process, the desired DNA fragment was isothermally amplified repeatedly to synthesizethe ssDNA

molecule.

B — Schematic illustration of the origami paper device (0PAD) [31]
In this design, folding of the paper sensor in the correct sequence provides the colorimetric detection of the

E.coli K12
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these sensors require the pre-treatment of the
sample for the analysis. Sun and co-workers
studied and produced a fully integrated paper-
based analytical device known as origami
paper device (oPAD)to detect E. coli K12 by
utilizing previously isolated EC1 DNAzyme
[81]. The design of the sensor consists of 4
different panels; Panel A: an adsorbent pad
for the purification and washing, Panel B:
Whatman 8MM CHR chromatography paper
for the E. coli cell lysis, Panel C: Whatman
filter paper for the immobilization of the
3D-EC1 DNAzyme, Panel D: Nitrocellulose
membrane for the RCA process as shown in
Fig. 3, B. The folding of Panel B onto Panel
A facilitates the extraction of proteins from
the cell lysate directly. Upon the contact of
Panel B and Panel C, the purified protein
is transferred to Panel C and mediate the
cleavage reaction of 3D-EC1 DNAzyme and
facilitates fluorophore tagged DNA substrate
release. The research group used the 3D DNA
developing strategy discovered earlier to
synthesize the 3D-EC1 DNAzyme [32]. The
RCA-associated process was used to develop
the 3D nanostructure; initially, a circular
DNA template (CDT) containing anti-EC 1
sequence was synthesized. It was subjected
to the RCA process to amplify the sequence.
The resultant RCA products were aged 12 h

DNA1 ¥ I
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at room temperature to assemble into 3D
nanostructure of the DNA.

The 3D-DNA nanostructure was printed on
Panel C, and after the immersion in a blocking
buffer, the bioactive paper was dried at room
temperature. After that, the fluorophore
tagged RNA substrate (F-RS28) was mixed
with pullulan solution and printed on Panel
C. The cleaved 5' fluorogenic DNA fragment
migrates from Panel C to Panel D and acts as a
DNA template for the RCA process. The RCA
process facilitates the formation of repetitive
units of peroxidase-mimicking DNAzyme
known as PW17, and it facilitates the oxidation
of chromogenic 3,3,5,5'-Tetramethylbenzidine
(TMB) in the presence of hemin and H,0,. The
oxidation of TMB generates a colorimetric
signal which can be observable by the naked
eye. The research group reported that the
sensor could detect E. coli with a 10® CFU/mL
LOD within 35 min [31]. Compared to the
other DNAzyme based methods, the SD-DNA
nanostructure strategy provides rapid, cost-
effective, user-friendly, and susceptible
bacterial detection. Also, the colorimetric
changes can be observed from the naked eye.
Therefore, sophisticated instruments for the
analysis are not longer required. Since the
sensor was based on paper, the discarding of the
sensor did not affect environmental pollution.
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Fig. 4. Multi-component all-DN A biosensing system based on DNAzyme for E. coli detection [33]
Upon the incubation of CEM extracted from E. coli, the formation 4-WdJ complex facilitates the formation
of the H1/H2 complex, and the binding of the PPIX enhances the fluorescence emission leading to the detection

of the E. coli K12

14



Reviews

DNAzyme based amplification system
for the detection of E. coli

Early detection of bacterial contaminations
consists of certain drawbacks: inefficient
detection due to the low bacterial
concentration, cross-contamination, etc.
Therefore, different types of amplification
methods, such as PCR and RCA, have been used
to enhance the detection limit of biosensors.
Due to pre-treatment samples, specific
reagents, thermal conditions, and instruments,
these amplification methods impose some
difficulties in practical applications. Zhou
and co-workers [33] developed a novel
amplification strategy by utilizing a multi-
component DNA system to detect the E. coli
bacteria contamination, as shown in Fig. 4. The
system was integrated with different reactions
such as (1) DNAzyme mediated RNA cleavage
(DRC), (2) assembly-mediated strand release
(ASR), (3) catalytic hairpin assembly (CHA),
and (4) split G-quadruplex reassembly (SGR).

Previously isolated E. coli specific EC1
DNAzyme (RCD) and the fluorophore tagged
substrate (RDS1) were used as the bacterial
recognition elements. A four-way junction
(4WJ) was designed using five different DNA
sequences named DNA 1-DNA 5. DNA-4
was partially hybridized with DNA-5. The
unpaired fragment of the DNA-4 consists of
the complementary sequences to facilitate
the hybridization of DNA-3. In the absence
of E. coli CEM/CIM, hybridization of DNA-3
(RDS1) on DNA-4 facilitates the release of
DNA-5 forming 4WdJ. The released DNA-5
acts as a catalyst for the CHA by hybridizing
with the tail containing hairpin-shaped DNA
molecule (H1) and facilitating the loop’s
unfolding. The unfolding process exposes
its sequence for the hybridization process.
Another tail contains a hairpin-shaped
DNA molecule (H2) bound with the exposed
sequence of the H1 and forms H1/H2 complex
by releasing DNA-5. Therefore, DNA-5 acts
as an input signal for the formation of the
H1/H2 complex. The accumulation of the
H1/H2 complex increased with time due
to the cyclic CHA process. Both H1 and H2
were designed to undergo intra-complex
interaction to form an SGR, and it interacts
with the protoporphyrin IX (PPIX) and
enhances the fluorescence emission. However,
in the presence of the target (E. coli CEM/
CIM), the cleavage of the DNA-3 prevents
the formation of 4WJ and terminates the
entire amplification process. Therefore, the
formation of the 4WdJ complex acted as a
“Turn on or Turn Off” switch for the CHA

process and demonstrated a LODof 50 CFU/
mL within 85 minutes for E. coli bacteria [33].

The RCA-based isothermal amplification
method emerges as an alternative to PCR
due to its rapid, cost-effective, and efficient
amplification of nucleic acid sequences at
a constant temperature. The isothermal
amplification method omits the thermocycling
requirement in PCR, such as denaturing,
annealing, and extension, and this reaction
can be performed under normal conditions
without specific instruments. Since, 1990’s
ample isothermal amplification techniques
have been developed for nucleic acids, cells,
ions, and protein detection. Isothermal
amplification is categorized into two sub-
categories such as enzyme base amplification
and enzyme-free amplification. Enzyme-based
isothermal amplification uses nucleic acids
and enzymes such as polymerase, exo-nuclease
for the recycling process. The isothermal
amplification method is utilized in various
fields to develop nanomaterials for bio-imaging
and bio-sensing applications. DNAzyme
based isothermal amplification strategy has
facilitated the platform to generate DNA
amplicons faster without using specific
enzymes. Compared to the other DNAzyme
amplification-based methods, DNAzyme based
isothermal amplification strategy provides
rapid, cost-effective, sensitive, highly
effective, and easy amplification detection of
the bacteria. However, the method of detection
can further be improved with the incorporation
of modifications such as the conversion of
the fluorescence detection to a colorimetric
detection by utilizing the peroxidase activity
of the DNAzyme, designing the DNA 1-5
with different RCD sequences specific for a
particular pathogen for the effective detection
of multiple bacteria using a single sensor.

Helicobacter pylori detection via DNAzyme

Among the pathogenic bacteria,
Helicobacter pylori (H. pylori) infection affects
more than 50% of the global population.
Gastric Helicobacter species can adapt to the
harsh environment found at the gastric mucus
layer and are mainly responsible for gastric
carcinoma and diseases such as circa, peptic
ulcers, and MALT lymphoma. H. pylori is a
gram-negative, microaerophilic, spiral-shaped
bacterium. However, H. pylori can exhibit
different shapes such as coccoid and rod
shapes. H. pylori is genetically heterogeneous
and lacks the cloning ability compared to the
other microorganisms [34]. In the gastric
environment, H. pylori exhibit urease activity
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and survive in the highly acidic (pH = 1)
gastric juice. The flagella regulate pathogen
movements and allow rapid migration toward
the neutral pH of the gastric mucus layer. The
spiral shape and flagella activity facilitates
the penetration of the pathogen bacterium
into the mucus layer. In the mucus layer, pH
neutral environment promotes the growth
and colonization of the gastric Helicobacter
species. Penetration of H. pylori weakens the
protective mucus coating layers of the stomach
and duodenum and causes the gastric acid to
drift through mucus coating to the sensitive
lining tissues. Therefore, these sensitive
linings get irritated and develop sore or ulcers
in pathogen bacteria and gastric acid [34, 35].

Diagnostic methods of H. pylori can be
categorized as invasive and non-invasive. The
invasive detections contain histology, culture
biopsy, rapid urease test (CLO), and PCR.
Although histology is the gold standard to
detect pathogen infection, these techniques
require expert pathologists, antibodies, and
additional confirmation tests. Even though
these detection methods provide sensitive
results, these techniques are time-consuming
and expensive. Non-invasive methods include
urea breath test, fecal antigen test, and
serology test [35]. The urea breath test is
considered an alternative gold standard test
to detect pathogen infection, which provides
reliable information to evaluate the success
of the treatment of H. pylori. However,using
a urea breath test is limited due to the
requirement of sophisticated instruments
and the production of false results due to
low sensitivity. Therefore, developing rapid,
sensitive, and accurate analytical methods to
detect H. pylori is essential [34, 35].

Ali and co-workers [19] developed an
H. pylori bacterium-specific RNA cleaving
DNAzyme via in vitro selection. The CEM
from the H. pylori (CEM-HP) was used to
isolate a new DNAzyme, DHp3T4. The
catalytic activity of DHp3T4 was tested
using Escherichia coli O157:H7, Clostridium
difficile, Salmonella, Typhimurium, Bacillus
subtilis and Listeria monocytogenes. DHp3T4
was highly specific to the H. pylori pathogen,
and the other pathogenic CEM mixtures were
unable to cleave the ribonucleotide linkage
within the RNA/DNA chimera. Ali and co-
workers further studied the H. pylori CEM to
discover the triggering factor responsible for
the cleavage of the DNAzyme. The CEM-HP
was denatured at high temperatures providing
evidence that the triggering factor is a protein.
Another study also indicated that the cleavage
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activity is not based on the ribonuclease
(RNase) activity and is affected by the
availability of divalent ions in the mixture.
The available proteins for the function of CEM-
HP were studied using the molecular weight
size exclusion columns of 30—-100 KDa and
discovered that the proteins with molecular
weight in the 50-100 KDa range could cleave
the proteins DNAzyme successfully [19]. Two
biosensors using the DHp3T4 were developed,
and Ali and co-workers incorporated the
fluorophore and quencher close to the RNA
linkage via modified thymine residues. The
LOD of the fluorescence-based sensor was
reported as 10*CFU/mL,which is better
than the LOD of the faces antibody-based
lateral flow devices (LFD) or dipstick test
[19]. Even though fluorescence-based devices
provide much sensitive detection of the
pathogen, the research group utilized the
DHp3T4 to develop a paper-based colorimetric
biosensor. The fluorescence detection methods
require expensive instruments fluoro-
spectrophotometer. Urease was used with a
DHp3T4 tagged in the biosensor, and urease
remains in the cleavage fragment of the
DNAzyme. In the presence of the CEM-HP,
the cleavage of the ribonucleotide linkage
is facilitated and causes the release of DNA
fragmentsto consist with urease, as shown
in Fig. 5. After completing the cleavage
reaction, the cleaved products were separated
using centrifugation and added to a red
phenol solution containing urea. Once urea is
hydrolyzed into ammonia, phenol red will turn
from yellow to red.

* Urease ) Bead

Fig. 5. Schematic illustration of the H. pylori
pathogen detection by the DNAzyme [19]

Upon the CEM incubation, the urease tagged
DNA fragment from the DHp3T4 DNAzyme
complex triggers the conversion of urea into
ammonia, which was reported by the color change
of phenol red
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Table 2. Different types of bacterial pathogen detection via DNAzyme based sensors

Bacteria Signaling method LOD Linear range References
Vibrio anguillarum Fluorescence 4103 CFU/mL - [18]
Klebsiella pneumoniae Fluorescence 10° CFU/mL - [20]
Legionella pneumophila Fluorescence 10 CFU/mL - [21]
Aeromonashydrophila Fluorescence 36 CFU/mL - [22]
Cronobactersakazakii Colorimetric 1.2 CFU/mL - [36]
Salmonella Colorimetric 1.5 copies/uL - [37]
Staphylococcus aureus Colorimetric 30 nM 10° to 10” CFU/mL [38]
Salmonella typhimurium Colorimetric 1 nM - [39]
Salmonella paratyphi Fluorescence 5ng/mL - [40]
Spectrophotometry 20 ng/mL -
Clostridium difficile Colorimetric and ~10 um - [41]
Fluorescence

Listeria monocytogenes Colorimetric 47.5 CFU/mL - [16]

Vibrio parahemolyticus Colorimetric 10 CFU/mL 102 t0 10 CFU/mL [42]
Pseudomonas aeruginosa Fluorescence 1.2 CFU/mL - [43]

The LOD for the paper-based colorimetric
sensor was also reported as 10* CFU/mL, and
it was identical to the fluorescence assay.
The detection of H. pylori was completed in
less than an hour without using sophisticated
equipment. Also, Ali and co-workers claimed
that the biosensor activity remains unaltered
for at least 4 months at room temperature [19].
These biosensors provide cost-effective, rapid,
portable, reliable, and sensitive detection
via DNAzyme compared to the traditional
detection methods and use in areas where the
resources for pathogen detection are limited.
Several studies have reported several other
pathogenic bacteria detections based on the
DNAzyme (Table 2).

Conclusions

Pathogen detection via DNAzyme
attracts research interest due to its unique
target recognition and signal generation
characteristics. However, DNAzyme based
sensors developed for pathogenic detection
have faced obstacles such as isolation of
pathogen-specific DNAzymes, sensitivity, and
the detection limit. Different modifications
overcome the obstacles, such as the
incorporation of fluorophore/quencher (F/Q)
systems. The modifications illustrate that
incorporating new chemical functionalities
into the DNAzyme improves sensitivity

and specificity to detect different target
pathogens. Fluorescence-based DNAzyme
biosensors have mainly incorporated
organic molecules such as fluorescein as the
fluorophore. However, replacing fluorophores
with the Quantum Dots (QDs) can improve
the detection sensitivity of the fluorescence
sensors due to the unique features of the QDs,
such as higher quantum yield, photostability,
and chemical stability, cost-effectiveness.
The fluorescence emission of the QDs can be
regulated by modifying the size. Based on
the size, the emission color of the QDs varies
and can be excited simultaneously by a single
excitation source. Incorporating QDs provides
more efficient, and higher sensitivity in the
detection than organic fluorophores could be
promising [44]. Incorporating nanomaterials
such as graphene quenches the fluorescence
drastically due to their super quenching
ability and can be used to develop “Turn on”
and “Turn off” biosensors. The combination
of nanotechnology with these biosensors has
been carried out, and the studies indicate
that it efficiently enhances the biosensor’s
performance [27, 28, 45]. However, pathogen
detection via DNAzyme based sensors
can be further improved by combining
different amplification, fluorescent,
colorimetric, electrochemical techniques, and
nanotechnology. In general, very few studies
have focused on detecting microorganisms via

17



BIOTECHNOLOGIA ACTA, V. 14, No 5, 2021

DNAzymes, so further research studies are
vital to improve the selectivity, stability, and
sensitivity of this fascinating and promising
biosensor technology having extensive
potential applications in pathogen detection.
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Meroio ornapy O6yJio IpoaHa idyBaTu BUKO-
pucrauHsa 6iocercopiB DNAzyme nyia BUABIeHHA
nartoreHiB. OcTaHHIM YacoM Ae30KCUPUOO3UMU
(IHKsumun) mabyBaioTh Aenasi O0igbmioro 3Ha-
YeHHS AK 0ioceHCOpHU B Pi3HUX rayy3sax aHaisdy:
Bim merekIiil ioHiB MeTasiB y HABKOJUITHBOMY
CepemoBUIIL A0 AOCJHiAKEeHb y TePaHOCTHUIIL Ta
BUABJEHHA MikpooprauHismiB. HesBaxkaroum Ha
MOJKJIMBiCTH PYTUHHOTO BUKOPUCTAHHSA CKJIAM-
HUX 1HCTPYMEHTAJbHUX METOMiB BUSABJIEHHSI
maToreHHOI MiKpoOHOI KoOHTaMiHamii, Taki mizg-
XO/JU MOB s3aHi 3 BUTPATOIO YacCy, CKPYTHUM IIO-
nepenHiM 00pOGJIEHHAM 3pa3KiB Ta HaABHICTIO
BUCOKOBapTricHuX mpuiagiB. CrmemudiuHi momo
nartoreHiB [[HK3uMu mponoHyoTs AK ajbTepHa-
TUBHi iHCTPYMEHTH, III0 MAaIOTh HU3KY IIepeBar:
HeiHBasUBHUI INBUIKWI aHaJTi3 i3 BUABIEHHIM
OakTepiit in situ i B pe)kumi peasbHOro yacy,
BHCOKA YYTJUBICTSE i ceneKkTuBHicTh. Illuporuii
CIIEKTD TEeCTiB Ha OCHOBi maToreHcuenu@ivHIX
JHK3umiB 6ys0 po3po0sieHO 3 BUKOPUCTAHHAM
KOJIOPUMETPUUYHUX Ta (PIYyOPECIIeHTHUX METOIiB,
10 Jal0Th 3MOT'y BU3HAUATU MaTOTEHHY OaKTepi-
aJIbHY KOHTaMiHalliio y pisHux 3paskax. B orasami
ysarajJbHeHO iH(popMaIito mpo crocobu migzbopy
narorencunenudpivaux JHK3uwmiB in vitro, pis-
Hi cTparerii, 0 iX BUKOPUCTOBYIOTH AJIA KOH-
CTPYIOBAHHSA CEHCOPIiB, Ta IMOTEHIINHOr0 3aCTO-
CYBaHHS B TePAHOCTUYHIN IPaAKTHII.

Knwuosi cnosa: naroreu, [JTHK3um, 6iocemcopu,
nepokcumasamoniouuit JHK3um.
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Iespro0 0630pa OBLII AaHAJIM3 UCIIOJIB30BAHUA OMO-
cercopoB DNAzyme 1151 00HapyKeHUs IIaTOTEHOB.
B nocienuee Bpems ne3okcupubosumbl (JJHK3umbI)
IproOpeTaroT Bce 0OJIbITee 3HAUEHNE KaK O1OCEHCOo-
PBI B CAaMBIX PA3HBIX 00JIACTAX aHAJIN3A: OT JETEKITNY
MOHOB METAJLIIOB B OKPYJKAaIOIIell cpefie 10 UCCIeI0-
BaHUI B TePAHOCTHKE M OOHAPY:KEHUS MUKPOOP-
raausMoB. HecMOTps Ha BO3MOYKHOCTb PYTUHHOTO
HCIIOTb30BAHUSA CJIOKHBIX MHCTPYMEHTAIBHBIX Me-
TOIOB OOHAPYKEHUA MAaTOTeHHON MUKPOOHOM KOH-
TaMWHAIIUY, TaKVe ITOAXOABI COIPSKEHBI C 3aTpa-
TOIl BpeMeHH, 3aTPYAHUTEJIbHOM IIPeIBAPUTEIbHOMN
00paboTKOI 00PA3IIOB U HAJIUUNEM JOPOTOCTOAIITIX
mpubopos. CruerudryuecKrie B OTHOIIIEHUY IIATOTeHOB
JMHK3uMbI IIpeaiaraioTcs B KauecTBe aJIbTePHATHB-
HBIX WHCTPYMEHTOB, UMEIOITUX PAJ IPEUMYIIIECTB:
HEeVHBA3WBHBIN OBICTPLII aHAINS3 C 00HAPY KEeHIEM
OaxkTepuii in situ U B peKuMe peaIbHOT'O BpeMeHH,
BBICOKAsI YYBCTBUTEIHLHOCTD U CeJIEKTUBHOCTD. 111u-
POKUi1 CIIEKTP TECTOB Ha OCHOBE IIaTOreHCIIeIn(uy-
HIX [[THK31uMOB 0L paspaboTaH ¢ UCIIOJIb30BAHNEM
KOJIOPUMETPUUECKUX U (DIIYOPECIIEHTHBIX METOIOB,
TIO3BOJIAOIIUX OIPEEIATh MAaTOTeHHYI0 OaKTepu-
aJIbHYI0O KOHTAMIHAIIMIO B PA3JIMUHBIX o0pasiax. B
0030pe 00001TIeHa MHAGOPMAIIN O CIIocobax moadopa
nartorencnenuduuabix JHKsumoB in vitro, pasmnd-
HBIX CTPATETUAX,, UCTIOJIBb3YEMBIX IJIA KOHCTPYHUPOBa-
HUSA CEHCOPOB, U X MOTEHITUAILHOM UCIIOJIH30BAHNY
B TEPAHOCTUYECKOM IIPAKTUKE.

Knwouesnvte cnosa: naroren, JHK3um, 6mocenco-
phI, mepokcupasanonoousIil [JTHK3uMm.
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The use of multifunctional nanosystems in medicine and research is of contemporary interest.

Aim. The purpose of the work was to summarize publications on the prospects of creating and using
nanocontainers based on curcumin (Cur). Cur fluorescence in nanoparticles (NP) makes it possible to
investigate the distribution of fluorescent and non-fluorescent components, significantly accelerating
the study and implementation of drugs in practice. Particular attention is paid to the use of hydrophobic
substances in NP, to penetrate into a living cell.

Understanding the interaction of NP with living cells is extremely important when these particles are
used to transport and deliver water-insoluble drugs to cells. Cur is one of the drugs with various and very
promising pharmaceutical effects, it is poorly soluble in aqueous media, and the use of nanocarriers is an
effective way to significantly increase its bioavailability. Cur has its own fluorescence, which enables to
use it in multifunctional fluorescent nanosystems, for example, with Pluronic® micelles.

The use of the fluorescence method makes it possible to trace the stages of interaction of Cur-loaded
NP with cultured cells and their localization in cell organelles.

With this approach, nanoscale dynamics of drug distribution and stability is observed over time.

Conclusions. The main conclusion is that for unstable in the aquatic environment drugs such as Cur,
it is necessary to use the most hydrophobic nanostructures without traces of water, which include the
nuclei of Pluronic® micelles. This method makes it possible to use other poorly water-soluble drugs.

A promising area of nanomedicine is the creation of complex bio-compatible nanomaterials based on
several active drugs that reduce the toxicity of preparations to normal cells.

Key words: multifunctional nanosystems, nanocontainers for medical preparations, curcumin.

Modern problems of nanomedicine have
been reviewed in the works of Ukrainian
scientists [1-9]. Particular attention is drawn
to complex nanostructured materials with
different functional biological properties [3—6,
10, 11].

Fluorescent nanomaterials, which have
medical applications, are used to create
fluorescent images of biological objects [7—9,
12—14], and for targeted transportation of drugs
[2-6, 8-11, 15, 16]. The creation of complex
biocompatible nanomaterials with antitumor
activity is developing rapidly. They are used to
deliver drugs to the localization of pathological
processes. Using several drugs enhances the
effect of the main preparation [8, 16, 17]. New
combined preparations of nanomaterials, which

are characterized by high biocompatibility,
low toxicity and high specificity, are used
increasingly in practice [5, 6].

The nanonization of drugs and the emergence
of new nanomaterials as safe and effective
drugs are developments of the recent decades.
[18]. Among nanocarriers, synthetic polymer
structures are of particular interest due to their
universal and unique properties, which can be
customized for certain practical needs [19]. The
modern concept of drug delivery is based on
the localization of drugs in the affected area in
humans or animals. Thus, the therapeutic effect
is achieved by increasing the drug concentration
in the affected areas and simultaneously
reducing it in the surrounding tissues. The
process of administration of pharmaceutical
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compounds occurs at a predetermined rate, and
localized action increases the effectiveness of
the drug and reduces systemic toxic effects on
tissues [20].

Nanoscale multifunctional systems

The combined approach to treatment
consists of co-encapsulation of several drug
compounds in order to create multifunctional
nanostructures for the long-term therapeutic
efficacy and reduction of side effects [21, 22].

Modern nanomedicine is increasingly
studying nanocarriers that can be loaded
with several drugs [22], which have both
hydrophobic and hydrophilic properties. The
complex formulation enhances drug activity
by reducing the required dose of drugs, which
makes such systems more attractive and
useful as treatments [23]. For example, co-
encapsulation in niosomes of gallic acid and
Cur, or a mixture of ascorbic acid and quercetin
affects their physicochemical properties and
has a synergistic antioxidant effect, which is
more advantageous than the one-component
nanostructures [22]. But the development of
multifunctional, more specific and effective
carriers, leading to a significant increase in
the productivity of therapy, requires precise
methods and simple techniques of control and
production [8].

Molecular imaging technologies, such
as fluorescence techniques, are needed to
study nanobio interactions. These methods
are sensitive, accurate, fast and relatively
inexpensive. In modern research on the
creation and determination of the lifetime
of multifunctional systems, two fluorescent
components are increasingly used [7],
which significantly improves the receipt of
scientific information about the parameters of
nanocomposites [22, 24].

Various types of NP based on organic
material, such as Cur complexes [9], flavonoids
with ions of both transition and non-transition
metals [25], or inorganic material, such as
nanodiamonds [7, 8] are distinguished among
the promising nanomaterials for visualization
of drug delivery and use in scientific works.
Most of the existing large arsenal of NP can
be modified by applying an additional polymer
coating [26].

Vesicles: liposomes and niosomes

Vesicles consist of two-layer amphiphilic
molecules that surround the water core.
Liposomes and niosomes are vesicular systems
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[1], which consist of a two-layer membrane
that surrounds the aqueous core. The vesicular
system is a platform for drug delivery, which
provides effective bioavailability by controlled
release of therapeutic drugs over a long period
[1, 24].

Liposomes are prepared using
phospholipids and have been widely used as
vehicles to deliver drugs and genes for the past
few years. Limitations for their widespread use
are associated with phospholipid degradation,
low liposome stability, and difficulties
in preparation technologies [1, 18, 28].
Another major disadvantage of liposomes
is their instability and short half-life in the
bloodstream [1].

Niosomes are polymers that in aqueous
solutions have the properties of nonionic
surfactants and create vesicles [27]. Niosomes,
for example, of the polymers Span (20, 40,
60, 80), Tween 20-80, Brij, consist of a
hydrophilic nucleus formed from an aqueous
solution and a bilayer hydrophobic shell that
replaces phospholipids used in liposomes [27].
The unique amphiphilic nature of niosomes
contributes to their effectiveness in the
encapsulation of lipophilic or hydrophilic
drugs. Other additives, such as cholesterol, can
be used to maintain the rigidity of the niosome
structure [18, 20, 24].

Niosomes versus liposomes

Recently, niosomes have been widely
used in drug delivery as an alternative
to liposomes due to their better stability,
biodestructiveness, biocompatibility and
low toxicity [1, 24]. Compared to liposomes,
niosomes do not require special conditions
for processing and storage [20]. Liposomes
with phospholipids are replaced by vesicular
structures of non-phospholipids of various
amphiphilic molecules, namely surfactants,
surfactant ionic liquids, or polymers [18,
28]. Drugs loaded into niosome vesicles
showed high stability and good ability to load
drug compounds, both individually and in
combination. It was found that micelle-based
drugs are stable for 24 hours [21], and have a
smaller diameter compared to that of classical
micelles, which is about 400 nm [19].

Besides, niosomes offer a number of
major advantages over liposomes. Niosomes
have high stability, ease of preparation
and relatively low cost of surfactants [24].
Niosomes are advantageous because of their
non-toxicity and biodegradability [28], which
makes these systems attractive for many
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chemical, biological and industrial applications
[24, 28]. Niosomes enable encapsulation of
a wide range of drugs [20] and thus they are
a more effective tool for drug delivery in a
therapeutic mode than liposomes [20].

Pharmaceutical nanocarriers: Span®,
Tween®, Brij®, Pluronic®

Pharmaceutically and scientifically valua-
ble nanocarriers include such biocompatible
structures as liposomes, niosomes and
multicomponent polymers [28].

Among the macromolecular systems used
for targeted drug delivery, the most suitable
for the creation of multifunctional devices
are niosomes based on Span, Tween, Brij
and Pluronic® polymers, which have the
most studied characteristics. Lately, special
attention is paid to amphiphilic triblock
polymers Pluronic®, which have become of
increased interest in the development of drug
delivery systems [21].

Pluronic® polymers are triblock polymers
that in aqueous solution have the properties
of nonionic surfactants and form small
micelles with a hydrophobic nucleus and a
hydrophilic outer shell. The polymers are
able to accumulate and transfer to cells both
hydrophobic and hydrophobic substances. Such
polymer micelles are usually less than 100 nm
[19, 21].

Pluronic® are triblock copolymers with
different molecular weights of polyethylene
oxide (PEO), polypropylene oxide (PPO) and
polyethylene oxide (PEO), which can self-
assemble in an aqueous medium in the form of
micelles and has the ability to increase drug
solubility [29, 30].

The amphiphilic copolymer Pluronic®
F127, which contains a hydrophilic part that
ensures the solubility of micelles in water
[31], PEO, and a hydrophobic part, PPO, has
attracted attention due to its low toxicity
and ability encapsulate hydrophobic agents
[32]. The micelles of Pluronic® F127 are very
stable in the aquatic environment, so that the
critical concentration of their micelles (CMC)
is 0.023% [33]. The hydrophobic core can
accept water-insoluble compounds and serve as
a nanocontainer for the inclusion of lipophilic
therapeutic drugs. The micellar structure of
this copolymer in an aqueous medium can be
used to introduce hydrophilic and hydrophobic
[34] drugs and release them over time [29,
35]. Micelles with carriers penetrate cells
better than the drugs themselves [36—41],
and conjugation of drugs with micelles is a

successful self-assembly platform for future
therapeutic use [42—-44].

Pluronic® (PLU) micelles are used
to improve Cur delivery. The micelles
significantly enhance Cur availability
compared to crude Cur due to protection
against degradation on the way to target cells.
Pluronic® F127 micelles are an effective way
to cross the membranes of endothelial cells
that form the blood-brain barrier [45-47].

Hydrophobic layers better store Cur in
an anhydrous medium. However, due to the
small number of water molecules present in
the hydrophobic layer of micelles and vesicles
[24], this leads to the gradual degradation
of Cur. The most hydrophobic nucleus in
polymers is present in Pluronic® micelles.
The triblock polymer Pluronic® F 127 loaded
with Cur retains active Cur in aqueous solution
better than niosomes and protects Cur for 24
hr [21, 24]. Thus, hydrophobic substances
that decompose rapidly in water are better
preserved by Pluronic® micelles.

Multi-dye systems

The use of niosomes and block polymers
makes it possible to include and transfer
both hydrophobic and hydrophilic molecules
and particles, and to create multicomponent
nanocarriers based on them.

Fluorescent probes make it possible to
remotely study the processes of transfer of NP
and substances through the cell wall and their
location in the middle of cells. It is especially
interesting to use several dyes with different
properties.

Fluorescent studies include FRET studies,
which have shown significant potential for
determining true and reliable information
on NP behavior in vitro and in vivo [48]. In
recent decades, FRET has been widely used to
characterize various heterogeneous assemblies,
including micelles, vesicles, proteins,
lipids, DNA, nucleic acids, microemulsions,
etc. [28]. In multifunctional NP, dyes can
be combined into a system that creates
fluorescent resonant energy transfer (FRET).
The efficiency of FRET processes depends on
the superposition of the fluorescence spectra
of donor molecules and the absorption spectra
of acceptor molecules [28]. In the micellar
system, differences in the microheterogeneous
environment of the probe molecule (donor/
acceptor) can be understood by solvatochromic
shift in their fluorescent spectra [28]. Such a
system can be used both in solution to study
the accumulation of various substances inside
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the micelle, its stability, the rate of release
of drug compounds, and to visualize their
transfer together with the micelle in vitro and
in vivo [49].

On the example of F127, studies
were conducted to control changes in the
microheterogeneity of the F127 micelle
with the addition of various compositions.
The resulting differences in spectra clearly
indicate the structural transitions in the
micelles, niosomes and polymers of Pluronic®
[28]. By studying such effects, it is possible
to remotely control the processes occurring
in nanomaterials. Thus, FRET can provide
a better understanding of the structural
characteristics and dynamics of changes
in various self-assembling systems and
nanocomposites [28].

Curcuma (Curcuma longa) is a member
of the family Zingiberaceae and is widely
used in Asia as a traditional medicine [50]
and in cooking as a dietary supplement [23,
51-53]. Curcuma is known to have been used
in India and China for at least 2500 years to
treat [64] infections, stress, depression, and
dermatological diseases [55]. The most active
component of turmeric is Cur [42, 55—-57].

Curcumin (diferuloylmethane) is a yellow
compound that is lipophilic, phenolic, and
practically insoluble in water [55]. Cur has
a molecular weight of 368.37 g/mol and a
melting point of 183 °C. It is known that Cur is
more stable in cell culture or human blood and
unstable in alkaline media [51].

The small Cur molecule is a multi-purpose
antioxidant with various functional groups.
Phenolic hydroxyl and methoxy groups [55],
diketone and double bonds contribute to its
antioxidant activity [9, 56, 58]. The b-keto-
enol tautomer of Cur has triple chelation
sites of metals, including a double phenolic
group and keto-enol fragments, which can
form chelates with redox metal ions Cu?",
Fe?*and other ions [9, 51, 58]. Based on
various experimental and theoretical results,
it has been shown that the phenolic OH group
plays an important role in the antioxidant
mechanism of Cur, neutralizing ROS [9, 23,
59]. Cur affects many important enzymatic
reactions, which is manifested in various
biological properties of Cur [60].

The main obstacle to the therapeutic
effects of Cur on the way to its introduction
is its rapid metabolism in the body [56, 57,
61], chemical instability and low solubility
[61]. The main metabolite of Cur in the body
is the Cur glucuronide, and other metabolites
include Cur sulfate, hydroxycurcumin,
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hexahydrocurcuminol and hexahydrocurcumin
glucuronide [56].

Curcumin has a long-established safety
record

The European Food Safety Authority
(EFSA), the US Food and Drug Administration
(FDA), the UN Expert Committee on Food
Additives and the World Health Organization
report that Cur is generally recognized as safe
(GRAS) [50, 51, 55, 62], and acceptable and
safe doses are from 4 to 8g per day [51, 63].

Dose studies have shown the safety of Cur
at doses up to 12 g per day for 3 months [64]
without adverse effects on humans. Despite
this well-established safety, there are some
concerns when consuming Cur in large doses
about the possibility of inhibiting certain
enzymes, which may lead to the toxic effects
of Cur. Some negative side effects of Cur have
been reported in the literature. For example,
nausea and diarrhea, headache, rash, increased
serum alkaline phosphatase and lactate
dehydrogenase have been reported with 0.45
to 3.6 g per day of Cur for one to four months
[50, 63].

The potential of curcumin against
human diseases

Cur has been shown to target many
signaling molecules and to show activity
at the cellular level [60]. Extensive clinical
trials over the last quarter of a century have
been concerned with the pharmacokinetics,
safety and efficacy of Cur against numerous
human diseases [64]. Cur has a wide range
of therapeutic effects [9, 17, 57, 61, 65],
which includes antioxidant [50, 54, 56, 58,
65—-68], anti-inflammatory [23, 50, 54, 56
58, 63, 66], antidiabetic, antiangiogenic,
immunomodulatory [56], antitumor [42,
56, 61, 65, 67-69], antiproliferative,
antimetastatic, antibacterial [560, 54-56],
chemoprophylactic, chemotherapeutic activity
[61], antifungal, antiviral, antimalarial and
hepatoprotective ability and the ability to
alleviate cardiovascular and neurodegenerative
disorders [42, 51, 55, 61, 70, 71]. At present,
Cur plays an important role in the prevention
and treatment of various diseases, including
cancer [55, 69], autoimmune [54, 55],
neurological, cardiovascular, diabetic and lung
diseases [55], and psoriasis [23].

Curcumin has antitumor activity for the
colon, cervical, uterine, ovarian, prostate head
and neck, breast, pulmonary, stomach and
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gastric, pancreatic, bladder oral, oesophageal,
and bone cancer [72]. It contains a mixture
of strong bioactive molecules known as
curcuminoids, which have the ability to reduce
cancer in the early stages and progression
of tumor development. In particular, these
compounds block several enzymes required for
tumor growth and may therefore be involved in
the treatment of tumors [72].

Curcumin for the treatment
of chronic diseases

To date, there are more than 200 clinical
trials of Cur, which have shown a pronounced
protective role of this compound against
cardiovascular disease, metabolic diseases,
neurological, skin, liver diseasei, various
cancers, etc. [57]. Clinical use of native Cur is
limited due to low solubility, physicochemical
instability, poor bioavailability, rapid
metabolism, and poor pharmacokinetics [50,
54, 63, 73]. However, these problems can be
overcome using an efficient delivery system
[42]. The therapeutic potential of Cur during
clinical trials trumped the myth that poor
bioavailability of Cur is a problem because the
low bioavailability of Cur is eliminated in the
treatment of chronic diseases [57]. In many
clinical studies, Cur in nanoforms effectively
improves its bioavailability [42, 57], which
has been described for the combination of Cur
with many natural and synthetic compounds
and for various Cur formulations that have
shown significant efficacy. Thus, Cur is a
safe, inexpensive and effective drug for the
treatment of various chronic diseases [51, 57,
61, 74].

Curcumin and pleiotropic effects

Cur is perhaps one of the most diverse
therapeutic agents so far isolated from
natural sources. The therapeutic benefits
of this extraordinary natural compound
have been demonstrated in the treatment of
various diseases [53, 54], including cancer,
inflammation, immunological disorders
[54], diabetes and oxidative stress, which
are often associated with hyperlipidemia
[75]. Cur is effective for the treatment of
various inflammatory diseases by inhibiting
inflammatory cell proliferation, metastasis
and angiogenesis through various molecular
targets [55]. Due to its unique molecular
chemical structure and functional groups,
Cur can bind and subsequently either inhibit
or activate various endogenous biomolecules,

including enzymes, receptors, signaling
molecules, metal ions, transcription factors,
and even certain proteins found in cell
membranes [75]. To date, many proteins are
known as a target for Cur [76, 77].

Cur’s pleiotropic activity derives from
its ability to modulate numerous signaling
molecules, such as proinflammatory
cytokines, apoptotic proteins, NF-«xB,
cyclooxygenase-2, 5-LOX, STATS3, C-reactive
protein, prostaglandin E2, prostate-specific
antigen, adhesive molecules, phosphorylase
kinase, transforming growth factor-p,
triglycerides, ET-1, creatinine, HO-1, AST and
ALT in human [64]. Cur regulates numerous
transcription factors, cytokines, protein
kinases, redox status, and enzymes associated
with inflammation [74].

Much of the pharmacologically beneficial
effects of Cur occur through non-covalent
interactions with biomolecules. With so many
different biological targets, Cur (polyphenol)
causes numerous pleiotropic effects, which
is therapeutically beneficial because many
pathological conditions, such as COVID-19,
involve more than one signaling pathway,
receptor, protein/enzyme or gene [75, 78 ].

Recently, Cur has been found to have
beneficial properties for the prevention and
treatment of several disorders. The relevant
feature here is the structural a-B-unsaturated
carbonyl system, which is necessary to
establish contacts with critical cysteine
residues of several targets. This excellent
mechanism of action gives the molecule the
ability to affect a large number of targets,
given its pleiotropic behavior [79]. Due to its
antioxidant and anti-inflammatory properties,
Cur plays a significant beneficial and
pleiotropic regulatory role through synergistic
binding to multiple network targets [61]. In
practice, Cur has shown a beneficial effect
on the progression of inflammatory diseases
through numerous mechanisms of action:
antiviral, anti-inflammatory, anticoagulant,
antiplatelet and cytoprotective. Such effects
of Cur make it promising as a new adjunctive
therapy for the treatment of COVID-19 [78].

Bioavailability due to biopolymers

Despite its therapeutic benefits, Cur, as a
highly pleiotropic molecule with an excellent
safety profile targeting multiple diseases with
strong evidence at the molecular level, has not
been able to achieve its optimal therapeutic
result in past clinical trials mainly due to its
poor solubility and poor bioavailability [50,
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54, 63, 73]. These problematic properties are
primarily associated with poor absorption,
rapid metabolism and rapid excretion from
the gastrointestinal tract [50, 51, 58, 62].For
further research, it is recommended to use the
method of increasing the bioavailability of Cur
[61]in combination with other substances [54].

Innovative Cur drugs based on the
nanotechnology approach will increase both its
bioavailability and therapeutic efficacy [79].
In clinical trials, carriers have been developed
that improve the release of Cur and enhance
its bioavailability. To this end, various Cur
formulations have been studied, including
capsules, tablets, powders, emulsions, NP,
and liposomal encapsulation [64]. Cur was used
both alone and in combination with other drugs
[64]. Thus, the effect of Cur was significantly
enhanced [50]. For example, piperine blocks
the metabolic pathway of Cur and has been
used to delay its metabolism [50, 51, 80, 81].

There are known methods for efficient
delivery of Cur using compositions that include
liposomes, niosomes, micelles, conjugates,
NP and nanoglobules [27]. Cur encapsulation
methods in various self-assembled biologically
active systems, such as micelles, vesicles,
proteins and cyclodextrins, have shown
high efficacy in increasing the solubility,
stability and bioavailability of Cur [24]. The
increased intensity of Cur fluorescence during
encapsulation in hydrophobic micro-media
of micelles and niosomes is a consequence
of reduced interaction of Cur with water
molecules [24].

To fully exhibit the healing properties
of Cur (anti-inflammatory, antitumor and
antioxidant) [50], a targeted delivery system
is required [23]. Polymeric nanoscale drug
delivery systems are widely used due to their
reduced adverse effects and increased drug
bioavailability [23]. Polymeric NP with Cur
are already known, in which significant
therapeutic activity has been recorded in vitro
and in vivo [23].

It has become known that poly-&-
caprolactone NP together with the stabilizing
surfactant Pluronic® F-68 (Cur—PCL) load Cur
well and have antioxidant and cytoprotective
properties [23]. Pluronic® F-68 triblock
copolymer provides steric stabilization of the
nanopreparation, which allows the system
to function for a long time and increase the
transport of drugs across cellular barriers.
These NP did not induce cell death of
dermal fibroblasts, but they did reduce cell
proliferation without affecting cell migration
and adhesion [23].
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Curcumin as a potential agent
in cancer therapy

The broad therapeutic efficacy of Cur is
associated with synergistic interactions with
different biological targets, as well as the
modulation of several signaling pathways. This
kind of behavior can be useful in the treatment
of multifactorial diseases such as cancer [69,
79]. The combination of Cur with antitumor
drugs is a valuable strategy for obtaining an
enhanced response with minimized side effects
[56, 65,67, 68, 79, 82].

Mixed ligand-Cur complexes with
lanthanum (curcumin-terpyridyl-lanthanum
(La®") and rare earth metals such as Sm®",
Eu®' and Dy®" are toxic to cancer cells [83,
84] and have antibacterial activity [83—
86]). Cur complexes have shown enhanced
photocytotoxicity in HeLa cells [83, 84].

The antitumor activity of Cur depends on
the dose and time. Cur has the ability to target
the molecular pathways that are responsible
for the growth and survival of cancer. Cur
can impair the proliferation and metastasis of
cancer cells, causing cell cycle arrest and other
effects. The inhibitory effect of Cur on the
viability and colony formation of cancer cells is
important to increase the sensitivity of cancer
cells to chemotherapy [56]. Cur nanoplatforms
can lead to enhanced therapeutic efficacy
while reducing systemic toxicity [42] of
chemotherapeutic agents [56]. For example,
Cur reduces the activity and expression
of p-glycoprotein (P-gp) and multidrug
resistance-1 (MDR1) of MCF-7 tumor to
promote the accumulation of paclitaxel in [56,
82]. The complex action of calcitriol with Cur
enhanced the response of MCF-7 cancer cells to
paclitaxel [56, 82].

Cur is well tolerated by humans. Cur
concentration peaks 1-2 hours after oral
administration and begins to decline after
12 hours [87]. Oral administration of 8 g of
Cur leads to a serum concentration of 0.5 to
1.8 ym, which indicates its poor bioavailability
[566, 87].

Cur has antitumor properties, but a
number of problems with the drug delivery
regime limit its therapeutic use. Chemical
complex formation can be considered as a
strategy to increase the potency of Cur in the
treatment of breast cancer [88]. The study
showed the antitumor properties of two Cur
complexes — iron-curcumin [Fe (Cur) 3] and
boron-curcumin [B (Cur) 2] in the breast cancer
cell line MDA-MB-231 [88]. Cell proliferation,
migration, and invasion were also analyzed. All
three compounds inhibited cell invasion, and



Reviews

only Cur and B (Cur) 2 inhibited cell migration.
Taken together, these results showed that
Fe (Cur) 3 and B (Cur) 2 may exhibit similar
antitumor properties as Cur and suggests that
chemical complexation may be considered
as a strategy to increase Cur potential in the
treatment of breast cancer [88]. Cellular
localization of Cur and B and Fe complexes was
determined by fluorescence microscopy. The
results showed that the three compounds were
localized in the perinuclear and cytoplasmic
regions of the cell, and showed cytotoxicity
with IC50 values of 25, 35 uM and 8 uM (uM)
for Cur, B (Cur) 2 and Fe (Cur) 3, respectively
[88]. The use of literature sources makes it
possible to compare the desired concentration
of Cur to combat some cancers. For example,
in vivo Cur at a concentration of 20 um
significantly contributes to the antitumor
activity of doxorubicin against triple negative
breast cancer cells, inhibiting the transition
of the epithelium to the mesenchyme and
metastasis [56]. However, in practice, oral
administration of pure Cur results in the
concentration in serum from 0.5 to 1.8 pym
[87], which is insufficient in this case.

Many recent studies have focused on the
development and synthesis of Cur analogues
that improve bioavailability and target
selectivity [98]. Synthetic Cur derivatives
have been obtained to develop effective
therapeutic agents in the treatment of cancer
and neurodegenerative diseases [61].

Further in vitro and in vivo studies are
needed to study the effects of Cur, to mitigate
the treatment of various cancers [72]. Cur
can be developed as a therapeutic drug by
improving the properties of the formulation or
delivery systems, which ensure its enhanced
absorption and cellular assimilation [63]. These
features, combined with pharmacological
safety and low cost, make Cur an attractive
agent for further research [74].

Curcumin as a fluorescent dye

Cur is a dye with a solvent-dependent
absorption band that ranges from 408 to 430
nm. The maximum fluorescence is even more
dependent on the solvent and occurs between
480 and 560 nm. Cur is very poorly soluble in
water, where it emits weak fluorescence, and
the quantum yield of Cur fluorescence in most
solvents is low and decreases significantly in
the presence of water [90].

In a hydrophobic medium, Cur’s own
fluorescence is an order of magnitude greater
than in an aqueous medium, and the intensity

of Cur’s fluorescence can reveal the change in
the hydrophobicity of the medium in which it
is located [24].

Cur is highly degradable in aqueous
solution. In phosphate buffer solution (pH
7.4), the level of Cur degradation after 1
h is more than 80% [24]. Spectrally, this
is determined by the rapid decrease in the
intensity of Cur absorption and the decrease
in fluorescence. The greater the degree of
interaction of Cur with water, the greater the
degree of degradation [24].

When Cur is in a non-aqueous medium with
high viscosity or in phospholipid membranes,
the intensity of its fluorescence increases
significantly [24, 91]. It is expected that in
cellular images, its radiation can be observed
only when it is in a composite with hydrophobic
nanocarriers, or contained in membranes or
intracellular hydrophobic structures.

Using various Cur nanocomplexes
with carriers, it is possible to study the
encapsulation of hydrophobic substances in
liposomes, niosomes and Pluronic® micelles
by the intensity of Cur fluorescence, and
to visualize their interaction with cells in
microscopic studies. The results show that
nonionic surfactants that form micellar
compounds significantly reduce the level of
Cur degradation from 12 to 24 h by including it
in the hydrophobic part of the micelles [21, 24].
This increased fluorescence intensity, along
with a significant shift in the maximums of Cur
emissions during encapsulation in hydrophobic
microenvironments of micelles and niosomes,
is a consequence of reduced interaction of Cur
with water molecules. A more rigid and limited
niosome microenvironment increases the
intensity and fluorescence time of Cur against
micelles with hydrophilic nucleus [24].

ROS

Free radical oxidation plays an important
role in our lives. Large amounts of produced
free radicals condition lipid peroxidation,
protein denaturation, neurodegenerative,
fibrous and other pathological changes.
Overproduction of reactive oxygen species
(ROS) and reactive nitrogen (RNS), which are
potent oxidants, causes DNA damage and lipid
oxidation. This leads to oxidative stress and
cell damage. Oxidative stress is a major factor
leading to the development of various diseases
such as neurodegenerative and heart diseases,
diabetes, and cancer [92, 93].

The anti-inflammatory and antioxidant
properties of Cur, which have a wide range
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of therapeutic potentials in vitro and in
vivo, have been studied in order to create
drugs that counteract free radical oxidation
[61, 54, 94]. In in vivo systems, Cur acts by
regulating the levels of enzymatic and non-
enzymatic antioxidants in target tissues
[58]. Experimental results in vitro and in
vivo indicate a protective effect of Cur on
experimentally induced inflammation,
hepatotoxicity and cardiotoxicity in rats
[66]. The studies of rat myocardium under
Cur treatment have shown inhibition of free
radical distribution and increased levels of
SOD (superoxide dismutase), CAT (catalase)
and glutathione peroxidase [58, 66].

The Cur molecule may exhibit prooxidant
properties, depending on the environment
and environmental conditions in which it is
located. Cur has many biological functions,
and many of these functions are related to
the induction of oxidative stress. However,
how Cur causes oxidative stress in cells is not
fully understood [53]. The antitumor effect
of Cur was confirmed in vitro on the example
of leukemic cells. Curcumin targets several
enzymes involved in the metabolic pathway
of ROS, as a result of its action inhibits the
growth of tumor cells [95].

The effective activity of Cur was studied
against the fungus Botrytis cinerea, which
causes gray rot of plants. It has been shown
that the ROS produced by Cur caused apoptosis
in hyphae of the fungus Botrytis cinerea.
Cur has been suggested to cause oxidative
stress through a NADPH oxidase-dependent
mechanism [96].

The Cur-Cu (II) complex can cause DNA
breakdown due to the uncontrolled production
of both ROS and RNS, which ultimately leads
to oxidation of DNA by the oxidative chain
[79]. It should be emphasized that intracellular
ROS levels do not necessarily correlate with
the strength of Cur’s antitumor activity. It is
possible that the molecules that actually killed
the leukemic cells were obtained during the
production of ROS, such as reactive carbonyls
and reactive aldehydes [97].

In recent years, a number of derivatives
have been developed and patented, aimed both
at improving Cur’s multifaceted biological
profile and at overcoming its undesirable
effects [61]. The studies revealed antitumor
activity of the allylated monocarbonyl
analogue Cur CA6 against gastric cancer cells.
The CA6 showed significant cytotoxicity
to gastric cancer, which was considered as
induction of G2/M cell cycle arrest, apoptosis
and induction of endoplasmic reticulum stress.
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CAG6 increased ROS levels by directly binding
and inhibiting thioredoxin reductase R1
(TrxR1)[98].

ROS are by-products of biochemical
processes in aerobic organisms. The concent-
ration of ROS is regulated by the activity
of such antioxidant enzymes as superoxide
dismutase (SOD), glutathione peroxidase
(GPx) and catalase (CAT) [51]. The imbalance
between the production and disposal of ROS
leads to oxidative stress, which leads to
negative consequences for cells, tissues, namely
inflammatory reactions and apoptosis [51].

Large-scale studies have shown that
inflammation alters signaling pathways
and increases the number of inflammatory
biomarkers, lipid peroxides and free radicals.
Acute and chronic inflammation are an
important risk factor for some types of cancer
[565]. Membrane lipid peroxidation [58] and
free radical-mediated oxidative damage to
DNA and proteins are thought to be associated
with a wvariety of chronic pathological
complications such as cancer, atherosclerosis,
and neurodegenerative diseases [52]. Oxidative
damage and inflammation in preclinical
studies indicate the root cause of cancer and
other chronic diseases, such as diabetes,
hypertension, Alzheimer’s disease, etc. [63].

The effect of Cur on free radicals is carried
out by several different mechanisms. It can
absorb various forms of free radicals, such
as ROS [9, 50, 52, 58, 66] and remove free
radicals of reactive nitrogen (RNS) [50, 51].
The decrease in ROS depends on the dose of
Cur and time [23]. The anti-inflammatory
effect of Cur, directed against pathological
conditions, is most likely mediated by its
ability to inhibit the activity of enzymes that
generate ROS, such as xanthine hydrogenase/
oxidase [50, 51, 55], and the ability to inhibit
cyclooxygenase [60—-52, 55, 58], lipoxygenase
(LOX) [50-52, 55, 58], induced nitric oxide
synthase (iNOS) [52, 55, 58]. Cur inhibition of
the activity of important enzymes that mediate
inflammatory processes [562] is important for
the downregulation of oxidative stress [560-52].

Poly-e-caprolactone NP enhance the
mechanism of action of Cur to reduce ROS
in dermal fibroblasts [23]. Interestingly,
Cur-PCL NP and poly-¢-caprolactone reduce
oxidative stress caused by hydrogen peroxide
and have a cytoprotective effect, so these NP
may have clinical application in disorders
associated with the formation of reactive
oxygen species [23].

Cur has been shown to improve systemic
markers of oxidative stress [50, 99]. There



Reviews

is evidence that it may enhance the serum
activity of antioxidants such as SOD [50-52,
58, 80, 99], catalase [50, 58, 99], glutathione
peroxidase (GSH) [50, 51, 58] and at the
same time favorably increase the serum
activity of antioxidants of lipid peroxides
[561]. Curcuminoids in serum increased GSH
concentrations [80, 99], significantly reduced
lipid peroxides [99] and significantly reduced
malonic dialdehyde concentrations [80].

Cur, which has a strong antioxidant and
anti-inflammatory effect, can be a prophylactic
and chemotherapeutic agent for cancer of the
colon, skin, mouth and intestines [58], as well
as other chronic diseases [63]. Cur inhibited
iron ion-catalyzed lipid peroxidation [58] in
in vitro experiments in liver homogenates
and inhibited heat-induced hemolysis of rat
erythrocytes [66]. This may be one of the
mechanisms by which Cur exhibits anti-
inflammatory and antitumor activity. Cur can
reduce the toxicity of iron ions, possibly by
chelating iron ions, reducing oxidative stress
caused by lipid peroxidation, and improving
the antioxidant defense mechanism [100].

Toxicity caused by lead ions in various
organ systems occurs due to increased
oxidative stress due to the formation of ROS
and RNS. Lead poisoning causes numerous
clinical consequences for almost all organs,
but the main targets are the brain, liver and
kidneys. Lead is a multi-organ toxicant that
is involved in various types of cancer, damage
to reproductive organs in both humans and
animals [51]. For the treatment of diseases or
poisonings caused by heavy metal ions (Pb, Cu,
Fe), standard chelator drugs are used, which
often show numerous side effects from mild to
severe. In the treatment of lead toxicity, Cur
acts as a chelator [51].

Cur can be effective in treating various
skin conditions such as dermatitis, psoriasis
and scleroderma [55]. A study in mice indicates
that Cur can protect the skin, removing
free radicals and reducing inflammation by
inhibiting nuclear factor NF- B and cytokines
such as IL-1b and IL-6 [55].

Neurodegenerative diseases: Alzheimer’s,
Parkinson’s and multiple sclerosis

Aging is a significant risk factor for
neurodegenerative diseases [70]. It is believed
that Cur can be effective in the mechanisms
associated with aging, preventing changes
in cellular proteins that occur due to aging,
helping to maintain protein homeostasis [55].
Experimental studies have shown that Cur can

be used for the prevention and treatment of
Alzheimer’s disease [58]. Nasal administration
enables the drug to be delivered across the
blood-brain barrier. Cur can be administered
likewise and has anti-inflammatory,
antitumor, antioxidant and cytoprotective
effects [23]. Cur reduces neurodegenerative
damage due to its antioxidant and anti-
inflammatory properties [70]. Previous
studies have shown that Cur interacts with
several targets involved in inflammation of
the nervous system, reducing inflammation,
relieving neuropathic pain, nerve ischemia,
and demyelination [50, 51].

Millions of people worldwide suffer from
autoimmune diseases. In recent decades, Cur
has been shown to be used by a variety of
mechanisms [54] as a therapeutic agent against
autoimmune diseases such as multiple sclerosis
(MS) or rheumatoid arthritis (RA) [55].

Multiple sclerosis is a chronic
inflammatory autoimmune disease
characterized by degradation of the myelin
sheath [55]. Differentiated effector memory
T cells (TEM) have the pathogenic property
to quickly infiltrate tissues or organs, which
leads to their damage [54]. In recent years,
there has been increasing evidence in vitro
and in vivo that Kv1.3 channels in TEM cell
control T cell proliferation and activation
[564]. In activated TEM cells, the number of
channels per cell increases from about 250
to 1500 [54]. Thus, Kv1.3 is a key player in
the modulation of autoimmune disorders,
and the blockade of Kv1.3 represents a
promising approach to immunosuppression
for the treatment of autoimmune diseases
[64]. Cur is able to inhibit the proliferation
and proinflammatory secretion of cytokines
[65] in TEM cells by directly blocking the
open hKv1.3 channels, depending on time and
concentration (5—100 mM) [54]. This leads
to an anti-inflammatory effect, which is an
important pharmacological mechanism for
the treatment of autoimmune diseases [54].
Collectively, Cur has an immunosuppressive
effect on various pathogenic subgroups of T
lymphocytes, so in the future Cur can be used
as a powerful anti-inflammatory agent for the
treatment of autoimmune diseases [54].

A neurodegenerative disease such as
Alzheimer’s is characterized by inflammation,
oxidative damage, and abnormal protein
production [55]. Neurodegenerative diseases,
such as Alzheimer’s and Parkinson’s
disease, are the main results of increased
ROS production in the body [51]. Cur having
antioxidant and anti-inflammatory properties
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can improve cognitive function by reducing
b-amyloid plaques [55]. Cur, due to its
neuroprotection and antioxidant properties,
can attenuate the course of Parkinson’s
disease, which is characterized by the loss
of dopaminergic neurons in the substantia
nigra [55]. It protects the neurons of the
substantia nigra, improves dopamine levels in
the 6-OHDA model of rats from Parkinson’s
disease (Figure) [55].

Experimental studies have shown that Cur
can be used for the prevention and treatment
of Alzheimer’s disease [58]. In the experiment,
Cur was administered peripherally in vivo
to Tg mice, crossed the blood-brain barrier
and bound to amyloid plaques in the brain,
significantly reducing amyloid levels by
inhibiting b-amyloid peptide aggregation [51,
58, 70].

Cur reduces the generation of ROS, inhibits
lipid peroxidation and reduces the level of
malonic dialdehyde. Cur has been shown to
reduce plaque pathogenesis and inhibit the
production of oligomers and fibrils [51, 70] and
promote microglia formation, delaying neuronal
deterioration in patients [565]. Cur alleviates
neuroinflammation [101], thus it is indicated as
a potential neuroprotective agent [55].

The neuroprotective mechanism of Cur
against neurodegenerative disorders of the
brain is also due to the ability to bind redox-
active metal ions, such as Fe?", Cu?’, Zn?"
[58], Mn?", Cd?", Pb%" and Hg?" [51]. The
formation of Cur chelates with redox metal
ions[71]leads to a decrease in ROS generation

Anti-inflamatory effects

~“mechanism of action of

g Antioxidant
effects
“._in neurodegenerative diseases

Metal chelation CURCUMIN

(Fe, Cu, Zn)

Reduction of
protein
aggregation

and a decrease in edema around the neuronal
cells of the body [51].

Conclusions

The work summarized the literature data
on the prospects of using curcumin in therapy
by methods that improve its solubility.
Particular attention was paid to the use of Cur
as a complex drug together with other drugs
in the composition of nanomaterials. Due to
fluorescence, Cur makes it possible to trace
the processes that occur during the penetration
of the nanostructure into the cell and its
interaction with the components of cellular
organelles.

Cur is non-toxic and has many beneficial
effects so it is considered as a drug or
pharmaceutical agent. The use of various
methods to improve the solubility of
hydrophobic Cur in the aquatic environment
and reduce the rate of its metabolism in the
body are effective for the treatment of chronic
diseases. The use of niosomes and block
polymers makes it possible to include and
transfer both hydrophobic and hydrophilic
molecules and particles. it is possible to create
multicomponent nanocarriers with scientific
and medical applications, based on the
niosomes and block polymers.

Multifunctional nanosystems penetrate
into cells in a targeted and controlled manner
and are used to reduce drug toxicity to normal
cells. Effective use of the capabilities of
multifunctional nanosystems is possible under

Decreased
cyclooxygenase and
phospholipase

Increased action of SOD
Increased in Heamoxygenase
Decrease in lipid-peroxidation

Decrease in free radical
formation

Action on Glial cells

The proposed mechanisms of neuroprotective activity of curcumin and curcumin-like molecules [58]
https://doi.org/10.2174,/092986732102131206115810.
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the condition of scientific substantiation
of the features of joint use of components
and in-depth study of the properties of
these substances. Cur has a wide range of
possibilities when used as the main component
or part of a combination in hybrid NP, which
makes it a promising drug, and such structures
are promising nanomaterials. The developed
Cur complexes with metal ions are more
soluble in water than pure Cur and increase
the target effect of the drug. Complexes of
Cur-ions of metal show different biochemical
activity, which depends on the nature of the
metal ion. Based on Cur, double combinations
with synergistic reinforcement with Cur have
already been developed: Cur-quercetin, Cur-
piperine, Cur-silibinin and Cur-doxorubicin.
Created multifunctional therapeutic
nanosystems will be widely used in medicine in
the future.

A number of biologically active polymer
conjugates and polymer compositions, such
as micelles, hydrogels, and polymer-coated
NP that can deliver multiple drugs are
currently in clinical development. Nanoscale
multifunctional systems have been created,
which consist of several substances that have
an advantage over one-component due to the
synergistic action of components. The results
showed that co-encapsulation of preparations
affected their physicochemical properties and
could produce a synergistic effect. Thus, the
combined approach to treatment consists of
co-encapsulation of several drug compounds
into multifunctional nanostructures, which
led to long-term therapeutic efficacy,
reducing side effects. The development of
multifunctional, more specific and effective
carriers for therapy requires precise methods
and simple techniques, which are primarily
aimed at research to control and study their
various characteristics in order to obtain
the necessary parameters. The creation of
optimal drug delivery systems requires
such research systems that would provide
the ability to quickly obtain the necessary
information, including optical methods.
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BukopuctanHa MyJIbTU(GYHKI[IOHAILHUX HAa-
HOCHCTEM y MeIUITUHI Ta HaYKOBUX MOCJiIKeH-
HAX € aKTYaJIbHUM.

Mema. Y3aralbHUTHU OaHi JiTepaTypu CTO-
COBHO IIEPCIIEKTUB CTBOPEHHA Ta BUKOPUCTAHHA
HaHOKOHTeliHepiB Ha ocHOBi KypryMminy (Cur).
dayopectientiia Cur y ckiani Hanouactuaok (HY)
Tae MOMKJMBICTH AOCHiAMTH PO3mOAis (hyopec-
IeHTHUX Ta He@JIyOpecIeHTHUX KOMIIOHEHTIB,
3HAYHO NPUIIBUAININTH BUBYEHHSA Ta BIIPOBA-
IKeHHs ITperapaTiB y npakTuky. Oco0auBy yBary
CIIPAMOBAHO Ha BUKOPUCTAHHA IigpodobHUX pe-
yoBuH y HY, AKi MOXXYTh IDOHUKATHU BCEPENUHY
SKUBOI KJIITUHMA.

Posywminna Bzaemonii HY 3 :kuBuMu KiaiTuHa-
MU € BKpail BaKJIUBUM y TUX BUOAAKaX, KOJU ITi
YACTUHKYU BUKOPUCTOBYIOTH AJISA TPAHCIIOPTYBaH-
Hf Ta JOCTABJIEHHA 0 KJIITUH HEPOSUUHHUX Y BOIL
JiKapchKux 3acob6iB. Cur € ogHUM i3 Ipemaparis i3
pi3HOMAaHITHUMUY i AyiKe ITepCIeKTUBHUMU (hapMa-
HmeBTUYHNMU e(DeKTaMU, ajie BiH MaJOPO3UMHHUI
Y BOIHOMY CEpeJOBUIIi, a BUKOPUCTAHHA HAHO-
HOCIiiB € e(peKTUBHUM CcIIOCOOOM IJIsT HEOOXiTHOTO
3HAUYHOrO 30iabIIeHHs Horo GiomocTymuocTi. Cur
Mae BJAaCHY (PIyOopecIeHITito, 1110 Ja€ MOXKJINBICTh
BUKOPUCTATHA HOTO AK MYJAbTU(GYHKI[iOHATLHY
¢GIyopeciieHTHY HAaHOCHUCTEMY, HAIPUKJIAL, i3
minenamu Pluronic®.

Bukopucranaa metony QuyopecieHIii gae
MOXKJIUBICTH IIPOCTEIKUTH eTally B3aEMO/ii HaBaH-
raskeHux Cur HY i3 KyIbTUBOBAHUMY KJIiTUHAMU
Ta IXHIO JIOKaJi3aI1io B KJIITUHHUX OpraHejiax.

3a IOIIOMOT00 TAKOI'0 HMiX0Ay B Uaci crocTe-
piraeTbca HaHOPO3MipHA AMHAMiIKAa PO3MOIiay Ta
cTifiKocTi JlikapchbKUX 3acobiB.

BucHosku. [1y1d HecTiiKUX ¥ BOZTHOMY cepeJio-
BUIIi IpemapariB, A0 SKUX BigHOCUTHCA Cur, cifg
3aCTOCOBYBaTU HaMOiIbIN riApod0oOHI HAHOCTPYK-
Typu 0e3 caimiB Boau, 4O AKUX HAJIEXKaTh AApa
mines Pluronic®. Taxkuii MmeTon gae MOMKJINBiCTE
BUKOPHUCTOBYBATH iHIIII MaJOPO3UYMHHI ¥ BOJI JIi-
KapchKi mpemapaTu.

ITepcneKTUBHUM HATIPAMOM HAHOMEIUIIUHU €
CTBOPEHHA KOMILIEKCHUX OiocyMicHUX HaHOMATe-
piasiB Ha OCHOBI AEKiNBKOX Mil0OUMX IIpemaparis,
AKi 3MEHIIYIOTh TOKCUUYHICTDL JiKiB IIIOZ0 HOP-
MaJIbHUX KJIIiTHUH.

Knwuosi cnosa: MyasTu(PyHKITIOHATILHI HAHOCH -
cTeMU, HAHOKOHTEMHepHu M/ MeIUUYHUX IIperma-
paTiB, KypKyMiH.
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WucturyT o6moxumuu um. A. B. ITanaaguna
HAH Vkpaunsi, Kues
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Ucnonan3oBanre MYyJAbTUPYHKINOHAIbHBIX
HAHOCUCTEM B MeAUITMHE U HayYHBIX MCCJIem0Ba-
HUAX ABJIIETCA aKTYaJTbHBIM.

ITenw. Ob00ITIEHIE JAHHBIX JIUTEPATYPHI OTHOCU-
TEeJIFHO IIEPCIIEKTUB CO3aHMA 1 MCII0JIb30BaHUA Ha-
HOKOHTEIHepPOB Ha ocHoBe KypKymuHa (Cur). Diy-
opectieunus Cur B cocraBe HanouacTur (HY) naet
BO3MOKHOCTH MCCJIEIOBATh pacipezesienue GJIyo-
PEecCIieHTHBIX U He()IyOPEeCIeHTHUX KOMIIOHEHTOB,
3HAUNTEJIbHO YCKOPUB M3YyUeHNe U BHEPEHUE IIpe-
napaToB B npakTuky. Ocoboe BHUMaHNe HalIpaBJe-
HO Ha HUCIIOJIb30BaHMe ruApodo6HbBIX BetlecTs B HY,
KOTOpPbIE MOT'YT IIPOHUKATH BHYTPD *KUBOIT KJIETKU.

ITormmanue B3aumogeiictBusa HY ¢ :KuBbIMU
KJIeTKAMU YPEe3BBIYANHO BasKHO B TeX CIydadX,
KOT/Ia TU YaCTUIIBI UCIIOJIb3YIOTCA AJIA TPAHCIIOP-
TUPOBKHU U AOCTABKU K KJIETKAM HEPACTBOPUMBIX
B BOJie JIEKaPCTBEHHBIX cpeacTB. Cur ABIseTCs Of-
HUM U3 IPernapaToB C Pa3JIUUYHBIMUA U OUEHb IIep-
CIIEKTUBHBIMU (hapMalieBTUUecKuMu dhheKramu,
OHAKO OH MaJIOPaCTBOPUM B BOIHOII cpee, a ucC-
II0JIb30BaHNE HAHOHOCUTEJEeH ABJIdeTca sahder-
THUBHBLIM CIIOCOO0OM [JIsI HEOOXOLMMOI'0 3HAUNTE I b-
HOT0 yBeJIMYeHud ero 6uogocrynuoctu. Cur umeer
COGCTBEHHYIO (DJIYOPECIIEeHITNIO, UTO AAaeT BO3SMOK-
HOCTB MCIIOJIb30BATH €r0 B KaUeCTBe MYJIbTUPYHK-
MUOHAJBHOMN (hJIyOpPECIIeHTHON HAHOCUCTEeMbI, Ha-
mpumep, ¢ muieramu Pluronic®.

Ucnonbv3oBanme metoa MIyopeceHIIuN TaeT
BO3MOJKHOCTB IIPOCJIEUTD 9TAIbI B3aUMOI€CTBUA
Harpy:keHHbIX Cur HY ¢ KyJIbTUBUPYEMBIMU KJIET-
KaMU1 1 X JIOKAJIM3AIINIO B KJIETOUHBIX OpraHesIIax.

C mmoMoIIp10 TaKOT0 IMOAX0/Ia BO BpeMeH!U Ha-
OJirolaeTcA HaHOpasMepHas IMHAMUKA pacirpee-
JIEHUS W YCTONYMBOCTH JIEKAPCTBEHHBIX CPEJICTB.

Buviso0vt. 1151 HEyCTOMYMUBBIX B BOJHOM cpeje
IpemnapaTroB, K KOTOpsIM oTHocuTcss Cur, HeoOXo-
INMO MCIO0JIb30BaTh HamboJee Tuapo)o0HbIe HAHO-
CTPYKTYPHI 6€3 CIeI0B BOAbI, K KOTOPHIM OTHOCSTCS
anpa muresa Pluronic®. Taxoii meTon gaeT BO3MOK-
HOCTb HCIIOJIB30BATh APYTHE MaJIOPACTBOPUMEIE B
BOJle JIeKapCTBeHHEBIe ITperapaThl. IlepcrieK TBHBIM
HaIIpaBJIeHNeM HaHOMEAUIIUHEI ABJISAETCS CO3MaHIe
KOMILJIEKCHBIX 0MOCOBMECTUMbBIX HAHOMATEPUAJIOB
Ha OCHOBE HECKOJIBKUX JEUCTBYIOITUX IIPEIapaTos,
KOTOpbIE YMEHBIIIAIOT TOKCUYHOCTD JIEKAPCTB OTHO-
CUTEJIbHO HOPMAJIBHBIX KJIETOK.

Kntouesvie cnosa: mMynbTuGyHKIUMOHATIbHBIE

HAHOCUCTEMbI, HAHOKOHTEWHEDPHI OJIA MEIUITIH-
CKUX IIPEernapaToB, KYPKYMUH.
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This review presents the protein and amino acid composition of both goat colostrums and milk and
describes the properties of goat colostrums and milk components. In addition, the prospects of use of goat
milk and colostrum in the food and cosmetics industry and the feasibility of use of goat milk for baby
feeding are shown. Functional foods produced from goat milk have antioxidant, anti-inflammatory,
cardioprotective, antihypertensive and antiatherogenic activities in the human body. Goat milk cosmetics
are very useful for maintaining a healthy skin and are effective in treatment of various skin diseases.
Infant formula based on goat milk provides comfortable digestion for babies and are better at absorbing

proteins, fats and other nutrients than infant formula based on cow’s milk.

Key words: goat colostrum, goat milk, proteins, amino acids, cosmetology, baby feeding.

Goat colostrum is a pure natural product
containing a large amount of biologically
active substances such as proteins,
vitamins, minerals, antimicrobial peptides,
immunoglobulins [1]. Therefore it is promising
to create therapeutic and cosmetic products
based on goat milk and colostrum, which
protect the skin from aging, dermatological
problems, harmful effects of the environment.
Additionally, the nutritional value of goat
colostrum and its lower allergenicity in
comparison with bovine colostrum provoke
interest to goat’s milk and colostrum as
functional products. Moreover, the creation
of infant formula and fermented dairy
products from goat’s milk supposes significant
advantagesduetoitsprobiotic and antioxidant
properties.

Protein and amino acid composition of
goat’s milk and colostrum,the components’
properties. Protein plays a fundamental role in
the functional and technological value of goat
colostrum. The total protein content in goat
colostrum ranges from 2.6 to 4.1 g/1.

The protein composition of goat’s milk is
presented in the Table 1 [2].
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Among these proteins, whey proteins
have the highest biological activity. Thus,
B-lactoglobulin has antitumor functions,
participates in the regulation of enzyme
activity, and is able to bind hydrophobic
molecules such as retinol, fatty acids, steroids,
etc. [3]. B-lactoalbumin promotes the growth
of bifidobacteria, as well as assimilation of
calcium and zinc [4].

Lactoferrin 1is an iron-binding
glycoprotein, which plays an important role
in iron homeostasis and cell proliferation;
it has antibacterial, antifungal, antiviral,
antioxidant, immunomodulatory and
anticancer activities [5].

Ig A protects the intestinal mucosa against
E. coli, it protects also the mucous membranes
of the throat, lungs and intestines of infants.
Ig M is an immunoglobulin, which is the
first to be formed in response to antigen and
is highly effective in boosting immunity by
the complement fixation, agglutination and
opsonic activity [6]. Ig G is involved in the
formation of antibacterial immunity [7].

The amino acid composition of goat’s milk
[7]is presented in the Table. 2.
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Table 1. Protein composition of goat colostrum

No. Protein Concentration,%
1 Total casein 2.33-4.63
2 Og;-Casein 0-28
3 Ogo-Casein 10-25
4 B-Casein 0.6-64
5 K-Casein 15-29
6 Whey proteins 0.37-0.7
7 B-Lactoglobulin 39.2-72.1
8 a-Lactalbumin 17.8-33.3
9 Lactoferrin 5.1-21.5

10 | Immunoglobulins 4.6-21.4

From the data presented, the conclusion
can be made that leucine, lysine and valine
predominate among the essential amino acids
in goat’s milk proteins, whereas glutamine,
alanine and proline are found in the largest
amounts among the nonessential amino acids.

Amino acids in goat’s milk and colostrum
are not only substrates for biosynthetic
and energy processes, but also important
regulators of physiological functions,
including hormone secretion, nerve impulse
conduction, and modulation of the immune
response.

Glutamic and aspartic acids, tryptophan,
lysine and arginine have the highest immuno-
and phagocytosis-stimulating activity.

Among amino acids, a special place is
occupied by leucine, which regulates the
processes of protein breakdown and synthesis
in vivo. The experiments on peritoneal
neutrophils have shown that leucine enhances
phagocytosis of staphylococci by neutrophils.

The effect of leucine on the phagocytic
activity of neutrophils in the umbilical cord
blood of newborns was investigated in the work
of Russian scientists [8]. It was found that,
depending on the concentration, leucine has
a different effect on the ability of neutrophils
to phagocytosis. The dose of 0.1 mg/ml is
optimal, which stimulates the completion
of phagocytosis — the index of phagocytosis
completion increases twice, the phagocytic
index increases from 53.2 to 63.9%, and the
phagocytic number from 7.5 to 9.33, compared
with the control.

The branched-chain amino acids valine,
leucine and isoleucine are important amino
acids in the immune system. In [9] De Simone
et al. evaluated the effect of these amino acids
on microglia, the main immune cells of the

Table 2. Amino acid composition of goat’s milk

No. Amino acid Content, mg/100 g
of milk
1 Threonine 138.67
2 Isoleucine 160.54
3 Leucine 341.01
4 Lysine 342.86
5 Methionine 77.95
6 | Valine 210.23
7 | Arginine 135.65
8 Cysteine 30.62
9 Phenylalanine 175.45
10 | Tyrosine 162.51
11 | Histidine 122.73
12 | Asparagine 117.95
13 | Alanine 250.15
14 | Glutamine 694.58
15 | Glycine 55.83
16 | Proline 310.61
17 | Serine 152.65

brain. It was found that the interleukin IL-10
expression and phagocytic activity increase
under the influence of these amino acids.

Studies by Chinese scientists [10] have
shown that valine enhances the phagocytosis
of macrophages, thereby inhibiting the growth
of infectious agents Klebsiella pneumoniae,
Escherichia coli in infected tissues. Two
mechanisms are involved in this acivity:
valine activates the PISK/Aktl pathway and
promotes NO production through inhibition
of arginase activity. The valine-arginine
combination effectively kills K. pneumoniae
and other gram-negative (Escherichia coli and
Pseudomonas aeruginosa) and gram-positive
(Staphylococcus aureus) bacteria.

L-arginine also plays an important role
in the immune system functioning. First of
all, nitric oxide, formed from arginine, has
a specific immunomodulatory effect and
act as one of the main effectors of cellular
immunity, causing antimicrobial, antitumor
and antiproliferative effects.

Some studies demonstrate that arginine
plays an important role in the ability of
macrophages to produce NO, which has many
physiological functions, including enhancing
the cytotoxicity of macrophages.

The absence of L-arginine blocks the re-
expression of T-cell receptors in response to
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antigenic stimulation, and is accompanied by a
decrease in cell proliferative activity [11].

Arginine is also known to be important
for the normal proliferation and functioning
of T-cells. The maximum proliferation of
T-lymphocytes is achieved at the arginine
level in the environment of 100 umol/1, and
no further increase in the proliferation rate
is observed at higher concentrations. At
arginine deficiency, a progressive decrease
in the number of T-cell receptors on the cell
membrane occurs.

Additionally, arginine is required for
the killing of tumor cells by activated
macrophages. Besides, arginine in high
concentrations increases the cytotoxicity of
monocytes in vitro.

Thus, arginine stimulates immunity due to
the action on lymphocytes, macrophages and
dendritic cells [12].

Kurtseva et al. presented the results of
studying the reparative and immunotropic
action of a combination of amino acids (glycine
+ histidine + lysine) with lysine [13]. It was
found that the combination of amino acids —
lysine and glycine — enhanced the functions of
neutrophils.

When studying the immunotropic effects
of amino acids separately, it was found that
histidine did not influence the neutrophils
function whereas glycine and lysine had a
stimulating effect. An addition of glycine
resulted in an increase of phagocytic index
(PhI) by 1.5 times, and phagocytic number
(PhN) — by 1.6 times. An increase in the
level of stimulated reaction of the NBT-test
by 1.3 times was also observed. An addition
of lysine was accompanied by an increase in
the absorption capacity of neutrophils, as
evidenced by an increase in (PhN) by 1.8 times
compared with the control.

It can be assumed that an increase in the
absorption capacity of phagocytosis under the
influence of lysine is associated with its stress-
limiting effect.

According to some data, lysine has a
stimulating effect on the phagocytic activity
of neutrophils whereas no significant changes
in specific indicators of the immune response
were detected.

Researches of a number of virologists have
revealed that L-lysine is able to inhibit the
replication of the herpes simplex virus in cells
and thus to reduce the disease duration [14].

Threonine is a major component of
intestinal mucins and IgA, which are
secreted during lipopolysaccharide (LPS)-
induced inflammation. The results of the
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in vivo study in chickens [15] showed that
threonine deficiency causes a violation of the
inflammatory and secretory immune response.

The need for threonine during lymphocyte
proliferation and immunoglobulin A
production was established in vitro and in
vivo.Therefore, threonine is a key element
involved in the production of mucins and IgA
to maintain the intestinal secretory immune
system.

Thus, among the essential amino acids,
leucine, valine, arginine and lysine have the
greatest influence on immune responses. These
amino acids enhance the phagocytic activity of
macrophages and stimulate the formation of
NO in the body, which in turn is able to have a
specific immunomodulatory effect and act as
one of the main effectors of cellular immunity.

The nonessential amino acids perform also
many important functions in the body.

Scientists [16] have found that glutamic
acid plays an important role in maintaining
lymphocyte homeostasis. It is known that in a
medium devoid of glutamic acid or glutamine,
lymphocytes completely lose the ability to
proliferate.

The ability of glutamic acid to modulate the
functional state of lymphocytes by receptor
mechanisms was also established.

In [17], the scientists studied expe-
rimentally the immunocorrective properties
of the composition phenotropil + L-glutamic
acid in the models of cyclophosphamide
immunodepression and LPS-induced immune
stress. It was found that this composition
restores cellular and humoral parts of
immunity as well as lymphoproliferative
processes in immunocompetent organs.

It was found that glutamic acid has
a stimulating effect on the activity of
the immune system due to increasing the
number of antibody- and rosette-forming
cells in the spleen of laboratory animals with
immunosuppression.

There is growing evidence that some amino
acids play a role in the regulation of key
metabolic pathways required for maintenance,
growth, reproduction, and immunity.

The scientists [18] evaluated the
modulating functions of several amino
acids in protective immunity against herpes
simplex virus type 1 (HSV-1). It was found
that glutamine and leucine show increased
immune protection against HSV-1 with double
administration of glutamine and a single
injection of leucine per day. Here, an increased
formation of interferon IFNy in the vaginal
tract was observed on the 2™ and 4" days
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after infection. The activity of NK- and Thi-
type CD4 + T cells, which increases under the
influence of glutamine and leucine, is thought
to play a crucial role in providing effective
protective immunity against HSV-1 infections.

Additionally, glutamine and arginine
increase the expression of antioxidant
genes and decrease the expression of pro-
inflammatory genes in the small intestine and
adipose tissue.

It has been shown that glutamine affects
the growth of immune cells, the functioning of
T cells, as well as the immunoglobulin A (IgA)
synthesis [19].

Chinese scientists [20] show also that
arginine and glutamine affect the immune
responses and intestinal morphology of
striped perch. Arginine and glutamine tend to
improve the production of neutrophil oxidative
radicals. They increase the activity of lysozyme
as well. Glutamine is the main source of energy
of enterocytes and immune cells. Both arginine
and glutamine have been shown to modulate the
immune functions in pathological conditions
in mammals. Additionally, some studies show
that glutamine may be a precursor to arginine
for the synthesis of nitric oxide (NO) in
immune cells.

Glutamine as the main energy substrate for
leukocytes and a key modulator of the cytokine
and NO production plays a crucial role in the
immune response.

Aspartic acid is also important for the
immune system. Scientists from Russia
have found [19] that the inclusion of 10%
L-aspartic acid to the mineral complex in the
diets of piglets is sufficient to provide higher
protective properties in animals. Under the
influence of this amino acid, the highest
phagocytic activity was observed.

Since aminoacids are absorbed in large
quantities and the body’s need for the
mishigh, a so-called «deception» of the body’s
absorption system occurs, and most likely a
change in the phagocytic activity of the blood
serum of guinea pigs in the experimental
groups towards higher values indicates the
intensity of the phagocytosis process, which
is most pronounced in animals of the group
receiving 10% aspartic acid.

Proline is a key regulator of several
biochemical and physiological processes in
cells. For example, proline is a signaling
molecule, a cellular energy sensor, and a source
of superoxide-anion, a free radical involved
in redox reactions in humans and animals.
Additionally, proline takes part in protecting
lymphocytes against apoptosis by stimulating

cell growth and antibody synthesis. Proline-
enriched polypeptide complex can affect
not only adaptive immunity, but also innate
immunity, thereby regulating the secretion of
inflammatory mediators. In general, proline
plays an important role in physiological and
immunological functions [21].

One more study was performed to determine
the immunostimulatory effect of proline
on vaccine-inactivated immunized mice.
The survival of mice, the diet of which was
supplemented with 0.4% L-proline was higher,
indicating an immunostimulatory effect.

Thus, nonessential amino acids also
significantly affect the immune response in the
body. The leading role is played by glutamic
acid, aspartic acid, proline and serine,
which are present in high concentrations in
goat milk and colostrum. The mechanism
of the immunostimulating action of these
amino acids consists in maintenance of
homeostasis of lymphocytes, stimulation of
the development of antibody- and rosette-
forming cells in the spleen, enhancementof
the interferon formation, an increase of the
expression of antioxidant genes and a decrease
of the expression of pro-inflammatory genes.
Amino acids also enhance phagocytic activity,
protect lymphocytes against apoptosis by
stimulating antibody synthesisand control
T-cell proliferation.

The effect of goat’s milk on the skin and
its use in cosmetology. Recently, variety of
cosmetics are produced in the world from
goat’s milk, including soaps, creams, body
lotions, shampoos, hair conditioners and
aftershave lotions. Large cosmetic compa-
nies show increasing interest in colostrum-
based nutraceutical creams, which help to
restore and accelerate the recovery of aging
skin [22].

Scientists performed a comparative
analysis of goat’s and cow’s milk and found
that the substances of goat’s milk more easily
penetrate into the deep layers of the skin, since
they contain oleic or caprylic fatty acid, and
more quickly saturate the skin with vitamins,
phospholipids, and fatty acids. This property
of goat’s milk is associated with high content
of fatty acids.

Goat milk replenishes the deficiency of
fats and linolenic acid (its content in goat
milk is 1.5 times higher than in cow’s milk)
and provides other fatty acids, linoleic and
arachidonic, which are necessary for the skin
but not synthesized by the body. Thanks to
the fatty acids in goat milk, the skin becomes
smooth and healthy.
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Essential fatty acids are the precursors of
pharmacologically active substances involved
in cell division and epidermal differentiation.
They are able to change the inflammatory and
immunological reactions, which modify the
functions of leukocytes and accelerate the
process of tissue granulation. Goat’s milk acts
as a good skin regenerator because it contains
caprylic acid. Additionally, the fat globules
due to their small size penetrate into the
middle layer of the skin (dermis), moisturizing
and rejuvenating it [23].

Unsaturated fatty acids are involved in
the regeneration of epidermal cells. In goat’s
milk, they are absorbed into the skin faster due
to lower melting point. For comparison, fatty
acids in cow’s milk melt at the temperature
29-42 °C, i.e. higher than the human body’
stemperature, which greatly complicates their
absorption by the skin. The fatty acids of
goat’s milk begin to be actively absorbed and
work already at a temperature of 26—-28 °C.

Addition, unsaturated fatty acids enhance
the anti-aging effect of the components of goat
milk — vitamins and phospholipids.

With age, the amount of skin phospholipids
decreases significantly, which is associated
with lower rates of their formation and self-
healing processes in the epidermis. Lack of
phospholipids leads to metabolic disorders
and impaired blood circulation, which
resulted in rapid aging of the skin. Goat
milk’s phospholipids supplement the skin’s
phospholipid deficiency, improve blood
microcirculation, restore the activity of
epidermal cell membranes and slow down the
aging process [24].

It has been established that milk
lactoferrin shows a significant improvement
in dermatological symptoms in the treatment
of fungal skin infections [25].

Peptides isolated from goat’s milk are
often used in the manufacture of cosmetics.
For example, hydrolyzed milk protein is used
in 200 formulations.

Sodium caseinate is most often used
in production of bath salts and oils, in
concentrations up to 0.1% — in the facial and
neck care products.

Whey protein is used in face and neck skin
care products.

Some of these peptides can be used in
products that may come into contact with
mucous membranes and eyes. For example,
milk proteins in concentrations up to 0.5% are
used in eye makeup.

Additionally, some milk peptides have
been reported in deodorants, hair sprays,

42

face powders, face and neck sprays, body and
hand sprays, perfumes. For example, casein
was used in deodorant. Milk peptides at a
concentration of 0.0002% are also used in face
powders [26].

Another advantage of goat milk’s proteins
is a higher content of amino acidsleucine,
glutamine and asparagine as compared with
cow’s milk. These amino acids help to quickly
heal wounds, microcracks on the skin, have an
anti-inflammatory effect [27].

Goat milk contains also a large amount
of zinc. Zinc is an important element for
maintaining healthy skin, wound healing and
is directly involved in both innate and adaptive
immunity. Zinc has antioxidant activity and
helps to eliminate oxygen reactive species
due to its role as a cofactor of the antioxidant
enzyme superoxide dismutase [28].

Goat milk is an essential source of vitamins:
vitamin A, thiamine, riboflavin and niacin.
However, compared to cow’s milk, goat’s
milk has less vitamin E, folate and vitamin
B12[29].

Vitamin A enhances the processes of collagen
and elastin synthesis in the skin. Thanks to
vitamin A, the skin becomes smooth and elastic,
as this vitamin regulates the growth of epidermal
cells[24, 29]. Vitamin B1 (thiamin) has a positive
effect at seborrhea, alopecia, dermatitis and
other skin problems. Vitamin B2 (riboflavin)
promotes wound healing. Niacin improves cellular
respiration, gives a healthy tone and smoothness to
the skin [24].

Goat’s milk also contains a significant
number of growth factors. Goat colostrum
growth factors help in building and
regenerating the skin.

Epidermal growth factors (EGF) help to
prevent the destruction of skin cells that can
occur at autoimmune disorders. Transforming
growth factor (TGF) and insulin-like growth
factor (IGF-1) stimulate skin growth and cell
growth and restore it by direct action on DNA
and RNA, improving wound healing [30].
Transforming growth factor p (TGF-p), acidic
and alkaline fibroblast growth factors (FGF),
milk growth factor (MGF) have a protective
and regenerating effect on the skin.

Considering this, it is advisable to use
goat’s milk in regenerating cosmetics.

The main task of regenerating cosmetics is
to stimulate cell division of the basal layer of
the epidermis. Almost all the means, which are
combined with the concept of “regenerating”,
to some extent affect the rate of cell division.
However, most often they play secondary role.
They only create certain conditions for better
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cells division but do not stimulate division
themselves.

Goat milk effectively promotes immune
defense of the skin and slows down its aging by
the influence on cellular immunomodulation.
Goat milk is a source of a complex of
antioxidants: amino acids of glutathione,
vitamins E, C, A, selenium, Q-enzyme,
proteins — lactoperoxidase, lactoferrin, alpha-
lactoalbumin. These substances strengthen cell
membranes, keeping cells healthy [24].

Many cosmetics are made from goat milk —
soaps, creams, lotions, facemasks. Goat milk
soap does not contain harsh chemicals and is
therefore ideal for sensitive skin. This soap
prevents irritation and damage to the skin. It
is often recommended by dermatologists and
is successfully used to heal people with skin
conditions such as psoriasis, eczema, acne,
xerodermia and itch [31].

Goat milk is used to produce antibacterial
soap, which can inhibit the growth of S. aureus,
B. subtilis, Candida albicans, Micrococcus,
Enterococcus, Staphylococcus epidermidis.
Therefore it is effective in treating acne and
skin infections, as it inhibits the growth of
pathogens [32].

A face mask was developed on the basis
of fermented goat milk. Its whey peptides
and lactic acid were shown to reduce skin
pigmentation; besides, lactic acid inhibits
the growth of the causative agent of acne
Propionibacterium acnes [33].

A cosmetic product containng goat milk
and sweet orange extract has been also
developed. This product has moisturizing and
anti-allergic properties and is effective in the
prevention and treatment of eczema [34].

So, considering the significant content of
various biologically active substances in goat
milk and colostrum, they are used to create the
cosmetics effective in combating skin diseases
such as psoriasis, eczema, acne, etc.

The use of goat’s milk in food. Another
promising area of use of goat’s milk and
colostrum is the production of food products.

Goat milk triggers innate and adaptive
immune responses in the human body.
Consumption of goat’s milk increases the
production of NO in the body, which has
a cardioprotective and antiatherogenic
effect. Additionally, the induction of
proinflammatory (TNF- and IL-6) and anti-
inflammatory (IL-10) cytokines indicates the
ability of goat’s milk to maintain immune
homeostasis in humans, especially aged people,
since they have a reduced immune response,
and as a result the elderly demonstrate an

increase in infections, cancer and autoimmune
diseases. That is why dietary products based on
goat’s milk can be useful in strengthening age-
related immunity [35].

Goat milk has a specific “goat” smell, which
restrictsits consumption. The specific smell
of goat’s milk is associated primarily with
the composition of fatty acids. The content of
capronic, caprylic and capric acids in goat’s
milk is slightly higher than in cow’s milk.
During fermentation, goat’s milk loses its
odor whereas the nutritional value of goat’s
milk may increase. Therefore, the production
of fermented dairy foodstuffs, such as cheese,
kefir, yoghurt, is of great impotance.

Recent studies focused on the natural
antioxidant components of milk and dairy
products. For example, consumption of goat’s
milk cheese produced with Lactobacillus
fermentum CRL1446 affects the activity of
intestinal feruloyl esterase, which increases by
1.5 folds. Therefore, goat’s milk cheese can be
used as a functional product with the activity
of feruloyl esterase, which is responsible
for an increase of intestinal activity and
bioavailability of the antioxidant of ferulic
acid in the intestine, thereby providing
protection against oxidative stress [36].

The antioxidant properties of kefir
from goat milk were also investigated
for the absorption of radicals, such as
2,2-diphenyl-1-picrylhydrazyl, 2,2’-azino-bis-
(3-ethylbenzthiazoline-6-sulfonicacid). It was
found that the antioxidant activity increases
during the first 8-12 hours of fermentation,
and then gradually decreases. When stored
for 21 days, the antioxidant activity of kefir
increases also [37].

Fermented goat’s milk, influencing
antioxidant activity, plays a positive role
in the treatment of iron deficiency anemia.
After consumption of fermented goat’s milk,
a significant increase of some antioxidant
endogenous enzymes was found, along with an
increase in total level of antioxidants. Thereby
milk protects the main cellular components
(lipids, proteins, DNA) from oxidative
damages occuring during anemia [38].

Probiotic lactobacilli are able to release
bioactive peptides during milk fermentation.
The antihypertensive effect of fermented
goat’s milk due to inhibiting angiotensin-
converting enzyme (ACE) was investigated.
Extremely high activity with regard to
ACE inhibition was found in the goat’s
milk fermented with Lactobacillus reuteri,
Lactobacillus bulgaricus, Lactobacillus
rhamnosus, Lactobacillus helveticus [39].
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Additionaly, goat’s milk and yoghurtmade
using a Lactobacillus acidophilus culture,
have a protective effect against the intestinal
lesions, so they can be used in functional
foods at the inflammatory bowel diseases,
such as Crohn’s disease and ulcerative colitis,
which are consumptive and immunologically
mediated diseases, at which the excessive
inflammatory reactions of the intestinal
mucosa and destruction of the gastrointestinal
tracttissues take place.

It has been proven that when goat’s
milk or yogurt is consumed, the activity of
myeloperoxidase, the level of leukotriene B4,
interleukin-1pB and tumor necrosis factor-a
significantly improved. Goat milk intake
also contributes to a significant reduction
in oxidative stress, which is manifested in a
decrease of malodialdehyde and an increase
of glutathione. This preserves the colon
cytoarchitecture and reduces the expression
of cyclooxygenase-2 and nitric oxide
synthase [40].

Yoghurt is also made from goat’s milk.
Quality yogurt is produced by fermentation at
a ratio of lactic acid bacteria — Lactobacillus
delbrueckii ssp. bulgaricus, Streptococcus
thermophilus and L. rhamnosus GG —
1:1:3[41].

Cottage cheese is one more functional
product made from goat milk. In its production,
a starter culture containing Lactobacillus
acidophilus, Streptococcusthermophilus,
Bifidobacteriumlongum, B. bifidum, B. infan-
tisis used.The nutritional and biological value
of cottage cheese lies in alarge amount of
proteins, lactose, calcium, phosphorus, and
valuable probiotic cultures [42].

Recently, the production of functional
fermented goat milk products supplemented
with synbiotics has attracted attention in
terms of health promotion. It has been shown
that the most effective prebiotics regarding
the antioxidant activity of fermented
dairy products are inulin and fructo-
oligosaccharide [43].

Also, a high-protein dessert for sports
nutrition is made on the basis of goat’s milk.
Whey protein isolate and micellar casein in a
ratio of 30/70 are used as protein sources with
a complete amino acid composition, which
makes it possible to obtain a dessert with a
harmonious milk taste and a homogeneous
structure [44].

Goat’s milk and colostrum are natural
protein bases for creating instant food
mixtures with immunomodulatory properties
and reduced, compared to cow lactation
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products, allergenicity. Thus, goat’s milk
and colostrum can be used as components of a
healthy diet for the prevention and treatment
of chronic diseases of the cardiovascular
system — coronary insufficiency,
atherosclerosis, hypertension.

To stabilize the biologically active
substances of goat’s milk and colostrum in the
produced mixtures, the technologyis proposed,
which includes preliminary removal of
moisture by baromembrane methods, freezing
with cryogenic liquids (liquid nitrogen),and
sublimation drying [45].

Goat’s milk is also used to make cheese and
sweet cheese products containing caramel,
cocoa and walnuts. Goat cheese is a high-
quality protein product because it contains a
large number of essential amino acids such as
methionine, cysteine and tryptophan. Also,
sweet cheese samplesare stable against bacteria
and other microorganisms during storage.
Thus, goat cheese can be considered as a useful
product, especially for feeding children,
because it is easily digested [46].

Thus, goat’s milk and dairy products
provide positive effect on the body due
to their antioxidant, anti-inflammatory,
cardioprotective, antihypertensive,
antiatherogenic properties; they are
functionalat iron deficiency anemia,
inflammatory bowel disease.

Use of goat milk and colostrum for baby
feeding. Good quality infant nutrition is
essential for normal growth and development.
Infant formula is used as supplement during
breastfeeding, or if breast milk is insufficient
or breastfeeding is not possible. Cow’s milk is
most commonly used in infant formula, but
recent research shows that using goat’s milk
for infant feeding has many benefits.

First, whey proteins are often added to
infant formulas as a source of main essential
amino acids. The infant formulas made from
goat’s milk contain a sufficient amount of all
essential and nonessential amino acids without
any addition of whey proteins [47].

Second, comparing the breastfed infants
and those fed by formulas with cow and goat
milk, it was found that babies who consumed
goat milk formulas gain better weight and
height. This is likely due to higher protein
content in goat’s milk formulas than in breast
milk and cow’s milk formulas.

Also, when children are fed with goat
milk formulas, there is a significant decrease
in the frequency of colic, which indicates
an improvement of the process of food
digestion. Additionally, an improvement of
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the fatty acids absorption in the intestine was
found, which once again confirms the easier
assimilation of the fatty components of the
goat milk formula [48].

Based on the evaluation of clinical efficacy
of the adapted goat milk-based formula, it was
found that it meets the physiological needs of
infants for basic nutrients and energy, and
supports their normal physical development.
Moreover, the majority of infants (95%)
who consumed goat milk-based formulas
showed good tolerance to the product and a
high degree of the protein assimilation and
utilization [49].

Goat’s milk proteins in infant formula
are absorbed faster in the gastrointestinal
tract of infants than cow’s milk proteins. The
assimilation of essential amino acids in goat
milk in infants does not differ in comparison
with human milk [50].

The assimilation of goat milk proteins and
the kinetics of their digestion are similar to
those of breast milk proteins. Casein from goat
milk is generally more efficiently absorbed
than casein from cow’s milk [51].

Additionally, goat milk contains smaller
fat globules, which results in a more uniform
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INPAKTHYHE BUROPUCTAHHA
KO3HMHOI'O MOJIOKA TA MOJIO3HBA
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lHauiOHaJIanﬁ yHiBEpcHUTET
XapuyoOBUX TEXHOJOril, YKpaina, Kuis
?KuiBchKuil HanioHATBHUI yHiBEepcuUTeT
TeXHOJIOTi} Ta nu3anHy, ¥ KpaiHa
3IHCTI/ITyT MOJIEKYJIAPHOI 6i0sI0Tii i reHETUK U
HAH Vxpainu, Kuis

E-mail: i_woloschina@yahoo.com

B orasaai maBemeno iH(opMaIlirzo CTOCOBHO
IpoTeiHOBOTO I aMiHOKHCJIOTHOTO CKJIALY KO3HU-
HOTI'O MOJIO3WBA Ta MOJIOKA, IPOaHaJIi30BaHO BJia-
CTHUBOCTi KOMIIOHEHTIB MOJIO3MBA Ta MOJIOKAa Ki3.
OKpiM 1HOTO, TOKA3aHO MEePCIEeKTUBU 3aCTOCY-
BaHHA KO3WHOTO MOJIOKA Ta MOJIO3WBA y Xapyo-
Bilf i KOCMETHUYHIN IPOMUCJIOBOCTI, JOMiAbHICTE
BUKODPUCTAHHSA KOSMHOTO MOJOKA OJA JUTAYO-
To BUTOAOBYBaHHA. PYHKIiOHAJIbHI XapuoBi
IPOAYKTHU 3 KO3UHOTO MOJOKA BUABJISIOTH aH-
TUOKCUTAHTHI, IpOoTHU3aNaJ bHi, KapAiOoMpPOTeK-
TOPHi, aHTUTiTEePTEeH3WBHI Ta aHTHWATEePOTeHHI
BJIACTUBOCTI B oprauiami groguuau. KocMmeruuHi
3aco0u Ha OCHOBi KOBMHOTO MOJIOKA € AyKe KO-
PUCHUMU AJIA NiATPUMAaHHA 3J0POBOTO BUTJIA-
Iy mMKipu i ehpeKTUBHUME y JIiIKYBaHHI pidHUX
3axBOpIOBaHb mIKipu. [uraui cymimi Ha ocHO-
Bi KOBMHOTO MOJIOKa 3a6e31meuyioTh KOM(GOPTHE
TpaBJIEeHHA Y HEMOBJIAT i € KpaluMu y 3aCBOIO-
BaHHI mpoTeiHiB, KUPiB Ta iHMIUX MOKUBHUX
PevYoOBMH MOPiBHAHO i3 cyMinraMu 3 KOPOB’ SU0OT0
MOJIOKA.

Karowosi crosa: Ko3uHe MOJIO3UBO, KO3MHE MOJIO-
KO, IIPOTEIHW, aMiHOKHCJIOTH, KOCMETOJIOTid,
OUTSYe XapuyBaHHSI.
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3I/IHCTnTyT MOJIEKYJISPHOM 0MOJIOTUY 1 TeHeTUKU
HAH Vkpaunsl, Kues

E-mail: i_woloschina@yahoo.com

B 00630pe npexacTaBiaeHa nHGopMaIusa o Ipo-
TEeMHOBOM M aMHHOKHUCJIOTHOM COCTaBe KO3BHEro
MOJIOBUBA, NPOAHAJIU3UPOBAHKI CBOMCTBA KOM-
TIOHEHTOB MOJIO3UBa K03. Kpome Toro, mokasa-
HBI IePCHEeKTUBLI IPUMEHEHUA KO3BETO MOJIOKA
M MOJIO3VBA B MUIINEBON 1 KOCMETUUYECKOU IIPO-
MBINIJIEHHOCTH, I1eJIeCO00Pa3HOCTh UCI0JIb30Ba-
HUA KO3bET0 MOJIOKA IJIA JeTCKOTO BCKapMJINBa-
HUuA. PyHKIMOHAIbHBIE TUIEBbIe IPOAYKTHI U3
KO03bero MOJIOKA OKa3bIBAIOT aHTUOKCUIAHTHBIH,
OPOTUBOBOCIIAJUTENbHBIN, KaPAUOIPOTEKTOP-
HBIN, aHTUTUIIEPTEH3WBHBIN 1 AaHTUATEPOTE€HHBIN
a((eKT B opranusMe uejioBeka. KocMmeTnueckue
cpelcTBa Ha OCHOBE KO3bEr'o MOJIOKA OUYeHb IIO-
JIe3HBI IJIA MOANEePIKAHUA 3JOPOBOTO BUIA KOXKU
1 9GO GeKTUBHOCTH B JIEUeHUU PA3JIUUHBIX 3a00J1e-
BaHUY KOoKU. [leTcKue cMecu Ha OCHOBE KO3bEro
MOJIOKa obecmeunBaroT KOMGMOPTHOE IIHUIleBape-
HUe MJaJIeHIeB U ABJIAIOTCA JYUYIIIUMU B yYCBOE-
HUU IPOTENHOB, JKUPOB U APYTUX MUTATEJIbHBIX
BEII[eCTB 10 CPABHEHUIO CO CMECAMHU 13 KOPOBBLETO
MOJIOKA.

Knarouesvre cnosa: Kosne MOJIO3UBO, KO3b€ MOJIO-
KO, IIPOTEenHbI, aMMWHOKMNCJIOTBI, KOCMETOJIOTUI,
AEeTCKOe IIMTaHue.
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Aim. The purpose of the study was to investigate the effect of ultrasonic disintegration on the
lignocellulosic raw materials (biomass of the non-cereal part of rape) with its subsequent use as a substrate
for the production of biobutanol.

Methods. Butanol-producing strains and the biomass of the non-cereal part of rape Brassica napus
were used in the present study. Ultrasonic disintegration of lignocellulosic raw materials was performed
on the specially designed equipment.

Results. The effect of ultrasonic disintegration on lignocellulosic raw materials was investigated for
further application in biofuel production based on microbiological conversion. The possibility of using
the obtained components after the pre-treatment of lignocellulose by ultrasonic disintegration as a
substrate for the microbiological synthesis of butanol was shown. The highest accumulation of butanol
(2.4 g/1) was obtained with the use of 5% dry matter content in the medium, 5 min treatment and the
specific power of ultrasonic disintegration of 0.72 W /ml.

Conclusions. The possibility of producer strains of the genus Clostridium to use cellulose in the
fermentation process has been shown. When using ultrasonic disintegration for pretreatment of the non-
cereal part of the biomass of rape, the accumulation of butanol increased by 3 folds.

Key words: ultrasonic disintegration, biobutanol, lignocellulosic raw materials, biofuel.

Modern biotechnology offers great
opportunities for the use of lignocellulosic

materials such as straw and crop residues
account for about 14% [2].

plant biomass, such as agricultural and
woodworking plant waste. In Ukraine, more
than 50 million tons of grain are harvested
annually. The main grain crops in Ukraine
in terms of production are corn (38.50%),
wheat (28.34% ), sunflower (16.43% ), barley
(6.74%), soybeans (4.19%) and rape (4.08%).
Other crops in total make up 1.72% of the gross
harvest (peas 0.78%, rye 0.23%, sorghum
0.21%, oats 0.17%, panicgrass 0.16%, rice
0.07%, triticale 0.05% , buckwheat 0.04%,
etc.) [1]. Renewable energy sources of raw

Lignocellulose is the main building material
of plant cell walls. The main macrocomponents
of lignocellulose are cellulose, hemicellulose
and lignin. The production of biofuels from
biomass generally requires three successive
processes, namely destruction and hydrolysis,
cultivation and isolation of the final product.
Numerous studies on the use of biomass have
shown that the rate of hydrolysis is limited
by the rigidity of cell walls, which inhibits or
delays the further process of biodegradation.
There are many methods of destroying cell
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walls. The most common are grinding, various
types of hydrolysis, ultrasonic and microwave
(at 100 °C) disintegration, osmotic shock and
autoclaving (at 121 °C), which have their
advantages and disadvantages and, thus,
different end results [3, 4].

Ultrasonic disintegration (USD) of the cell
wall occurs at a relatively low temperature,
compared with microwave processing and
autoclaving. It does not require the pretreatment
with chemical destructors, which reduces the
cost of the preparation process. USD is commonly
used for cell lysis and homogenization; however,
it can also be an effective method of breaking
hard cell membranes [5].

Biobutanol production is the next
important stage in the development of various
types of biofuels. The use of biobutanol should
meet the growing need for environmentally
friendly motor fuel. Production of second-
generation biobutanol from renewable
non-food sources of raw materials such as
cellulose-containing waste should solve the
problem of using agricultural waste [6].
One of the methods of complex preliminary
preparation of lignocellulosic raw materials
is USD. This method provides significant
destruction of biomass and makes it possible to
identify the components of lignocellulosic raw
materials [7]. Subsequently, the components
of lignocellulosic biomass can serve as a
substrate for microbiological conversion by
microorganisms of the genus Clostridium and
the production of biobutanol [8].

The aim of the work was to study the
ultrasound disintegration of lignocellulosic
raw material (the biomass of non-cereal part
of rape) to subsequentially use it as a substrate
for biobutanol production.

Materials and Methods

The objects of the study were the strain
Clostridium sp. IMB B-7570 from the
“Collection of strains of microorganisms
and plant lines for food and agricultural
biotechnology” of the Institute of Food
Biotechnology and Genomics of the National
Academy of Sciences of Ukraine (hereinafter
the Collection); green biomass of Brassica napus
of the “Chempion Ukrayiny” variety harvested
in 2021 at the Olenivske Experimental Farm
of the National Research Center “Institute
of Mechanization and Electrification of
Agriculture” of the National Academy of
Agrarian Sciences of Ukraine.

The stages of research included the
preparation of plant raw materials with the
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preparation of a suspension based on crushed
raw materials, treatment of the resulting
suspension with ultrasound and its subsequent
cultivation to obtain biobutanol. Preliminary
preparation of plant raw materials consisted of
two-stage grinding of raw materials to a given
weighted average size of crushed particles (200
mesh), mixing the entire mass of crushed raw
materials, preparation of suspensions with
a given dry matter content and subsequent
sonication of the suspension. The crusher
“Elikor-5” (PJSC “Electromotor”, Ukraine)
was used for preliminary grinding, and the
laboratory mill “LZM-1” (LLC “LIS”, Ukraine)
was applied for the final grinding. The
weighted average size of the crushed particles
of raw materials was determined by laboratory
sift “RLU-3” (LLC “Status”, Ukraine) with a
set of laboratory sieves. Plant raw materials
were ground to a weighted average particle size
of 0.78 mm (passing the laboratory sieve No. 64
and retained on the sieve No. 67). The crushed
raw materials were mixed for 5 minutes using
a laboratory batch drum mixer [9]. For the
preparation of the suspension, purified tap
water was used with the corresponding mass
fraction of crushed plant raw materials, taking
into account its humidity. Laboratory scales
TVE-1 (LLC “NVP “Technovagy””, Ukraine)
were used for weighing of raw materials.

The USD of the suspension was performed
with a laboratory ultrasonic bath, consisting
of a stainless-steel gastronomic container
of standard size “GN “4” (“TorhOborud”,
Ukraine) with a depth of 65 mm, at the
bottom of which were attached piezoceramic
Langevin ultrasonic transducers (Fig. 1)
with an operating frequency of 28 kHz and
an ultrasonic power of 60 W (PE “Voron”,
Ukraine). The laboratory unit was powered by
a 1.5 kW ultrasonic generator UCE-NT 1500
(“UCE Ultrasonic”, China), which provided
the set operating time and automatic tuning
of the resonant frequency of the ultrasonic
transducers in the range of 20-40 kHz.
After ultrasound, the raw materials were
immediately sent for cultivation.

The yield of butanol per unit volume of
suspension and weight of dry matter (g/1)
was investigated depending on the duration
of ultrasonic treatment of the suspension
(t, min.), the dry matter content in the
suspension (s, %) and the specific power of
ultrasound (u, W/1). The specific power of the
ultrasound (1) was changed by changing the
volume of the suspension at a constant power
of the transducers. The duration of ultrasonic
treatment of the suspension was 5 and 25 min,
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the dry matter content was 50 and 100 g/1,
the specific power of ultrasound was 0.18 and
0.72 W/1.

As a control, mash of rape mass of 50 and
100 g per liter of water was used and sterilized
for 2 h and a pressure of 2 atm. The moisture
content of the raw material was determined
using a weighing moisture analyzer
“RADWAG MA 50/C/1” (Poland).

Cultivation of microorganisms was
performed on solid media in Petri dishes in
anaerostat “AE 01” (RF) with a nitrogen
atmosphere to obtain single colonies. To obtain
the inoculum, single colonies were selected and
placed in a liquid medium. Glycerol medium
was used as the inoculum medium with the
following composition (g/1): glycerol p. a. —
20, yeast extract — 1.0; (NH,),SO, — 0.6;
(NH,),HPO, — 1.6; pH 6.5. The medium was
sterilized for 30 min at a pressure of 1 atm.
and was used to accumulate and add to the
fermentation medium the same concentration
of bacteria in the active phase. The inoculum
was fermented for 24 h and the accumulation
of bacteria was evaluated according to the
turbidity standard [9]. The anaerostat was
placed in a thermostat at a temperature of
35 = 1 °C. Cultivation was performed in
500 ml flasks using 250 ml of medium, the
flasks were covered with hydroacid seals with
concentrated sulfuric acid. The flasks were
weighed and thermostated at 35 = 1 °C. After
72 h of culture, the cells were pelleted using
a “Labofuge 400R” ultracentrifuge (Germany)
at 13,000 rpm for 10 min. After cultivation,
fermentation products were distilled off
from the culture fluid. The presence of
ethanol and butanol in the culture fluid was
determined using a gas chromatograph with a
flame ionization detector. A 3 m long packed
column was used with Carbowax 1500 on

Fig. 1. Laboratory ultrasonic bath
with transducers (bottom view)

chromaton N-A-W-DMSC (0.20-0.25 mm). The
temperature of the column was 60 *+ 2 °C, that
of the evaporator was 160 = 5 °C. The ratio of
nitrogen-hydrogen-air flows was 1: 1: 10.

All experiments were performed
in triplicates. Statistical processing of
experimental data was done using Microsoft
Excel. The difference between the two means
was considered significant at P < 0.05.

Research of ultrasound decomposition
of plant raw materials to obtain biobutanol
was conducted at the Department of Labor
Protection and Biotechnical Systems in Animal
Husbandry in the National University of Life
and Environmental Sciences of Ukraine,
and the State Institution “Institute of Food
Biotechnology and Genomics of the National
Academy of Sciences of Ukraine” (laboratory
of industrial and food biotechnology).

Results and Discussion

The main idea of the research was to
establish the parameters of pre-treatment of
plant raw materials, in particular, grinding
and USD, at which the accumulation of
biobutanol in the cultivation process would
be maximal. The results of the study showed
the possibility of using USD of rape biomass
and its use as a substrate for biobutanol
(Table). The technological parameters of
USD and solvent accumulation are given in
Table. Experiments 1-8 were performed with
biomass after USD, and experiments 9 and 10
were conducted without USD and served as a
control. The accumulation of biobutanol after
USD of rapeseed biomass was greater than that
of untreated rapeseed biomass and untreated
rape biomass of other plants [10]. The duration
of ultrasonic treatment of the suspension t did
not have a significant effect on the final result,
which indicates the need to adjust the limits
of change of this parameter and set the upper
limit at 5 minutes.

The USD parameters indirectly affected the
accumulation of the target product. In some
samples there was an increased accumulation
of ethanol instead of butanol. In our opinion,
this change is due to the change in the carbon-
nitrogen ratio of the medium after USD.
The largest accumulation of biobutanol
(2.44 g/1) was for the following values of
parameters: s = 50 g/1, n = 0.72 W/ml, which
corresponds to the upper limit of variation of
these parameters. The lowest accumulation
of biobutanol (1.16 g/1) was observed in the
case of s =100 g/1 and 1 = 0.18 W/ml, which
corresponds to the lower limit of variation.
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Technological parameters of USD and solvent accumulation

Experi- ¢ min . g/l W1 Solvent accumulation, g/1 Plan't biomass
ment ethanol acetone butanol residue, g/1
1 25 100 0.72 0.34+=0.07 0.09 =0.01 1.57+0.09 73.55 +=0.02

2 25 100 0.18 0.30 =0.07 0.03+0.01 1.16 =0.07 34.26 = 0.07

3 25 50 0.72 0.32 £ 0.07 0.20 = 0.03 2.44 +0.09 18.46 += 0.06

4 25 50 0.18 0.31+0.07 0.07+0.01 1.63 =0.06 34.55+=0.03

5 5 100 0.72 0.33+0.07 0.06 =0.01 1.22+0.04 85.56 = 0.04

6 5 100 0.18 0.24 = 0.04 0.06 +0.01 1.24 +0.03 83.29+0.05

7 5 50 0.72 0.33 £0.07 0.20 = 0.04 2.37+0.09 18.55 £ 0.01

8 5 50 0.18 0.52 = 0.07 0.10 £ 0.02 2.16 = 0.09 19.76 £ 0.02

9 - 50 - 0.13+0.04 0.02+0.01 0.24 £0.02 42.55+0.03
10 - 100 - 0.05+0.01 0.02+0.01 0.73 +0.04 96.14 = 0.07

Note: the largest accumulation of butanol is highlighted in fat.
Hereinafter: P < 0.05 compared to control, native medium used as control.

In control samples that did not undergo
USD, the accumulation of biobutanol was
0.24 and 0.73 g/1, depending on the biomass
concentration of 50 and 100 g/1, respectively.

The dependences of biobutanol
accumulation on the parameters s and p are
obtained in the form of power functions for
the specific accumulation per unit volume of
suspension Bv, g/1 (1)

Bv = 7.84563‘8_0'721369'}10'142132, (1)

where s is the content of dry matter in the
suspension, %; p is the specific power of
ultrasound, W/ml;

and for the specific accumulation per unit mass
of dry matter Bm, g/kg (2)

Bm = 784.563'5_1'72137'}]_0'142132. (2)

For dependence (1), which is adequate
for 95% confidence interval, the coefficient
of multiple determination D = 0.882368,
the coefficient of multiple correlation R =
0.939344. For Fisher’s test, F = 18.7527; the
probability F of the criterion P = 0.996669.
All model coefficients are significant at a
confidence interval of at least 94%. For
dependence (2), which is also adequate at
95% confidence interval, the coefficient
of multiple determination D = 0.974346,
the coefficient of multiple correlation R =
0.98709. Fisher’s test F = 94.9496; the
probability F of the criterion P = 0.999808.
All model coefficients are significant at a
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confidence interval of at least 94% . Graphical
view of dependences (1) and (2) is shown in
Fig. 2 and Fig. 3, respectively.

As can be seen from Fig. 2 and Fig. 3,
the increase in dry matter content in
the suspension leads to a decrease in the
accumulation of biobutanol. This can
be explained by the increase in acoustic
resistance of the treated suspension and
the corresponding decrease in the effective
action of ultrasound. The effect of the specific
power of ultrasound on the accumulation
of biobutanol within the experiment is less
intense, but leads to an increase in the yield
of butanol. The effectiveness of this factor
increases in the case of reducing the dry matter
content in the suspension.

The accumulation of butanol increased
due to the higher bioavailability of raw
materials. The increase in the bioavailability
of the substrate may be due to the fact that
during USD, the number of crystalline
zones of cellulose decreases and the number
of amorphous zones, which are easily
broken down by enzymes, rises. Ultrasonic
pretreatment of the substrate can change
the surface morphology of lignocellulosic
materials, partially disrupt the cell wall, which
leads to increased availability of cellulose
fibers to enzymes (cellulase) and enhances the
yield of sugars during hydrolysis [11-13].
In bacteria of the genus Clostridium, such
enzymes that break down cellulose are part of
the extracellular multiprotein complex, the
cellulosome.
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Fig. 2. The dependence of the specific accumulation of biobutanol per unit volume (Bv) of the suspension on
the dry matter content of the suspension (s) and the specific power of ultrasound (n)

Fig. 3. The dependence of the specific accumulation of biobutanol per unit mass of dry matter (Bm)
on the dry matter content of the suspension (s) and the specific power of ultrasound (1)

The increase in the content of available
carbohydrates in suspensions depends on the
degree of destruction of lignocellulose, so it is
important to find the optimal percentage of its
destruction in suspension, for further use in
biotechnology of liquid biofuels.

Ultrasound treatment of wheat straw [12]
and sugar cane stalks [13] with ultrasound
frequency of 20 and 24 kHz for 35 and 47
minutes in media of potassium hydroxide and
sodium hydroxide, respectively, led to the
destruction of 50 to 75 % of lignocellulose.
This duration of USD, obviously, is beyond
the economic feasibility of use in biofuel
technologies.

USD of lignocellulosic biomass has both
advantages and disadvantages compared to

other pretreatment methods[14, 15]. It should
be emphasized that it is not always possible
to transfer a certain method of pretreatment
of the substrate from one type of plant
biomass to another. The choice of the method
of pretreatment of lignocellulosic biomass
depends on its composition and by-products
formed as a result of processing. These
factors significantly affect the material and
financial costs in biofuel technology, which are
associated with the method of pretreatment of
lignocellulosic biomass.

Conclusions

Producer strains of the genus Clostridium
can use plant lignocellulosic raw materials as
a substrate in the cultivation process. The use
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of ultrasound disintegration for pretreatment
of the non-grain part of rape biomass increases
the accumulation of butanol. The optimal
values of technological parameters of USD as a
pretreatment of plant biomass are established.
These results indicate the effectiveness of
ultrasound as an agent of pretreatment of plant
raw materials in liquid biofuel technologies.
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YJIbTPA3BYROBA JESIHTEI'PAIIA
JITHOITEJIFOJIO3HOI CHPOBUHUA
AR IIOITEPEAHSA IIIATOTOBKA
CYBCTPATY OJdA
MIRPOBIOJOITYHOT'O OTPUMAHHA
BIOBYTAHOJIY

0. 0. Tizynosa', M. O. Ymancoruii?,
B. B. Bpamiwxo®, A. B. Bana6ax®,
C. M. Illynvzal

IIIV «IrcTuUTyT XapuoBoi 6ioTexHOJIOTII Ta
reaomiku» HAH Vkpainu, Kuis
HanionanbHuit yHiBepcureT 6iopecypcis i
MIPUPOJOKOPUCTYBaHHA ¥ Kpainu, Kuis
VYMaHCBbKUI HAIliOHAJIBHUN YHiBEPCUTET
camiBHUIITBA, Y KpaiHa

E-mail: Shulga5@i.ua

Mema. JocuifgsxeHHA BIJIUBY YJIBTPa3BYKO-
BOI JlediHTerpaii Ha JIirHOIEII0JIO3HY CUPOBUHY
(6iomacy He3epHOBOI UaCTUHU PillaKy) 3 MOJAJIb-
HIXM BUKOPUCTAHHAM ii AK cyOCcTpaTy AJIs OTPU-
MaHHSA 6i00yTaHOITy.

Memodu. [na mociigskeHb BUKOPUCTOBYBA-
JIY HMITaMU-TIPOAYIIeHTH 0io0yTamoay; 6iomacy He-
3epHOBOI yacTuHU pinaxky Brassica napus. ¥YJib-
TPa3BYKOBY He3iHTerpariiro JirHOIEJTI0JIO3HOI
CUPOBWHU BUKOHYBAJU Ha CIEI[iaJbHO CTBOPEHO-
My obJIagHAaHHI.

Pesyavmamu. Jlocirii;keH0 BIJIUB YJIBTPA3BY-
KOBOI Jle3iHTerpallii Ha JIirHOIEJII0JIO3HY CUDOBU-
HY 3 HOJAJIBIINM Ii BUKOPUCTAHHAM JJI OTPUMAaH-
Ha OiomaysuBa 3a JOIOMOTO0I0 MiKpoO6iosoriunoi
kouBepcii. [lokazaHo MOMKJIMUBICTHL 3aCTOCYBaH-
HS OTPUMAaHUX KOMIIOHEHTIB JIITHOIIEIOJIO3U K
cybcTpaTry micasa yabTpPasBYKOBOI mesimTerparii
s MiKpoOioJsioriuHoro cuHTE3y 6yTanosy. Bera-
HOBJIEHO, 1110 Hai10iIbIlle HAKOMUYEHHA OYTaHOIY
(2,4 v/n1) oTpuMaHO 3a BUKOPUCTAHHS BMIiCTY
50 v/ cyxoi peyoBUHU y cepeNoOBUINi Ta 5 XB
00pobeHHA. 3MiHA IUTOMOI IIOTYKHOCTI YJib-
TPa3BYKOBOI Ae3iHTerparii IpakKTUYHO He BILJIU-
BaJia HA HAKOIIMUEHHS CIIUPTiB.

Bucrosku. IlokasaHo, 110 IIITaMU-ITPOAYIIEH-
tu poxny Clostridium MOXXYyTh BUKOPUCTOBYBATHU
POCIUMHHY JIiTHOIEJNI0JIO3HY CUPOBUHY SK CYO-
cTpaT y Impolieci KyJbTUBYBaHHs. BecTraHoBieHo,
110 3a BUKOPHUCTAHHA yJbBTPa3BYKOBOI nmesimTe-
rpaiii A momnepeaHboi 00pPOOKY He3epHOBOI ua-
cTuHU GioMacu pinakKy HaKOIMUYEHHA OyTaHOJIY
30iJIBIINJIOCH YTPUUi.

Knwuosi crosa: yabTpasByKoBa IesiHTerpaiis,
6iobyTano, JiTHOIleJI0JIO3HA  CUPOBUHA,
biomasmso.

YJbTPA3BYRBAS JESUHTEIPALIUA
JIUTHOLEJIJIIOJIO3HOI'O ChIPbSA
KAR ITPEABAPUTEJIbHAS
IIOATOTOBKA CYBCTPATA
AJIA MUKPOBHOJOTHYECROTI'O
INOJYYEHUA BUOBYTAHOJA

E.A. Tuzynosa®, M. O. Ymanckuii?,
B. B. Bpamuwko®, A. B. Bana6ax®,
C. M. IIlynvea’

ry «MHCTHUTYT INIIEBOI GMOTEXHOJIOTUN
u resomuku HAH Ykpaunsr», Kues
2HauHOHaJII:HBIfI YHUBEPCUTET OMOPECcCypPCcoB
¥ IPUPOJOII0JIb30BaHusA ¥ Kpannsl, Kues
YMaHCKUI HAIIMOHAJBbHBIN YHUBEPCUTET
caJoBOCTBA, ¥ KpanHa

E-mail: Shulga5@i.ua

IJenv. UccnenoBaHue BIUAHUSA YIBTPA3BYKO-
BOIi Me3MHTErpaluy Ha JIUTHOIIEJIIIOJI03HOE ChIPhe
(6buomacca He3epHOBOI YaCTH parica) ¢ IOCJIeayo-
1M HCIIOJIb30BAaHUEM e€ Kak cyocTpara AJs I10-
JyyeHUs 6umobyTaHoIa.

Memodvi. [Iy1a nccaefoBaHUA MCIOJIb30BAN
IMITaMMBI-IPOAYIIEHTHI OyTaHoJa; 6momaccy He-
3epHOBOM yacTu parca Brassica napus. ¥YabTpa-
3BYKOBYIO Ie3WHTETPAIINIO JIUTHOILEJJIIOJI03HOTO
CBIPbA BBIMOJIHAJIN Ha CIENUAJbHO CO3JLaHHOM
000pyIOBaHUU.

Pesyavmameut. iccaenoBaHo BAUAHUE YJb-
TPa3BYKOBOI Je3WHTErpanuu Ha JUTHOIIEJIIIO-
JIO3HOE CBhIPhE C JAJbHEHIITUM MCIOJb30BaAHUEM
IS TTONYYeHUA OMOTOIJINBA C IIOMOIIIBI0O MUK PO-
6uoJiornuecKkoil Koupepcuu. IlIokaszana BO3MOK-
HOCTh MCIOJb30BAaHUS IMOCTE 00Pa0OTKY JIUTHO-
1[eJIJTI0JI035bI VABTPA3BYKOBOM Ae3mHTerpamueii
MMOJIYUEeHHBIX KOMIIOHEHTOB KaK cydcTpara mJis
MUKPOOMOJIOTUYECKOTO CUHTEe3a OyTaHoJa. ycra-
HOBJIEHO, YTO HambOoJIbIIIee HAKOILJIeHe OyTaHoIa
(2,4 r/n) mosydyeHo ¢ UCIOJb30BaHUEeM 5% CO-
IepsKaHusd CYXOTo BeIlfecTBa B cpele, b MUH 00-
paboTKe 1 yAeaIbHOM MOIITHOCTH YJIBTPAa3BYKOBOM
mesuaTerpanuu 0,72 Bt /M.

Buvi6o0dvt. IlokasaHa BO3MOIKHOCTH IIITaM-
MOB-TIpoayIeHToB poaa Clostridium NpuMeHATH
I[eJLTI0JIO3Y B IIporecce depMeHTA M. ¥ CTAHOB-
JIEHO, UTO IPU UCI0Jb30BAaHNN 3BYKOBOII 131 H-
Terpaiuu IJs IpegBapuUTeJTbHON 00paboTKY He-
3epHOBOI yacTu 6mMoMacchl palca HaKOIJIeHUe
OyTaHOJa YBEJIUUUJIOCH B 3 pasa.

Kniwouesvle cnosa: yibTpasByKoBas Je3nHTErpa-
nusi, 0MOOYyTAaHOJI, JIUTHOIEJII0JI03HOE ChIPhE,
OHOTOILINBO.
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Aim. The Department of Biochemistry and Physiology of Animals, named after Academician Guly
NUBIP of Ukraine, developed magnesium and phosphorus combined medication based on casein. Our
aim was to test its bioavailability based on the ability to be hydrolyzed by a mixture of pancreatic
digestive enzymes trypsin and chymotrypsin, also check the absence of cytotoxic effects on cell
cultures.

Methods. To assess bioavailability, we used hydrolysis of the medication with a mixture of trypsin
and chymotrypsin, followed by detection of hydrolysis products by polyacrylamide gel electrophoresis.
A standard MTT-test performed on both MT-4 and Namalva cell lines was used to assess cytotoxic
effects.

Results. Based on electrophoresis data, it was found that despite chemical modifications of the
natural casein, the medication based on it is characterized by a high ability to hydrolyze by digestive
enzymes under the same conditions as casein. Also, an MTT-test demonstrates that the medication
has no cytotoxic properties against cell lines MT-4 and Namalva.

Conclusions. Since the negative effects of the drug associated with its digestibility and toxicity
have not been observed, it is recommended to continue the study of its effects on living organisms.

Key words: magnesium, phosphorus, casein, chelate, in vitro, hydrolysis, cell culture, cytotoxici-

ty, MTT reagent, NADH (nicotinamide adenine dinucleotide).

Magnesium is the fourth most common
cation in the body, so it is indispensable
for the organism, and its deficiency causes
severe disorders [1]. The biological action of
magnesium is mainly due to the formation
of complexes with intracellular ligands
and antagonism with calcium for binding
with proteins and membrane structures. As
mentioned above, properties determine the
participation of magnesium in the synthesis
of macromolecules such as nucleic acids
and proteins. Over 300 enzymes require
magnesium as a cofactor for their activity
[2]. The participation of magnesium in
the antioxidant defense of the organism
is explained by the magnesium-dependent
synthesis of glutathione [3, 4].

Medications containing phosphorus
combined with organic radicals are well-
known compounds. These compounds are used
as a source of organic phosphorus to enhance
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mineral, carbohydrate, fat, and protein
metabolism. Also, they are characterized by a
high rate of metabolism and low toxicity [5, 6].
Macro- and microelements enter the body
of animals and humans mainly orally. The lack
of certain elements is corrected by the mineral
and vitamin-mineral supplements in the diet
and in case of acute deficiency — parenterally
[7, 8]. The lack of certain elements is caused
in humans by the impoverishment of the diet
due to deep food processing, and in animals —
the intensification of productivity compared to
natural conditions [9]. A common problem for
humans and animals is the lack or imbalance of
some elements in geochemical zones [10].
Assimilation of magnesium in the body
is carried out through the digestive system.
Metal ions chelated by amino acids are
absorbed in the small intestine similarly to
dipeptides. The intensity of ion chelation
directly correlates with the degree of their
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assimilation [11]. After assimilation, chelates
are hydrolyzed to release two amino acids.
Then they are used for peptide synthesis and
magnesium ion, which acts as a cofactor for
apoenzymes [12—14].

Studies demonstrate numerous
advantages of chelates of microelements and
macroelements compared to inorganic and
organic salts of these elements. The main
advantage of chelates is higher bioavailability,
which allows to decrease the dose and thus
improves organoleptic parameters, and
reduces the possibility of toxic or irritant
effects due to overdose [15, 16]. The
Department of Biochemistry and Physiology
of Animals, named after Academician Guly
NUBIP of Ukraine, developed magnesium and
phosphorus combined medication based on
casein [17].

The task of this study was to investigate
the bioavailability of the developed
medication, namely the possibility and rate
of its hydrolysis by digestive enzymes, as well
as its effect on cell viability, and to prove the
absence of cytotoxic effects.

The important factor in the construction
of the study scheme of the medication is
the expected path of its metabolism with
decomposition to peptides and individual
amino acids. Due to the clarity of the metabolic
pathway of the medication, the determination
of the biotransformation of the drug in the
classical sense is not required [18]. The study
of the ability to hydrolyze peptide medication
for oral administration is the main criteria
for assessing the bioavailability of the latter
because the rate of hydrolysis limits the rate
of absorption [19]. To assess the bioavailability
of the medication, the model hydrolysis with
a mixture of digestive enzymes trypsin
and chymotrypsin was used, followed by
electrophoretic analysis of the obtained
hydrolysis products. The comparison was
carried out with the starting material for the
synthesis of the medication, i. e. casein.

Possible cytotoxic and antiproliferative
effects were investigated by standard methods
for assessing cell viability and proliferation —
the MTT-test and trypan blue staining [20, 21].
MT-4 and Namalva cell lines were used for the
assay.

Materials and Methods

For the study, the magnesium and
phosphorus combined medication based on
casein was used, developed at the Department
of Biochemistry and Animal Physiology named

after Academician Guly NUBIP of Ukraine
(patent 139705 UA dated January 10, 2020).
The medication is a homogeneous powder, and
chemically it is artificially phosphorylated
casein from bovine milk as a ligand that
chelates magnesium ions. The magnesium
content is 10% , phosphorus — 12-15%, and
the rest is protein [22]. For the experiment,
the medication was synthesized in 2 identical
parallels (medication-1 and medication-2).

Hydrolysis. For the hydrolysis of the
medication, a digestive enzyme of the
pancreas trypsin with chymotrypsin trace
(=3%) (FERAK, Germany) was used. The
efficiency of the hydrolysis of the medication
relative to casein (#C3400, Sigma, USA) was
compared. The reaction mixture contained
50 mg/ml of the medication or 25 mg/ml
of casein dissolved in 0.05 M Tris buffer
solution, pH 7.4,containing 0.5 mg/ml of a
mixture of trypsin and chymotrypsin [23].
The reaction was carried out for 90 min
at a temperature of 37 °C in a water bath.
Samples for electrophoretic analysis were
taken after 0 min, 45 min, and 90 min from
the beginning of the reaction. Samples were
dissolved in the Laemmli buffer in a ratio
of 1:1. They were added to the wells of the
polyacrylamide gel approximately 100 ng of
starting material per track [24]. The reaction
products were analyzed with the analytical
electrophoresis, in 12% of separative and 4%
concentrating polyacrylamide gel to prove
the hydrolysis process [25]. The analytical
electrophoresis procedure was performed in
a vertical electrophoresis chamber (Helicon);
the molecular weight standard was estimated
with a use of a pre-stained protein markers
Page Ruler 26619 (10—-180 kDa). The process
of hydrolytic cleavage of the medication was
determined densitometrically by the color
intensity of tracks stained with Coomassie
brilliant blue R-250. Interpretation of results
based on the fact that the color intensity of
fractions of the medication after trypsin
treatment is inversely correlated with the
number of peptide bonds in molecules subjected
to hydrolytic cleavage [26]. Densitometric
analysis was performed using Image J
software.

Cytotoxicity. The studies were performed
using cell lines MT-4 (culture of T-cell
leukemia) and Namalva (B-cell line obtained
with Burkitt’s lymphoma). The following
equipment was used, such as laminar (LS,
laminar systems), CO, incubator (Medcenter
Einrichtungen GmbH MMM-Group),
centrifuge (K-26), multiwell spectrometer
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(Labsystems Multiscan MS). The calculation
and cell population visualization were
performed using an inverted microscope
AxioVert (Carl Zeiss) with Axio Vision
software. Cells used in the studies were
cultured in RPMI 1640 medium (Sigma, USA)
containing 10% FBS (Sigma, USA).

The cultivation was performed in a
humidified atmosphere with 5% CO, at a
temperature of 37 °C. Cytotoxic activity was
determined by the conventional method of
determining mitochondrial activity by MTT-
test, pre-determining the number of living
cells by trypan blue staining and counting in
the Goryaev’s cytometer [20].

Cell suspensions were added to 96-well
plates in the amount of 100 pl/well, at a
concentration of 1:105/ml. The medication
was applied to a final concentration of
0.031, 0.0625, 0.125, 0.25, 0.5, and 1 mg/
ml in a culture medium in three independent
parallel each. Four hours before the end of
incubation of cells, 20 ul of MTT reagent
(Sigma, USA) dissolved in PBS were added to
a final concentration of 0.5 mg/ml. After four
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£250000,0

j 200000,0

.= 150000,0
100000,0

S0000,0

hours, the plates were centrifuged at 400 g for
10 minutes, and the supernatant was removed.
100 pl of DMSO (Serva, Czech Republic) was
added to each well, after which the plates
were placed on a shaker until the formazan
crystals were dissolved. The optical density
was determined at a wavelength of 540 nm.

Statistical analysis. Statistical processing
of the results was performed by the
conventional method of variation statistics
using MS Excel software. It determined the
mean (M), deviations of each measured value
from M (a), quadratic deviations for each group
(o), and mean error (m). Statistic significance
of the results was determined by the Student’s
t-test and the degree of probability of the
difference between the values of P. The results
with P < 0.05 were reliable.

Results and Discussion

The electrophoregram (Fig. 1, A) shows
the comparability of the molecular weights of
the casein fraction, the starting material for
synthesis, and the final medication (1, 2, 4, 7).

5 6 7 8 9
e [} [} B o B =

Clasein O0min 45 min O min 45 min 90 min 0 min 45 min 90 min .

Raw material
for synthesis

Medication-1

Medication-2

Fig. 1. A — electrophoregram of the hydrolysate products of the magnesium and phosphorus combined

medication based on casein:

1 — casein, 2 — starting material for synthesis, 3 — starting material after treatment with trypsin 45 min,
4 — medication-1 before treatment with trypsin, 5§ — medication- 1 after trypsin treatment 45 min, 6 —
medication-1 after trypsin treatment 90 min, 7 — medication-2 before trypsin treatment, 8§ — medication-2
after trypsin treatment 45 min, 9 — medication-2 after trypsin treatment 90 min;

B — the results of densitometric analysis of electropherogram A:

the intensity of the color of the tracks in conventional units
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Reducing the color intensity of tracks 3, 5, 6,
8, 9 obviouslyindicates that the medication has
no worse ability to hydrolyze trypsin than the
starting material for synthesis.

Hydrolysis followed by the detection of
protein fractions in the polyacrylamide gel
demonstrated that despite modification of
the peptide bonds of the casein molecule,
the medications retained the ability to
be efficiently hydrolyzed by trypsin and
chymotrypsin. The presence of high molecular
weight zones (more than 30 kDa) can be
explained by the ability of x-casein to form
stable complexes. The formation of these
complexes depends on exposure to high
temperatures. In the literature, chemical
complexes between milk proteins are known
as milk protein coaggregates [27, 28]. Due
to the formation of stable coaggregates of
casein, hydrolysis followed by visualization
by electrophoresis demonstrates a particularly
good visualization of the process.

Both medications showed identical results
in the test for hydrolysis, so further there
was used a homogenized mixture of them
(hereinafter the medication).

0.3

0.25

A540

Medication
MT-4

The data obtained by vital staining of cells
line MT-4 with trypan blue did not show a
significant increase or decrease in proliferation
compared to control (Table). Since the MTT-
test did not show a significant difference in the
effect of the drug on the MT-4 and Namalva
cell lines, vital staining of the Namalva line
with trypan blue was not performed.

Similar results were demonstrated by the
MTT-test (Fig. 2).

The studies of the cytotoxic properties of
the studied protein preparation showed the
absence of obvious toxic influence against
the cell lines MT-4 and Namalva in the all
above-mentioned concentrations, so the data
are presented for a concentration of 1 mg/ml
as potentially the most toxic one (Fig. 2).
The choice of MT-4 and Namalva cell lines
as models for the evaluation of cytotoxic
properties is explained by the subsequent
test plan of the drug as an immunostimulant.
The proliferative activity of the MT-4 line in
the presence of the medication was slightly
higher than in control, and the Namalva line
was lower. However, a significant difference
between the proliferative effect of the

0.2
0.15
0.1
0.05
0

Control

Medication Control

Namalva

Fig. 2. The results of indicating no cytotoxic effects of the studied protein preparation in MT-4 and Namalva
cell lines (n = 3)

The results of determining the number of living MT-4 cells by trypan blue staining

Control

Medication

Concentration of living cells MT-4

34.4-10%+1.2-103

37.4-10% = 5.6-10°

Concentration of dead cells MT-4

2.6-10%3 = 0.7-10%

3.8-10% = 2.2:103

% of dead cells MT-4

9.22%

Note: * — P < 0.05 compared to control.
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medication on cell cultures, compared with
controls, was not observed. Therefore, it was
found that the magnesium and phosphorus
combined medication based on casein does not
inhibit cellular respiration and does not have a
marked cytotoxic effect on cells.

The electrophoregram of the medication
fractions before and after hydrolysis shows a
significant decrease in the staining intensity of
the fractions inherent in the starting material
after hydrolysis. It indicates the ability to
hydrolyze the medication by the digestive
enzymes under the same conditions as bovine
milk casein. Casein has high bioavailability, so
the medication with the similar properties can
be characterized as bioavailable [29].

An important factor indicating the high
bioavailability of the medication is that natural
casein is used for synthesis, not a mixture of
artificial amino acids. The presence of D-amino
acids in mixtures of enantiomers can reduce
bioavailability, in contrast to raw materials of
natural origin containing only L-amino acids
[30].

The increase in cell proliferation under
the action of the medication was not expected
from the beginning, because the cultural
medium RPMI 1640 is balanced by the
concentration of magnesium and phosphorus.
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Thus, the absence of antiproliferative effects
is a promising result for future application of
the studied preparation. Cytotoxicity studies
can be used to predict toxic effects on the
whole organism [31].

Conclusions

As a result of a set of studies, it was found
that the magnesium and phosphorus combined
medication based on casein is hydrolyzed by a
mixture of trypsin and chymotrypsin and does
not show an obvious cytotoxic effect on cell
lines MT-4 and Namalva. Studies of possible
cytotoxic properties did not show a statistically
significant difference in the proliferation of
cells under the action of the medication. Thus,
the medication can potentially be used for
animals after in vivo studies.
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JOCJJAILIKEHHA KOMBIHOBAHOI'O
ITPEITAPATY MATHIIO I ®0C®OPY
HA OCHOBI KA3SEIHY
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Hamniomanpuuii yHiBepcuTeT OiopecypciB
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Mema. ITepeBiputu 6iogocTynHiCTb po3pobJie-
HOro KOMOiHOBaHOTO IIperapaTy MarHiio i ¢gocdo-
Py Ha OCHOBI KaseiHy, I'PYHTYIOUNCH Ha 3JATHOCTI
rigpojsisyBaTucsa CYMIIIII0 TPaBHUX €H3UMIiB
MiAIIIIYHKOBOI 3aJ1031 — TPUIICUHY i XiMoTpuIIcu-
HY, Ta MOKJINBiCTH ITUTOTOKCUYHOTO BILJIUBY Ha
KYJbTYPHU KJITUH.

Memodu. [Insa nocATHEHHA MOCTaBJIEHOI MeTHn
BUKOPUCTOBYBAJIU TiIPOJIi3 IpernapaTy CyMiIIIiio
TPUIICUHY i XiMOTPUIICUHY 3 ITOAAJIBIIIOI0 JeTeKITi-
€10 TIPOAYKTIiB rifiposizy meromom esiekTpodope-
3y B noJiakpuiaamigaomy reuri. I{oa ominoBaHnHA
IUTOTOKCUYHUX e(PEKTiB 3aCTOCOBYBAJM CTAaH-
maptauit MTT-tect Ha Kyabrypax Kiaitua MT-4
i Namalva.

Pesyavmamu. JlociikeHO BIJIUB YIBTPA3BY-
KOBOI Je3iHTerpariii Ha JirHOIE/II0JI03HY CUDOBU-
HY 3 TOJAJBITUM 11 BUKOPUCTAHHAM AJIS OTPUMAaH-
Ha GiomasmBa 3a AOMOMOTOI0 MiKpoOiosoriunoi
kKouBepcii. ITokazaHO MOMKJINUBICTH BUKOPHUCTAH-
HS OTPUMAaHUX KOMIIOHEHTIB JIiIrHOIEJIIOJIO3U K
cybcTparTy Iicjsa yJIbTPasBYKOBOI AedimTerparrii
I MikpobGiosoriuHoro cuHTe3y 6yTaHoay. Bera-
HOBJIEHO, II10 HANOiJIbIIIe HAKOMTMUEHHA OYTaHOIY
(2,4 r/x) orpumano 3a 5% BMicTy Cyx0i peYOBUHUI
y cepenoBHIIli, 5 XB 00pO0J/IeHHS Ta IUTOMIN II0-
TYKHOCTI yJIBTPa3BYKOBOI gesinTerpartii 0,72 Br/
M.

Bucnosrku. OCKinmbKu HeraTUBHUX e(eKTiB
mmpemapary, OB’ s3aHUX 3 HOT0 IepeTpPaBHICTIO
i TOKCUUYHICTIO, He BUABJIEHO, PEKOMEHIOBAHO
OPOJAOBKUTHA BUBUEHHS MOT0 BIJIMBY Ha MO
in vivo.

Knwouosi cnosa: martiii, pochop, kaseiu, xesaar,
rimposis, KyJabTypa KJIITHH, ITUTOTOKCUYHICTD,
MTT-pearear, NADH (mikoTuHamigageHin-
IUHYKJIEOTHUH).
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I[env. IIpoBepuTs GMOJZOCTYIIHOCTH pazpado-
TAaHHOTO KOMOMHUPOBAHHOTO IIpeIrrapaTa MarHusa
u (pocopa Ha OCHOBe KadenmHa, OCHOBBIBAACh Ha
CIIOCOOHOCTY TUPOJM30BATHCA CMECHIO ITUIIlEeBa-
PHUTEJbHBIX SH3UMOB IOIKEJIYAOUHOUN JKese3bl
TPUICUHOM ¥ XUMOTPUIICUHOM, ¥ BO3MOYKHOCTbH
IIUTOTOKCUYECKOTO BO3INEHCTBUSA Ha KYJIBTYPHI
KJIETOK.

Memodbt. [l mOCTUIKEHUS MTOCTABIEHHBIX
1eJieii 6bIJ MCII0JBE30BaH I'UAPOJIN3 UCCIETyEeMOTO
mpernapaTa CMechio TPUIICHHA U XUMOTPUIICUHA C
TIOCJIeIYIONIell AeTeKIuell MPOAyKTOB TUAPOJIN3a
MeTOZOM 3JeKTpodopesda B MOJUAKPUIAMUIHOM
rejse. [ OIeHKY IMMUTOTOKCUYECKUX 3(h(HEKTOB
ncrosab3oBaau craugaptubiii MTT-TecT HA KyJIb-
Typax Kjetok MT-4 u Namalva.

Pesynvmameot. VicciieqoBano BINAHUE YIbTPA-
3BYKOBOH JAe3WHTETPAINU Ha JIUTHOIIEJII0J03HOE
CBHIpBbE C JaJbHEUITUM MCIOJb30BAHUEM [JIA IIO-
JyuyeHUs OMOTOIJINBA C IIOMOIIbI0 MUKPOOMOJIO-
ruyeckoil KouBepcuu. [loxkazaHa BO3MOXKHOCTDb
IPUMEHEeHUA MOJYUYeHHBIX KOMIIOHEHTOB JIUTHO-
1IeJIJII0JIO3EI ITocjie 00paboTKU YIbTPa3BYKOBOI
Ie3WHTerpanueil Kak cybcTpara AJsa MUKDPOOUO-
JIOTUYECKOTO CHHTe3a OyTaHOJIa. ¥ CTAaHOBJIEHO,
yTOo HauOOJbIllee HaKoOMJIeHue oyranoJa (2,4 r/ma)
moJiy4eHo npu 5% comep:KaHUU CYXOT0o BellecTsa
B cpene, b MUH 00paboTKe U yAeJIbHON MOIIIHOCTH
yJIbTPa3ByKoBoii nesuaTerpanuu 0,72 Br/mu.

Bb1600bt. IIoCcKOIBKY OTPUIATEILHBIX d(hdeK-
TOB IIperapara, CBA3aHHBIX C €TI0 IEPEBAPUMOCTHIO
U TOKCUYHOCTHIO, HEe BHIABJIEHO, PEKOMEHYEeTCs
MIPOJOJIKUTH M3YUEHUEe er0o BIUAHUA HA MOJEJN
in vivo.

Knarouesvie cnoea: marauii, ¢ocdop, Kaseu,
xXeJjaTr, TUAPOJIN3, KYJbTypa KJIETOK, I[UTOTOK-
cuunoctb, MTT pearear, NADH (#uxoruu-
aMUASeHUHIUHYKJICOTHT).
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Lactic acid bacteria play a key role in human microecology and biotechnology — form organoleptic
characteristics of products, increase the nutritional, including biological value of functional foods.
Natural resistance to antibiotics is one of the important factors that determine the probiotic properties
of lacto- and bifidobacteria.

Aim. Study of the antibiotic resistance of functionally active probiotic cultures of «VIVO
probioyogurt» leaven to determine the possibility of using a fermented milk product, which is prepared
on its basis, during antibiotic therapy to maintain and restore normal intestinal microflora.

Methods. Pure cultures of lactic acid bacteria (LAB) were selected for the study: (Lactobacillus
delbrueckii ssp., L. acidophilus, L.casei, L. rhamnosus, L.paracasei, Streptococcus thermophilus,
Bifidobacterium lactis (2 strains), B. infantis), which are part of leaven ,,VIVO probioyogurt*“ the
quality of which is confirmed by certificates of the International Organization for Standardization ISO
9001: 2008, as well as ISO 22000: 2005. The method of the experiment consisted of the following
stages: preparation of nutrient media (,,Lactobacagar, , Bifidoagar®“, glucose-peptone medium),
working solutions of antibiotics; working suspension of LAB; suspensions of cultures (lacto- and
bifidobacteria), cultivation LAB on elective nutrient media with the addition of antibiotics and
evaluation of research results. Determination of antibiotic resistance of LAB was performed by the
method of double dilutions.

Results. The use of this technique enabled to establish the minimum inhibitory concentration (MIC)
of antibiotics of different groups relative to the LAB. The results of the research were processed using
a licensed computer program Microsoft Excel.

Conclusions. Evaluation of the results of studies to determine the MIC of antibiotics —
benzylpenicillin, azithromycin, lincomycin, gentamicin sulfate, ceftriaxone, norfloxacin, amoxil,
streptomycin, tetracycline, erythromycin in relation to IBD; fermented milk product, which was
prepared on the basis of this starter culture, it was advisable to use during antibiotic therapy to restore
and maintain normal intestinal microflora.

Key words: antibiotic resistance, lactic acid bacteria, minimum inhibitory concentration, yeast,
probiotics.

In recent years, with the global environ-
mental problems exacerbated by pollution and
chemical preparations in wide use, human
microecology has been strongly disrupted. This
causes pathological changes in the digestive
and immune organ systems. The problem
became ever more urgent during the COVID-19
pandemics, as the doctors assign antibiotics to
treat pneumonia. Antibiotics are the choice
treatment for a suspected bacterial infection;
to protect the gut microbiome during such
therapy, it is recommended to use probiotics

or high-quality fermented dairy products,
which help the normal gut flora of the patients
recover [1-5].

Currently, the functional nutrition
is widely accepted, e. g., the systematic
consumption of foodstuffs exhibiting
regulatory effects on the human organism or
its specific systems and organs.

Functional nutrition foods include
products with governable properties
depending on the aim they are supposed to
serve. The foods to be regularly consumed by
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all population subgroups should support and
improve health. These foods should also lower
the risk of nutrition-related diseases through
constituent functional components that
efficiently moderate physiological functions
and metabolic reactions in the human organism
[6-10].

In 1984, Japan started the first State
project whose main goal was to create a system
of functional nutrition. In 1991, the system
was officially recognized by law as the Food for
specified health use (FOSHU). That was when
the concept of foodstuffs usable to support the
population’s health was developed [11-13].

The USA market for functional foods is the
largest, amounting to 35-50% by different
estimates. The high level of functional foods
consumption in the country is due to the liberal
nutritional law, market freedom, and the
public attention to the innovations in nutrition
and health protection.

In 1992, Ukraine and 159 other countries
of the world approved the World Declaration
and Plan of Action on Nutrition, committing to
prevent the chronic shortage of the necessary
vitamins, microelements, and other substances
in the people’s nourishment [11].

Nowadays, an unresolved problem is
introducing dairy products containing
probiotics apathogenic for the human body
but antagonistic to the relatively pathogenic
microbes and opportunistic infections. Such
properties help preserve and recover normal
gut microbiota [7-8]. The most common dairy
products are kefir, yogurts, bioyogurts,
ryazhenka, etc.

In 2020, Ukraine initiated the reform of
the school catering system. Several Ministries
(of Science and Education, of Economy, and
of Health) joined the task beginning with
comprehensively studying how the service was
provided. As a result, the Plan for Measures to
Reform School Catering (Cabinet of Ministers
Decree on August 5, 2020) was developed
and approved as part of the abovementioned
reforms; the schoolchildren’s daily menu
now should include 150 mL of a dairy product
(kefir, bioyogurt, or ryazhenka) [14].

The main requirements to be met by the
probiotic preparations are bile tolerance,
temperature tolerance, antimicrobial activity,
and resistance to the most common antibiotics.
The list suggests that antibiotic resistance is a
major requirement for the microbial cultures
selected for the probiotics or the fermented
foods on their basis.

Many authors [14-22] have researched
lactic acid bacteria (LAB) strains and probiotic
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preparations. For example, Kitaevskaya [16]
established by the disk diffusion test that
pure LAB cultures (L. casei, L. fermentum,
L. acidophilum, L. brevis, etc.), except for
L. fermentum, are highly susceptible to
benzylpenicillin (for L. casei, the inhibition
zone was 24 mm). Also, three strains, of
L. casei, L. plantarum, and L. brevis, are
sensitive to lincomycin (for L. casei, the
inhibition zone is 3 mm). LAB cultures are
L. casei, L. fermentum and L. bavaricus.

Studying the genetics of the antibiotic
resistance of LAB, the authors of [16-18]
proved that LAB have chromosomal resistance
to many antibiotic substances depending on
the species and the strain. The genetic basis of
the phenomenon was confirmed to be a result
of either own DNA mutations or incorporation
of DNA of other microbes. The heredity of
LAB resistance to numerous antibiotics is a
consequence of mutations or determined by the
acquired plasmids [15].

The author of [17] used serial dilutions
to find out the MIC of antibiotics for
bifidobacteria. The bacteria were resistant
to third-generation antibiotics. The MIC for
ceftazidime and cefepime was approximately
4 pg/mL.

With this in mind, studying antibiotic
resistance of functionally active strains of
LAB, which promise a lot for producing a wide
range of fermented drinks, is an urgent task.

We aimed to study the resistance to
antibiotics of the functionally active probiotic
cultures of the “VIVO probioyogurt” starter to
find out whether the product based on it is a
valid choice to consume to support and recover
the gut microbiome during antibiotic therapy.

Materials and Methods

For this research, we chose pure cultures
of lactic acid bacteria (LAB) (Lactobacillus
delbrueckii ssp., L. acidophilus, L. casei,
L. rhamnosus, L. paracasei, Streptococcus
thermophiles, Bifidobacterium lactis, and
B.infantis), of which the “VIVO probioyogurt”
starter is composed. The starter (produced by
the Food Resources Institute of the National
Academy of Agrarian Sciences of Ukraine)
was selected as a source of the pure cultures
of lactobacilli and bifidobacteria because it
meets the European standards of quality,
certified by the International Organization
for Standardization (ISO 9001:2008 and ISO
22000:2005).

LAB were cultured on the Lactobacagar
selective culture medium, g/L: fermentative
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peptone — 15.0, glucose — 5.0, microbiological
agar — 10.0, sodium acetate — 4.0, yeast
extract — 2.8, potassium dihydrogen
phosphate — 1.5, ammonium citrate — 1.5,
magnesium chloride — 0.1, ascorbic acid —
0.04, manganese sulfate — 0.04, and distilled
water — 1.0 L, pH of 6.8-7.0. Bifidobacteria
were cultured on the Bifidoagar selective
medium, g/L: fermentative peptone — 2.3,
glucose — 7.5, yeast extract — 5.25, sodium
chloride — 5.0, lactose — 2.5, bacteriological
agar — 0.75, sodium acetate — 0.5, cysteine
hydrochloride — 0.5, ascorbic acid — 0.5,
magnesium chloride — 0.5, and distilled
water — 1.0 L, with pH of 6.8-7.0. The
cultures were kept for 48 hr at 37 °C. The
working bacterial suspension of the LAB was
prepared on the glucose-peptone accumulation
medium, g/L: peptone — 5, glucose — 10,
sodium chloride — 5, and distilled water —
1 L. The culture media were sterilized at
0.5 atm for 30 min.

We tested such antibiotics: benzylpeni-
cillin, azithromycin, lincomycin, gentamicin
sulfate, ceftriaxone, norfloxacin, amoxil,
streptomycin, tetracycline, erythromycin.

The working dilution of the antibiotics was
200 pg/mkL:

-Sample No. 1 — benzylpenicillin (Pen)
(produced at PJSC Kyivmedpreparat, Ukraine,
Kyiv);

+Sample No. 2 — azithromycin (Az) (PJSC
Chervona Zirka, Chemical & Pharmaceutical
Plant, Ukraine, Kharkiv);

-Sample No. 3 — lincomycin (Lin) (PJSC
Kyivmedpreparat, Ukraine, Kyiv);

- Sample No. 4 — gentamicin sulfate (Gen)
(Galychfarm, Ukraine, Lviv);

+Sample No. 5 — ceftriaxone (Cef) (PJSC
Kyivmedpreparat, Ukraine, Kyiv);

-Sample No. 6 — norfloxacin (Nor)
(Zdorovye LLC, Ukraine, Kharkiv);

-Sample No. 7 — amoxil (Am) (PJSC
Kyivmedpreparat, Ukraine, Kyiv);

« Sample No. 8 — streptomycin (Str) (PJSC
Kyivmedpreparat, Ukraine, Kyiv);

+Sample No. 9 — tetracycline (Tetr) (JSC
Vitaminy, Ukraine, Uman);

-Sample No. 10 — erythromycin (Er)
(PharmalLife LTD, Ukraine, Lviv).

The antibiotics were diluted aseptically,
adding sterile distilled water. To determine
MIC, the following concentrations were
prepared and tested by adding to the
Lactobacagar and Bifidoagar culture media,
ng/mL: 100; 50; 25; 12.5; 6.25; 3.13; 1.56;
0.78. The range was chosen based on data in
the literature [15, 16,18].

In the bacteriological practice, two
methods to determine MIC of antibiotics are
the disk diffusion test and the serial dilution
one [19, 23]. The latter yields more accurate
quantitative data. Testing the LAB resistance
to antibiotics was done by the double dilution
method [19, 23]. The resistance to antibiotics
in this way is characterized by the substance’s
activity relative to the LAB. The method
allows establishing the MIC of the antibiotic
in the semi-liquid (Bifidoagar) and solid
(Lactobacagar) culture media.

To establish the LAB antibiotic resistance,
we prepared a homogeneous working
suspension based on the saline solution and the
“VIVO probioyogurt” starter: the contents of
the vial (0.5 g) were aseptically re-suspended
in 10 mL 0.85% NaCl. The suspension was
added to the two selective culture media to
obtain the lactobacilli and bifidobacteria from
the starter’s consortium, which is the common
practice [18]. For this, the biomaterial from
the selective culture media (Lactobacagar and
Bifidoagar) was transferred by a loop to test
tubes with the glucose-peptone medium and
cultured for 4-5 hr to obtain a 1:10° cell/mL
suspension. Cell density was standardized by
diluting the suspension with the medium or
the saline solution. The optical density was
measured using the DEN-1 densitometer,
for which the operating range is 0.0-6.0
McFarland Units [24].

The morphology of the isolated LAB was
studied by microscopy using the Microscope
Digital Eyepiece DCM-800 (8.0M pixels,
CMOS) at 1000x magnification after staining
the samples with methylene blue.

The results were treated using Microsoft
Excel software. The relative error meets
the P <0.05 condition. The bacteriological
parameters (LAB titers depending on the
antibiotic concentration) are presented on the
graphs logarithmically.

Results and Discussion

The probiotics market in Ukraine boasts
numerous starters for fermented dairy
products recommended for daily use. We
chose one, the “VIVO” starter (manufactured
in Ukraine) to determine whether the probiotic
yogurt is worthwhile in augmenting antibiotic
treatment.

To study the antibiotic resistance of the
probiotic cultures of the “VIVO probioyogurt”
starter, we tested not the individual strains but
the antibiotic sensitivity for the Lactobacillus
and Bifidobacterium genera since fermented
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dairy products are made from starters using
pure LAB cultures in symbiosis.

The obtained bacterial suspension was
identified and studied morphologically. The
microscopy results are presented in Fig. 1.

According to the studied morphological
features of the lactobacilli and bifidobacteria,
the species composition of the “VIVO
probioyogurt” was as stated: the rod-shaped
lactobacilli formed short chains either single or
paired, the bifidobacteria were Y- or V-shaped
rods. By using the standard double solution
method [19, 23], we found the MIC for such
antibiotics: benzylpenicillin, azithromycin,
lincomycin, gentamicin sulfate, ceftriaxone,
norfloxacin, amoxil, streptomycin,
tetracycline, erythromycin, for the lactobacilli
and bifidobacteria of the “VIVO probioyogurt”
starter (Table 1). The least antibiotic

concentration inhibiting LAB growth (visually
identified as no colony growing on the Petri
dishes and the test tubes containing the
culture medium remaining transparent) was
taken for the substance’s minimal inhibiting
concentration (MIC) for the studied cultures.
It fully inhibited LAB growth.

By their susceptibility to antibiotics,
LAB can be graded susceptible (MIC does not
exceed 8 ng/mL), conditionally resistant, and
resistant. As for the antibiotic MIC of the
lactobacilli and bifidobacteria of the starter
(Table 1), the test tubes filled with the culture
medium were transparent, without visible
signs of opalescence. On the Petri dishes, the
antibiotics used in noted concentrations (Table
1) inhibited colony growth, characterizing the
MIC for these antibiotic groups. The results
show that the bacteria were most resistant to

Table 1. LAB sensitivity to various antibiotics, P < 0.05

Sa;Inple Antibiotic Antibiotic MIC for the LAB, pg/mL

0. Lactobacilli Bifidobacteria
1 Pen 12.5 6.25
2 Az 6.25 25
3 Lin 3.13 6.25
4 Gen 6.25 25
5 Cef 50 50
6 Nor 50 25
7 Am 25 50
8 Str 100 100
9 Tetr 100 50
10 Er 25 25

Fig. 1. Microscopy of the studied suspension samples, at 1 000x magnification:
a — lactobacilli; b — bifidobacteria
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streptomycin, tetracycline, erythromycin,
and ceftriaxone; the MIC for these antibiotics
were 25, 50 and, 100 ng/mL. The bacteria were
the least resistant to lincomycin, gentamicin
sulfate, and benzylpenicillin (MIC range
3.13-12.5 ng/mL). The bifidobacteria were
the most susceptible to benzylpenicillin
and lincomycin. The LAB titer in the
control samples (without antibiotics) was
1.5:10"CFU/mL (Ig = 7.17) for the lactobacilli
and 2:107 cells/mL (lg = 7.3) for bifidobacteria.

To compare and evaluate the results,
we studied the susceptibility of reference
strains of the lactobacilli and bifidobacteria
(L. lactis 4/1, L. casei 5/4, L. delbrueckii
39/2, L.acidophilus 31/2, L. plantarum
17/2, B.longum PXN 30, B. breve PXN 25,
B. bifidum PXN 23)) to the same antibiotics
(Table 2).

Table 2 shows the susceptibility of
reference LAB strains (L. lactis 4/1, L. casei
5/4, L. delbrueckii 39/2, L. acidophilus
31/2, L. plantarum 17/2, B. longum PXN
30, B. breve PXN 25, B. bifidum PXN 23) to
the following antibiotics: benzylpenicillin,
azithromycin, lincomycin, gentamicin
sulfate, ceftriaxone, norfloxacin, amoxil,
streptomycin, tetracycline, erythromycin. The
reference strains have the bacteria’s typical
physiological, morphological, and biochemical
properties. The studied reference strains of the
lactobacilli and bifidobacteria were the most
susceptible to benzylpenicillin (No.1) except for
L. casei 5/4. All the studied reference strains
of the lactobacilli were highly susceptible to
azithromycin (MIC 3.13; 6.25 pg/mL). The
most resistant to this antibiotic were the
reference strains of bifidobacteria B. longum

PXN 30, B. breve PXN 25, and B. bifidum
PXN 23, which to our thought, is caused by
antibiotic resistance genes. Many authors
[17, 18] consider the genus Bifidobacterium
to be naturally resistant to some antibiotics,
which is also confirmed by our results
(Tables 1, 2). Among the lactobacilli reference
strains, the most resistant to the tested
antibiotics was L. casei 5/4. L. lactis 4/1 was
the most sensitive among the lactobacilli
reference strains to the preparations
(benzylpenicillin (n 1), azithromycin (n 2),
lincomycin (1 3), ceftriaxone (n 5), and amoxil
(M 7)). Among the representatives of the
Bifidobacterium genus, the most resistant to
the tested antibiotics was B. lactis PXN 30,
sensitive to benzylpenicillin (No. 1).

A comparison of MIC values for the
lactobacilli and bifidobacteria of the “VIVO
probioyogurt” starter and the reference LAB
strains (L. lactis 4/1, L. casei 5/4, L. delbrueckii
39/2, L. acidophilus 31/2, L.plantarum
17/2, B. longum PXN 30, B.breve PXN 25,
and B. bifidum PXN 23) shows that the LAB
consortium of the starter is sufficiently
resistant to several antibiotic preparations
(Table 1). The MIC for the starter is comparable
to the MIC for the reference strains (Table 2).

We determined the numbers of LAB
cultured on Lactobacagar (Fig. 2) and
Bifidoagar (Fig. 3) at antibiotics concentra-
tions below the MIC (0.78 to 50 ng/mL). The
results are statistically significant at P <0.05.

The study results (Fig. 2) show that adding
antibiotics No. 5—10 (ceftriaxone, norfloxacin,
amoxil, streptomycin, tetracycline, ery-
thromycin) at 0.78-1.56 pg/mL do not
significantly inhibit the lactobacilli compared

Table 2. Susceptibility of the LAB reference strains to various antibiotics, P < 0.05

MIC of the antibiotic (1-10) for the reference strains of lactobacilli
Strain and bifidobacteria, pg/mL

1 2 3 4 5 6 7 8 9 10
L.lactis4/1 6.25 3.13 1.6 12.5 3.13 12.5 | 6.25 25 50 12.5
L. casei 5/4 25 6.,25 6.25 6.25 50 50 25 100 100 25
L. delbrueckii 39/2 12.5 6.25 3.13 12.5 25 25 12.5 100 100 25
L. acidophilus 31/2 12.5 3.13 1.56 3.13 50 100 12.5 100 100 12.5
L. plantarum 17/2 6.25 6.25 6.25 3.13 12.5 12.5 | 12.5 50 50 12.5
B.lactis PXN 30 6.25 25 6.25 50 50 25 50 100 25 25
B. breve PXN 25 3.13 12.5 3.13 25 50 12.5 25 100 | 12.5 | 12.5
B. bifidum PXN 23 3.13 12.5 6.25 50 50 25 25 100 50 12.5
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Fig. 2. Lactobacilli numbers on Lactobacagar with antibiotics:
1 — benzylpenicillin; 2 — azithromycin; 3 — lincomycin; 4 — gentamicin sulfate;
5 — ceftriaxone; 6 — norfloxacin; 7 — amoxil; 8 — streptomycin; 9 — tetracycline; 10 — erythromycin
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Fig. 3. The number of bifidobacteria on the Bifidoagar with antibiotics:
1 — benzylpenicillin; 2 — azithromycin; 3 — lincomycin; 4 — gentamicin sulfate;
5 — ceftriaxone; 6 — norfloxacin; 7 — amoxil; 8 — streptomycin; 9 — tetracycline; 10 — erythromycin

to the control (the change is within 8%).
A significantly lower lactobacilli titer
was seen at adding antibiotics No. 1, 5-10
(benzylpenicillin, ceftriaxone, norfloxacin,
amoxil, streptomycin, tetracycline,
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erythromycin) at 12.5 ng/mL and above.

The lactobacilli were most susceptible to
such antibiotics as lincomycin, gentamicin
sulfate, and azithromycin (MIC of
3.13-6.25 ug/mL).
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The bifidobacteria were most susceptible
to benzylpenicillin (No. 1), with MIC of 6.25
png/mL. At 0.78 pg/mL benzylpenicillin,
the bifidobacteria titer fell by 37%
compared to the control, while for all other
antibiotics, the titer decreased by 8% or less.
Experimentally, bifidobacteria are the most
resistant to streptomycin and tetracycline
(MIC 100 pg/mL), while for ceftriaxone,
norfloxacin, and amoxil, the MIC was
50 pgmL. Bifidobacteria were the most
sensitive to benzylpenicillin (No. 1) and
lincomycin (No. 3). If we compare the antibiotic
MIC for the lactobacilli and bifidobacteria, the
latter appear more resistant for the following
antibiotics: azithromycin (No. 2), lincomycin
(No. 3), gentamicin sulfate (No. 4), amoxil (No.
7). Notably, both bacteria groups are sensitive
to all tested antibiotics, although the MIC are
different.

The antibiotics’ effect (No. 1-10) on the
titer of the lactobacilli and bifidobacteria
compared to the control is shown in Fig. 4 and 5.

According to the presented results (Fig. 4),
adding benzylpenicillin (No. 1), azithromycin
(No. 2), ceftriaxone (No. 5), norfloxacin (No.
6), amoxil (No. 7), streptomycin (No. 8),
tetracycline (No. 9) and erythromycin (No.
10) to Lactobacagar at 0.78 ng/mL decreases
the bacteria titer by 2—-8% . For gentamicin
sulfate (No. 4), it was 11%, and for lincomycin
(No. 3) 28%.

At concentration of 1.56 pg/mL, the
decrease in titer below 8% was seen for
antibiotics No. 5-10. The lowest lactobacilli

titer was found for the antibiotic No. 3 —
lincomycin (58.3% compared to control).
For the media with antibiotics No. 5-10 at
313 ng/mlL, the lactobacilli decreased by 17-20% .

The concentration of 6.25 pg/mL was
found to be the MIC for antibiotics No. 2—4
(azithromycin, lincomycin, gentamicin sulfate).
In other samples with various antibiotics the
viable lactobacilli decreased by 18—68% .

The concentration of 12.5 ng/mL was the
MIC for benzylpenicillin, while for antibiotics
No. 5—-10 the lactobacilli decreased by 36—65% .

At 25 pg/mL, the number of viable
lactobacilli colonies decreased compared to
control by 40—50% for the following antibiotics:
No. 9 — tetracycline, No. 5 — ceftriaxone, No.
8 — streptomycin, No. 6 — norfloxacin.

Adding antibiotics to Bifidoagar (Fig. 5)
at 0.78 ng/mL decreased bifidobacteria
titer by 2—4% for samples No. 2—-10, and for
benzylpenicillin (No. 1), the bifidobacteria
titer decreased by 37%. At twice the
concentration (1.56 ng/mL), antibiotics No.
2—-8 inhibited the viable cell titer by 5.5-11%,
and benzylpenicillin did that by 47%.

At 3.13 ng/mL benzylpenicillin, the sample
titer decreased by 63% compared to control.
For other tested samples (antibiotics No.
2-10), the titer decreased by 19-27%.

The concentration of 6.25 ng/mL was the
MIC for benzylpenicillin. For other antibiotics,
the bifidobacteria titer decreased by 31-49.3% .

12.5 ng/mL was the MIC for sample No. 10
(erythromycin); for samples No. 2-9, the
bacteria titer decreased by 37-63% .
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Fig. 4. A comparison of lactobacilli titer (% ) of the control sample (medium without antibiotics)
o antibiotic-augmented medium samples:
1 — benzylpenicillin; 2 — azithromycin; 3 — lincomycin; 4 — gentamicin sulfate; 5 — ceftriaxone;
6 — norfloxacin; 7 — amoxil; 8 — streptomycin; 9 — tetracycline; 10 — erythromycin
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25 pg/mL was the MIC for samples No. 2—4
(azithromycin, lincomycin, and gentamicin
sulfate); for samples No. 5-9 the titer
decreased by 49.3-60.3%.

At 50 pg/mL streptomycin, the
bifidobacteria titer decreased by 65.8%
compared to control. This decrease was 65.3%
for the lactobacilli. The antibiotic’s MIC for
both groups was 100 ng/mL.

Natural resistance to antibiotics is an
essential factor determining the probiotic
properties of lactobacilli and bifidobacteria,
especially during antibiotic therapy. This is a
most urgent problem, as the lactobacilli and
bifidobacteria are included in the fermented
dairy products and preparations they are based
on. Thus, using the probiotic microbes for
starters to obtain fermented dairy products
for daily use or recommended during/
after antibiotic therapy would prevent the
concomitant intestine dysbacteriosis.

Comparing the MIC for antibiotics for
the two groups of microbes showed that the
bifidobacteria were more resistant than the
lactobacilli against the following antibiotics:
azithromyecin, lincomycin, gentamicin sulfate,
amoxil. Notably, both the lactobacilli and the
bifidobacteria were susceptible to all studied
antibiotics but at different levels. The results
suggest that overall, the tested LAB cultures’
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antibiotics susceptibility is either intermediate
(MIC above 8 pg/mL) for almost all tested
substances or slight (MIC not below 25 ng/mL)
for some of them (norfloxacin, ceftriaxone,
erythromycin, tetracycline, streptomycin), and
so using the functional fermented milk drinks
on their basis to support the gut microbiome is
a reasonable measure during antibiotic therapy.

Adding antibiotics at 0.78 and 1.56 ng/
mL to the culture medium somewhat lowered
the LAB titer (within 8% ), while the near-MIC
levels caused sharp declines in the lactobacilli
and bifidobacteria.

The results are well-correlated with the
literature [15—18]. According to the papers
[20, 21], a consortium of bifidobacteria and
lactobacilli was resistant to norfloxacin but
somewhat sensitive to azithromycin. The
high resistance to the tested antibiotic groups
was explained by LAB consortia as probiotics
as the more stable alternative to probiotic
monocultures.

The previous results [25, 26] for the
TM “VIVO” starter for api-products-
enriched fermented milk drinks also proved
the possibility of obtaining concentrated
fermented milk starter for bread making,
particularly, for yeast-free bread products
based on the fermentation microflora of the
starter enriched with pure LAB cultures.

Bifidobacterium titer , %o
. = o =
= = = 2

[
=

No.l No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.92 No.l0
Concentrations of antibiotics (1-10), mcg/ml

@ Control (without the addition of antibiotics)
@ 1.56 mcg/ml

B6.25meg/ml

B 25mcg/ml

2 0.78 mcg/ml
23.13mecg/ml
B 12.5mcg/ml

B 50 mcg/ml

Fig. 5. Bifidobacteria titer (% ) of the control sample (without antibiotics)
and of the antibiotic-augmented samples:
1 — benzylpenicillin; 2 — azithromycin; 3 — lincomycin; 4 — gentamicin sulfate; 5 — ceftriaxone;
6 — norfloxacin; 7 — amoxil; 8 — streptomycin; 9 — tetracycline; 10 — erythromycin
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Conclusions

Today, popular functional products of
everyday consumption include fermented
milk drinks with live probiotics beneficial to
humans and antagonistic to the opportunistic
and pathogenic microbes, which restore the
gut microbiome during antibiotic therapy and
protect the normal microbial flora.

One of the main components of probiotic
cultures of the LAB is the resistance to various
antibiotic compounds.

We employed the double dilution test. The
bacteria were cultured on selective media,
Lactobacagar and Bifidoagar; the tested
antibiotics were common — benzylpenicillin,
azithromycin, lincomycin, gentamicin
sulfate, ceftriaxone, norfloxacin, amoxil,
streptomycin, tetracycline, and erythromycin.

According to the results, the range of
the minimal inhibiting concentrations of
these substances for the probiotic cultures
of the “VIVO probioyogurt” starter is
3.13-100 pg/mL.

The experiment showed that the
bifidobacteria are the most susceptible to
benzylpenicillin (MIC 6.25 ng/mL). The most
resistant the lactobacilli and bifidobacteria
were to streptomycin, erythromycin, amoxil,
and ceftriaxone (MIC 50-100 pg/mL). The
lactobacilli were the most susceptible to such
antibiotics as lincomycin, gentamicin sulfate,
and benzylpenicillin (MIC 3.13-12.5 ng/mkL).

REFERENCES

1. Neposhyvaylenko N., Kornienko I. Current
problems of individual health of adolescents
and the use of modern food biotechnology to
solve them. Collective Monograph: Actual
problems of natural sciences: modern scientific
discussions. Lublin: Universiti of life sciences
in Lublin. 2020, P. 391-409.

2. Cherniak L., Mikhyeyev O., Madzhd S., Lapan
O., Dmytrukha T., Kornienko I. The Usage of
Plant Test Systems for the Determination of
Phytotoxicity of Contaminated with Petroleum
Products Soil. J. Ecol. Eng. 2021, 22 (6), 66—71.
https://doi.org/10.12911/22998993,/137363

3. Omelych I., Neposhyvailenko N., Zberovskyi O.,
Kornienko I. Improvement of the methodology
for the assessment of soil biogenig pollution
through the use of geological approaches
and the use of information technologies.
Eastern-European J. Enterpise Technol.
2021, 3 (10 (111)), 42-56. https://doi.
org/10.15587/1729-4061.2021.235845

5. Shenderov B. A. Medical microbial ecology and
functional nutrition. Probiotics and functional
nutrition. Moskva: Grant. 2001, 287 p.

According to the antibiotic resistance
results for the LAB of the “VIVO probioyogurt”
starter advertised for preparation of fermented
milk products, it can be recommended for milk
fermentation to obtain high-quality fermented
dairy products to support gut microbiota, in
particular during the antibiotic therapy, as
these LAB exhibit sufficient resistance to the
range of antibiotic substances.

The results of the bioactivity assay of the
probiotic cultures of this starter regarding
the titrated acidity parameters, fermentation
time, and the organoleptic evaluation of
the obtained drink are evidence that the
preparation can be recommended as a base for
fermented dairy products enriched by plant-
derived functional components or for other
new products’ fermentation.

The authors acknowledge the financial aid
provided by the National Aviation University
for the research done as part of the State
Scientific-Technical Program «Research
developments of the technology of functional
products», registration number 0121U111446.

The authors declare that any pharmaceu-
tical or other companies did not influence the
treatment conditions, study design, data col-
lection and analysis, preparation of manu-
script, and choice of journal.

6. Ganina V. I. Probiotics. Purpose, properties
and bases of biotechnology. Moskva: MGUPB.
2001, 169 p.

7. Novik G. 1., Samartsev A. A., Astapovich N. I.,
Kavrus M. A., Mikhaliuk A. N. Biological
activity of probiotic microorganisms.
Appl. Biochem. Microbiol. 2006, 42 (2),
166-172. https://doi.org/10.1134/
S0003683806020098

8. Samoilov V. A., Nesterenko P. G., Suyunchev O. A.
Probiotic lactic acid products. Dairy industry.
2007, V. 7, P.45-47.

9. Shenderov B. A. Probiotics and functional
nutrition. Moskva: Grant. 2001, 288 p.

10. Vinogradskaya S. E. Study of the sensitivity
of lactic acid cultures and microflora of
fermented milk products to antibiotics.
Collection of scientific works of SevKavGTU,
Series “Food”. 2005, V. 1, P. 19-23.

11. Biofortification and functional products
based on the Russian Empire for 2012—-2016:
the concept of state scientific and technical
programs. URL: https://cutt.ly/pn1XW4n
(date of the blast: 06/10/2021).

71



BIOTECHNOLOGIA ACTA, V. 14, No 5, 2021

12. Concept of functional food. StudFiles:
student file archive. URL: https://cutt.ly/
Kn1lMW¢cU (date of the blast: 06/10/2021).

13. State and development prospects of the
functional food products market. Studbooks.
net: Online student library. URL: https://cutt.
ly/3n1XDah (date of the blast: 06/10/2021).

14. KMU. Decree from 24 March 2021 p. No. 305
“About the consolidated norms and the
Order of organizing food for the pledges
of education and child pledges of health
improvement and recovery” [Electronic
resource]. gov.ua. 2021. Mode of access to
the resource:https://www.kmu.gov.ua/
npas/pro-zatverdzhennya-norm-ta-poryadk-
a305fbclid=IwAR151f{LHVBJLe-1PSPkXbC
FxryfLeXjWGI9LUP25xGkj39H

15. Karapetyan K. J. Comparative evaluation of
a number of properties of new strains of 93
lactic acid bacteria. Biol. J. Armenia. 2009, 4
(61), 36—42.

16. Kitaevskaya S. V. Resistance of probiotic
strains of lactic acid bacteria to antibiotics.
Bulletin of Kazan Technol. Un-ty. 2012, 21
(15), 108-110.

17. Shchetko V. A., Golovneva N. A. Sensitivity
of bifidobacteria to antibiotics of various
classes. News of the National Academy of
Sciences of Belarus. 2014, V. 2, 103-107.

18. Sukhorukova M. V. Antibiotic susceptibility
of bacterial strains included in the linex
probiotic. Clin. Microbiol. Antimicrobial
Chemother. 2012, 3 (14), 245-251.

19. Determination of the sensitivity of
microorganisms to antibacterial drugs:
guidelines. Approved. G. G. Onishchenko.
Moskva: Federal Center for State Sanitary

20.

21

22.

23.

24.

25.

26.

and Epidemiological Supervision of the
Ministry of Health of Russia. 2004, 91 p.
Savitskaya I. S., Zhubanova A. A., Kistaubae-
va A. S., Bolekbaeva A. B. Antibiotic resistance
of lactobacilli — probiotics. KazNU Bulletin.
Biol. series. 2017, 56 (4), 222-227.

. Bagdasaryan A.S., Tokaev E. S., Nekrasov E. A.,

Oleynik E. A. Antibiotic resistance of probiotic
cultures included in the synbiotic. Proceedings
of higher educational institutions. Food
Technol. 2011, V. 2—-3, P. 102—-104.
Plotnikova D. T., Sidorenko A. V., Novik G. I.
Study of antibiotic resistance of bacteria
of the genera Lactococcus, Enterococcus,
Leuconostoc. Vesti National Academy of
Sciences of Belarus. 2016, V. 3, P. 94-100.
Lysak V. A, Zheldakova R. A., Fomina O. V.
Microbiology. Workshop: manual. Minsk:
BSU. 2015, 115 p.

DEN-1 Densitometer [Electronic resource].
Biosan Medical-Diological Research &
Technologies. Access mode to the resource:
https://biosan.lv/ru/products/den-1
Korniienko I. M.,. Filimonenko O. Y.,
Kriukovska O.A., Hedzun E. O., Hlushkov A. S.
Research of efficiency of application of
api-products in practice of preparation of
biologically active functional lactic acid
products. Collection of scientific works of the
Dnieper State Technical University. 2019, 1
(34), 108-112.

Korniienko I., Lutsenko O., Isaienko V.,
Baranovskyi M., Anatskyi A., Laricheva L.
Optimization of technological parameters
of nutrition mixture fermentation process
with the use of spline interpolation. Chem.
Technol.. 2021, 29 (1), 118-136.

AHTUBIOTHROPESUCTEHTHICTD
MOJIOYHOKHCJUX BAKTEPIN
3AKBACKH «VIVO ITPOBIOHOTYPT»

I. M. Koprienko
JI.C. Acmpemcovra
JI. IO. ITononuyx
M. M. BapanoscvKuil

Hamiomanbuuit aBiamitinuit yaisepcurer, Kuis,
Ykpaina

E-mail: irina.kornienko.1979@gmail.com

Mosounokwucyi 6akTepii BigirpamoTh KJI0OYO-
BY POJIb B MiKpOeKoJIOTii JiroguHu Ta 6i0TeXHOJIO0-
rifgx — (POopMYyIOTHh OPTAHOJENTUYHI TOKa3HUKU
IPOAYKTiB; MiABUIYIOTH XapuoBy i Giosoriuny
MiHHICTh (PYHKI[IOHAJbHUX IIPOJYKTiB XapuyBaH-
HaA. [TpupoaHa cTiliKicTb 10 aHTUOIOTUKIB — OAMH

72

AHTUBUOTUKOPESUCTEHTHOCTD
MOJOYHORHUCJbIX BAKTEPUU
3AKBACKH «VIVO ITPOBUOMOTYPT»

Kopruenrxo H. M.
Acmpemcras JI. C.
ITononuyx JI. I0.
BapanoscrkuitM. M.

HamnuonanbHBIN aBUAITMOHHBIA YHUBEPCUTET,

Kues, Yxpauna
E-mail: irina.kornienko.1979@gmail.com

MoJsiouHOKUCIBIE OAKTEPUN UTPAIOT KJIIOUe-

BYIO POJIb B MUKPOIKOJOTHUI 11 OMOTEXHOJIOTHUAX —
GopMUPYIOT OpPTraHOJEINTHUUYECKNEe MOKAa3aTesln
TMPOAYKTOB; MOBLIMIAIOT MHUIEBYIO M OMOJOTHUe-
CKYIO IEeHHOCTh (PYHKIMOHAJBHBLIX IIPOAYKTOB
nuTanud. EcTecTBeHHasd YCTOMUYMBOCTh K aHTH-



Experimental articles

3 BAXKJIMBUX YNHHUKIB, I1T0 BUBHAYAIOTH MIPOOio-
TUYHI BJIACTUBOCTI JJaKTO- Ta 6i(himobarTepiii.

Mema. 3’sacyBaTu aHTUOIOTHKOPE3UCTEHT-
HicTh PYHKIIIOHAJIBbHO-aKTUBHUX ITPOOiOTHUHUX
KyJabTyp 3akBacku « VIVO mpobiofiorypT» 3amasa
BCTAHOBJIEHHS MOIIJIBHOCTI BXKMBAHHA KUCJIOMO-
JIOYHOTO MMPOAYKTY, BUTOTOBJIEHOTO Ha ii OCHOBI,
nig uac aHTHbioTHKOTEpanii AMA MiIATPUMKHU Ta
BiTHOBJIEHHSI HOPMAaJIbHOI MiKpo(dIopu KHUIIKO-
BUKA.

Memodu. Ina nocaimxeHHA 0ya0 06paHO Uu-
CTi KyJBTYypU MOJIOUHOKUCauX 6axTepiit (MKB):
(Lactobacillus delbrueckii ssp., L. acidophilus,
L. casei, L. rhamnosus, L. paracasei, Streptococcus
thermophiles, Bifidobacterium lactis, B. infantis),
AKi BXOIATH [0 cKJany 3akBacku « VIVO mpobio-
Horypr», AKicTb AKOI miATBepAKeHOo cepTudika-
ramu MiskanapongHuol opranisamii 3i cramgaprTu-
samii ISO 9001:2008, a Taxko:x ISO 22000:2005.
MeronuKa eKCIepUMEHTY CKJagajach i3 TAKUX
eTamiB: IPUTOTYBaHHS KUBUJbHUX CEPEIOBUIIL
(«JTakToOakarap», «Bijpimoarap», riIr0K030-IeIl-
TOHHE CepPeNoOBUIle), POOOUNX PO3UMHIB aHTUOiO-
TUKiB, pob6ouoi cycnensii MKB, cycnensii KyJib-
Typ (J1aKTO- Ta 6idhimodaKTepiit), KYJIHTUBYBAHHSA
MEKDB Ha eleKTUBHUX KUBUJIBHUX CEPEIOBUIIAX
i3 mJomaBaHHAM aHTHOIOTHKIB Ta OIiHIOBAHHS pe-
3yJIbTATiB JOCIHiAKeHb. BusHaueHHA aHnTubGioTH-
kopesuctentTHocTi MKB mpoBoamIn MeTOLOM TIO-
IOBIAHUX PO3BeNEHb.

Pesynrvmamu. BukopucTaHHsa TaKOI MeTOOUKY
JIaJio 3BMOT'Y BCTAaHOBUTHU MiHIMaJIbHY iHTiOyBaJIbHY
koHureHTpario (MIK) anTubioTukis pisaux rpymn
crocoBuo MKB. PesyabTaTu gociigskeHb 06po0-
JIEHO 3a JOIIOMOTOIO JIiIleH30BaHOI KOMII I0Tep-
HOi mporpamu Microsoft Excel.

BucHosku. 3a pesyabTaTaMu OOCJTiTKeHDb 3
BusHauenua MIK anTubioTmkiB — OeHsuJme-
HinuJIiH, asUTPOMIIINMH, JiHKOMIIIMH, TeHTaMi-
MUHY cyabdar, me@TpiakcoH, HOpQJIOKCcaIlUH,
aMOKCHJ, CTPEHNTOMIIIMH, TETPAIUKJiH, ePUT-
pominuua mozo MKB 6yso BCcTaHOBJIEHO, IO
JaKTo- Ta 6iimobakTepii 3akBacku « VIVO mipobi-
OHMOTYypPT» MOJKHA BiJHECTU IO YMOBHO PE3UCTEHT-
HUX MPOOIiOTUUYHUX KYJIBTYP; KMUCJIOMOJOUHUI
OPOAYKT, BUTOTOBJIEHUI HA OCHOBI ITiel 3aKBacKu,
JIOIiJILHO BUKOPUCTOBYBATH IIiJ uac aHMOGiOTHUKO-
Teparrii 3aJ1d BiTHOBJIEHHA MiKpoQJopu KUIITKO-
BUKA.

Knawuoei cnosa: aHTUOIOTUKOPE3UCTEHTHICTBD,
MoJiouHOKUCJi OGakTepii, mimimanbuHa iHTiIOY-
BaJIbHA KOHIIEHTpPAIlid, 3aKBacKa, IIPo0ioTUKM’.

0MOTHMKAM — OJWH U3 BaXXHBIX (D)aKTOPOB, OIpe-
IeJSIINX IPo0NOTHYEeCKIIe CBOMCTBA JaKTO- U
oudumodbaxTepuii.

I[env. BoisicHUTH aHTHUOMOTUKOPE3UCTEHT-
HOCTH (QYHKIIMOHAJIbHO-aKTUBHBIX IPOOUOTHUE-
CKUX KYJbTYP 3aKBacKu « VIVO» mpobuoiiorypr
JLJIsT YCTAHOBJIEHUA I1eJIecO00Pa3HOCTH yIoTpeb.ie-
HUA KMCJIOMOJIOUHOTO IPOAYKTa, U3TOTOBJICHHOTO
Ha ee OCHOBE, BO BpeMA aHTUOMOTUKOTEePATINH s
MO IePyKaHUA ¥ BOCCTAHOBJIEHUA HOPMAaJbHOM
MUKPOQJIOPHI KUIITEUHUKA.

Memodvt. [Ina ucciaegoBaHUS OBIIU BbI-
OpaHBI UYKWCTHIE KYJABTYPHlI MOJIOUYHOKUCJIBIX
baxrepuit (MKB): (Lactobacillus delbrueckii
ssp., L. acidophilus, L. casei, L. rhamnosus,
L. paracasei, Streptococcus thermophiles,
Bifidobacterium lactis, B. infantis), KOTopble BXO-
IAT B cocTaB 3aKkBacku «VIVO mpobuoiiorypt»,
KavyeCcTBO KOTOPOI IOATBEPIKAEHO cepTuduKaTa-
Mu MeXIyHapo HOM OPraHU3aIluy 10 CTaHJaPTH-
gamuu ISO 9001:2008, a raxsxe ISO 22000:2005.
MeTonuka sKcIiepmMeHTa COCTOSJa U3 CJIeny-
IOIUX 9TAlOB: IMPUTOTOBJIEHNE MUTATEIbLHBIX
cpen («JlakTobakarap», «Budugoarap», riamKo-
30-TIeTITOHHAA cpefla), paboYnX pacTBOPOB aHTH-
0uOTHMKOB, paboueii cycneusuu MKDB, cycmenauu
KyabTyp (J1akTo- u 6udugobarTepuit), KyJIbTHU-
BUPOBAaHUU aHTUOMOTHUKOB U OI[€HKE Pe3yJIbTaToB
uccaenoBanuii. OnpeneseHre aHTUONOTUKOPE3H-
creaTHOCT MKDB mIpoBOAMIIT METOIOM ABOMHBIX
pasbaBiieHUIA.

Pesyavmamor. Vicnmonb3oBaHue TaKOH Me-
TOAWKU TO3BOJIUJIO YCTAHOBUTH MUHUMAJIBHYIO
nHTHOUpyomnyo KoHmeutpanuio (MUK) antu-
6MOTUKOB pasHbIX rpynn B oTHolenuu MKB. Pe-
3yJILTATHI MCCJIEIOBAHU 00pabOTaHbBI C TTOMOIITHIO
JIUIeH3UPOBAHHON KOMIIbIOTEPHOU IPOTrPaMMBbI
Microsoft Excel.

Bbreoodvt. I1o pesyiabTaTaM HCCIeLOBAHUN Ha
mpenmert onpegensennsa MUK aHTuO1oTHKOB — OeH-
BUJINEeHUIINIINH, a3UTPOMUIINH, JUHKOMUIIUH,
TeHTaMUIIMHA CcyJb(darT, me@TpruakcoH, HOPQPJIIOK-
CcaIuH, aMOKCUJI, CTPEIITOMUIINH, TeTPAITUKJINH,
spurpoMuIiiu orHocureabao MKB ycramosieno,
UTO JIAKTO- U OudugobaxkTepuu 3akBacku « VIVO
TPOOUOTOTYPT» MOYKHO OTHECTHU K YCJIOBHO Pe3u-
CTeHTHBIM NIPOOMOTHUYHBIM KyJbTypam. KucJio-
MOJIOUHBIN MPONYKT, M3TOTOBJIEHHBIA HA OCHOBE
9TO¥M 3aKBACKM, I1esieco00pPa3HO MCIIOJIb30BATh
IpY AaHUOMOTUKOTEPANIUU AJA BOCCTAHOBJIEHUS
MUKDPO(QJIOPEI KUIITeYHUKA.

Kntouesvle cnosa: aHTHONOTUKOPE3UCTEHTHOCTD,
MOJIOYHOKHUCJIbIE ODaKTePUU, MUHUMAIbHAS UHIH-
OupymoIlasd KOHIeHTpaIud, 3aKBacKa, IpoOmo-
TUKH.
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DETERMINING PROBABILITY OF CANCER CELL
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Aim. The purpose of the work was to assess the probability of cancerous transformation of cells
for viruses of high and low oncogenic risk.

Method. It was used the statistical ensembles to determine the probability of cancer cell
transformation.

For analysis there were selected oncoproteins E6 that directly influence the process of cancer cell
transformation.

Results. Using normalized squared error (NSE) for viruses of high (20 strains) and low (153
strains) oncogenic risk, rank statistic of 2-exponential type was build. For productive papillomavirus
infection, NSE function was determined as the growing accurate 2-exponent of a cell layer basal to
the epithelial surface. Logarithm of NSE numerical values is proportional to the cell entropy that is
connected with the availability of virus DNA. To calculate entropy, generalized Hartley formula was
used with the informational cell of dimension d: H = NdLOG(NSE), where N is the generalized cell
coordinate.

Conclusions. Using a statistical ensemble of E6 proteins separately for viruses of high and low
oncogenic risk made it possible to assess the probability of cancerous transformation of cells, which
was proportional to the ratio of the area of entropy of cancer transformation to the area of the
productive entropy region papillomavirus infection.

Key words: human papillomavirus infection, carcinogenesis, cumulative Hartley entropy.

Human papillomaviruses are a large group
of DNA viruses that, besides different forms of
infections, may lead to the cancer degeneration
of epithelial cells. At present, it is shown [1—4]
that the presence of human papillomavirus
is the necessary condition for development
of cervical carcinoma. However, the
papillomavirus infection alone is insufficient
for neoplastic cell transformation; additional
factors should take part [5—12]: high sexual
activity, HIV infection, smoking, alcohol,
virus loading, etc. Penetration of the virus
takes place in the basal layer of epithelial cells
and is accompanied with the cell proliferation.
The assembly of papillomaviruses may occur
only in mature cells of surface epithelial layers.
Malignant neoformation occurs after rather
long persistence of viruses in the basal layer
of epithelial cells — the virus may be in the
inactive, latent state for years. This is because
the basal cells are under constant impact of the
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mature multilayer epithelium and incapable of
cell division without the influence of external
factors.

The human papillomavirus has an
icosahedral protein coat 55 nm in diameter,
which contains a minichromosome with
double-helical DNA having ~ 8 000 bp [13, 14].
The virus replication takes place in the cell
nucleus. As differentiation of epithelial cells
is going on, DNA replication and expression of
virus early proteins (E1, E2) take place. Late
proteins (L1, L2) are produced at the final
stage of virus assembly. So complicated scheme
of the virus particle maturation ensures almost
complete invulnerability of the virus for the
immune system.

In the human organism, the papillomavirus
may exist in the episome form (circular DNA)
[15], which is typical for the productive
infection [16], when oncoproteins E6 and E7
are not produced, but intact virus particles
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are produced that may be integrated into
the cell chromosome (integrated form) [17,
18]. Virus integrated form is capable of
inducing malignant transformation wherein
oncoproteins E6 and E7 are synthesized;
interaction of the last with cell regulatory
proteins p53 and pRb leads to deregulation
of the cell cycle, which results in cancer cell
regeneration [19, 20].

Virus infection course has several forms.
The latent course has been determined as the
virus persistence in basal epithelial layer
[21, 22]. The virus is in the episome form
and cannot lead to any pathology. Productive
infection is accompanied by clinical infectious
presentations (papillomas, warts, condylomas)
and intensified cell growth in basal epithelial
layer. At that, virus DNA is replicating in the
infected cells.

Neoplasia occurs when DNA virus
integrates into cell genome. At that, changes
may happen in the epithelial cell structure of
surface layers. Cell nucleus takes irregular
shape; vacuoles appear in the cytoplasm.
Most often, the injuries are localized in
the transitional zone of cervix uteri at
the interface of multilayer pavement and
cylindrical epithelium.

In most cases of invasive tumor carcinoma,
the virus exists in cells in the integrated form.
Typical for malignancy atypical cells appear.

By their transforming activity towards the
epithelial cells, all human papillomaviruses
may be divided into two groups:
papillomaviruses of high carcinogenic risk
(HPV 16, 18, 26, 31, 33, 35, 39, 45, 51-53,
56, 58, 59, 66, 68, 70, 73, 82, 85); remainder
(more than 150 strains) are papillomaviruses
of low carcinogenic risk (HPV 6, 11, 40, 42—44,
54, 61,62, 71, 72, 81, 83, 84 et al.) [23—-25].

Papillomaviruses of low carcinogenic
risk show themselves as the productive
form of infection. Papillomaviruses of high
carcinogenic risk (especially HPV16, 18) may
lead to cancer of cervix uteri. There have been
observed cases of virus infection spontaneous
elimination, which causes are unknown [26, 27].

Separate types of HPV have less than 90%
nucleotide identity in gene sequences of E6,
E7, L1 [28]. Structural features of E6 and
ET7 oncoproteins are not so marked to be used
for determining their oncogenic potential.
Infection with viruses of high carcinogenic
risk does not lead by itself to cancer of cervix
uteri and disappears in most cases within
1-2 years. However, long virus persistence is
essential (as main risk factor) for development
of cancer cell transformation [29, 30].

Currently, development of cervix uteri cancer
is described as the multistage process [31].

Accurate description the infectious
process leading to cancer of cervix uteri is a
rather complex problem. Therefore, different
mathematical models of papillomavirus
infection as a biological phenomenon have been
proposed. Collaboration of mathematicians
and biologists gives the possibility to evaluate
conceptions of carcinogenesis and develop
the generalized approach to treatment of the
infectious processes.

Several deterministic models, based on
differential equations [32—38], were proposed
to describe different aspects of papillomavirus
infection, including the potential effect of
vaccination against HPV infection [39-42].
These models had only numerical solutions and
could make it possible to analyze parameters
leading to global equilibrium in spread of the
infection.

To estimate the impact of additional factors
on the infection, models with large numbers of
intermediate states were suggested. Markov
chains are at the basis of these models — both
continuous and discrete [43—47]. In semi-
Markov models, the probability to transfer
into other state depends on the holding time in
the initial state that is more realistic.

Papillomaviruses demonstrate strict
species-specificity. Nevertheless, the
investigation of papillomavirus infection on
animals, especially on mice [48—51], may give
more accurate information about the infectious
process, which is necessary for developing new
treatment methods and effective vaccines
against HPV.

HPYV of both high and low oncogenous risk
have the same life cycle, but they differ greatly
in the extent of operating cell cycle. This fact
should be taken into account when using
generalized approach to the structure of virus
oncoproteins, since oncogenicity of the viruses
cannot be determined by their real structures
without implication of experimental data.

Proposed here method of statistical
ensembles may significantly strengthen
structural differences between oncoproteins
of viruses with high and low oncogenous risk.

Material and Methods

To model processes connected with entropy
changes of cells infected with papillomavirus,
a statistical ensemble of E6 proteins was
build separately for viruses of high and low
oncogenic risk. The quantity of different
amino acid residues in E6 proteins was
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ranked according to their decreasing and
approximated with exponential function.
For each E6 protein, normalized squared
error (NSE) of approximation, which is one
of the main characteristic of the protein,
was determined. Information on proteins of
human papillomaviruses taken from the NCBI
database (http://www.ncbi.nlm.nih.gov/
genome/).

Results and Discussion

Statistical ensembles of oncoproteins E6

For analysis there were selected
oncoproteins E6 that directly influence
the process of cancer cell transformation.
Protein E7 has short amino acid sequence
insufficient for the structure analysis.
Structural differences between proteins E6
in different papillomaviruses are not much
obvious; therefore, statistical approach
should be applies to the whole oncoproteins
of two different papillomaviruses groups —
with high and low oncogenic risk. Statistical
approach gives the summarized characteristic
of papillomavirus infection: function of virus
spreading, function of spontaneous regression
of viral infection, possibility of calculating the
probability of cancer cell transformation.

Behavior of proteins E6 for different
papillomaviruses may be generalized on basis
of the statistical ensemble (“population”)
formed with using structural features of the
proteins. Thereto, quantitative composition
of amino acids may be arranged in alphabetical
single-letter system of amino acid conventional
signs. Obtained at that density of amino acid
distribution has a rather complex polynomial
approximation, typical for each oncoprotein
E6. Such presentation reflects incidental
differences of amino acid sequences in proteins
E6, but it has no clear physical interpretation.

Let suppose that quantitative content of
amino acids in the protein E6 for different
viruses is arranged in decreasing order with
reiterations. This will make it possible to
select a maximally simple ordering function,
which will exactly be the function of statistical
ensemble. Analysis shows that three functions
are relevant for oncoproteins E6: simple
exponent, 2-exponent and linear function.
To construct the ensemble, only one of them
should be selected. For example, if simple
exponent is chosen as the main function
of ensemble, then the set of exponents will
determine Gibbs statistical ensemble.

For each oncoprotein E6, the amino acid
content was ranged in decreasing order.
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Then, using the method of least-squares,
three functions were determined that best
approximated the dependence of amino acid
quantitative composition Q(Am) on the number
of ordering (rank) N:

simple exponent Q(Am) = Q,,,x EXP{ —a(N — 1)};

2-exponent Q(Am) = Q; EXP{-o;(N - 1)} +
(Qmax — Q1) EXP{ —0y(N - 1)};

linear function Q(Am) = Q. — (N — 1).

Hyperbolic function Q(Am) = p/(N + m)b,
proposed in [52], gives Q(Am) values close
to the ones determined with the use of
2-exponent.

Papillomaviruses having E6 protein with
linear Q(Am) characteristic: 7, 21, 25, 34, 36,
55,67,72,73, 76, 80, 179.

Papillomaviruses having E6 protein with
exponential Q(Am) characteristic: 16, 6, 35,
73, 43, 97, 40, 49, 5, 75, 76, 43, 41, 89, 102,
15, 20, 29, 110, 118, 132, 135, 139, 143, 144,
156,172, 174.

E6 protein in the rest of papillomaviruses
has 2-exponential characteristic.

To build the ensemble, for all proteins we
have chosen the simple exponential dependence
Q(Am) on the number of ordering, in spite of
the fact that for some proteins such function
gives no the best result with the use of least-
squares approximation.

The Fig. 1 gives characteristic dependences
Q (Am) on the number of ordering.

In the case of simple exponent, for each E6
oncoprotein, normalized squared error (NSE)
of Q(Am) approximation is:

NSE (E6) = (1/€,)(1/Qpax) 2N [QN) —
- Qmax EXP{ _OL(N - 1)}]2’
where e

= 107 is quantization step; Q(N) is
the quantity of amino acids depending on the
number of ordering.

For viruses of both high oncogenic
risk (20 viruses) and low oncogenic risk
(1583 viruses), NSE function has the same
dimension as Q(Am). Therefore, NSE is a
generalized function (of some concentration).
The function NSE may be considered as “the
width” of a-level. It is significant that NSE
values are unique for each E6 oncoprotein.

Generalized function NSE
of E6 oncoproteins

Separately, for viruses of high and low
oncogenic risk there was built NSE dependence
of E6 oncoproteins on the number of reversed
ranking. NSE function is a generalized
function of papillomavirus DNA, which
contains E6 gene.
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Fig. 1.1 — Amino acid content in E6 oncoprotein of HPV16 virus and its approximation with exponent:
Q(Am) =18 EXP{-0.1043248(N — 1)}
2 —Amino acid content in E6 oncoprotein of HPV82 virus and its approximation with 2-exponent:
Q(Am) =13.2 EXP{-0.073(N — 1)} + 5.8 EXP{- 2.049177(N — 1)}

NSE function may be considered as
decreasing with time concentration of
papillomavirus DNA at spontaneous elimination
of virus infection. As increasing function,
NSE represents the growth of virus loading at
approaching to the epithelium border.

Decreasing NSE function is always a
simple exponent, so as elimination of virus
DNA is an irreversible process, irrespective
of whether cancer cell transformation takes
place or no, and therefore it has a maximally
simple functional form. It should be pointed
out that disappearance of virus DNA and its
incorporation into the cell genome is described
by an exponentially damped curve as expected
at spontaneous elimination of virus DNA.

As epithelial cells become mature
and move towards the epithelial surface,
production of virus particles intensifies.
That is why quantitative growth of virus
DNA, and, accordingly, E6 genes, from the
basal to surface layer follows exponential law
(space form of the exponent). Spontaneous
disappearance of the virus infection follows
time exponential law.

Figs. 2 and 3 shows NSE plots, separately
for viruses of high and low oncogenic risk.
NSE function for viruses of high oncogenic
risk differs little from simple exponent:

NSEpgsg = 35.265 EXP{— 0.1047024(N — 1)}.

As a generalized function, NSE is
proportional to the probability of EG6
oncoprotein decomposition.

Exact arrangement of E6 virus proteins
at 2-exponential dependence of NSE requires
experimental data. Generalized function
determines only the image of NSE.

If 2-exponente is chosen as a main ensemble
function, NSE function for viruses of high
oncogenic risk will be reduced by half, and
for viruses of low oncogenic risk — three fold
decreased. Arrangement of E6 oncoproteins
with NSE function will also change.

Integrated plot of NSE function for all
analyzed papillomaviruses is shown on the
Fig. 4. One may see from the plot that
structural characteristics of E6 oncoproteins
for both high and low oncogenous risk are
mutually confused.

Hartley cumulative entropy

At productive infection, the quantity
of virus DNA continuously increases when
getting nearer to the epithelial surface. This
process leads to the entropy growth in cells,
since total information in them grows. Inverse
process is spontaneous elimination of viruses.
At cancer, cell entropy decreases, as there is no
virus production. Intermediate forms of the
infection may take place, but the main event
leading to cancer is the incorporation of virus
DNA into cell genome.

For productive virus infection, NSE function
is defined as exact 2-exponent increasing from
a basal cell layer to the epithelial surface.
Decreasing cancer NSE function is the rough
exponent, as events in a cell cannot be reversed.
Logarithm of numerical values of NSE function
is proportional to the cell entropy associated with
the presence of virus DNA.

An integer value of NSE may be defined
as the number of parameters (symbols) that
characterize properties of E6 protein. Then
LOG(NSE) is Hartley entropy (information
measure) [53].
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Fig. 2. 1 — Dependence of normalized squared error (NSE) on the number N of reverse ranking of viruses
with high oncogenic risk and exponential ap-proximation:
NSEyg = 28.4 EXP{- 0.088999(N - 1)} + 6.865 EXP{- 0.2197541(N — 1)}.
Arrangement of papillomaviruses with high oncogenic risk in decreasing order:

18, 45, 82, 59, 70, 53, 68, 56, 33, 73, 66, 85, 58, 51, 52, 31, 39, 26, 35, 16.

2 — Plots of H and H™ functions of cumulative entropy d = 2 for viruses of high oncogenic risk, N = 1...20:
H" (N)= NLOG [28.4 EXP{- 0.088999(20 — N)} + 6.865 EXP{— 0.2197541(20 — N)].
H (N)= N?LOG [35.265 EXP{- 0.1047024(N — 1)}]. Crosspoint of H" and H™ is at N, =10.
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Fig. 3. Dependence of normalized squared error (NSE) on the number N of reverse ranking
of low oncogenous risk viruses:
exponential approximation (lilac-coloured curve)
NSE;r = 50.5 EXP{- 0.0149(N — 1)} + 31.352 EXP{- 0.2812865(N — 1)}
rough simple exponent (blue curve) is given by
NSE; gsg = 81.852 EXP{- 0.02603004(N — 1)}
arrangement of papillomaviruses of low oncogenic risk in decreasing order:
96, 204, 131, 129, 47,197,126, 171, 202, 140, 122, 121, 112, 105, 169, 1, 159, 115, 134, 141, 95, 151, 125,
22,153,113,99, 9, 150, 63, 30, 111, 136, 201, 98, 104, 86, 199, 149, 96, 204, 131, 129,47, 197,126, 171,
202, 140,122, 121,112, 105, 169, 1, 159, 115, 134, 141, 95, 151, 125, 22, 153, 113, 99, 9, 150, 63, 30, 111,
136, 201, 98, 104, 86, 199, 149, 154, 23, 209, 109, 142, 48, 163, 117, 37, 180, 123, 3, 28, 145, 42,17, 4, 87,
165, 20, 166, 173, 128, 179, 78, 168, 90, 60, 152, 69, 119, 100, 67, 175, 158, 12, 24, 184, 107, 65, 147, 50,
200, 32,91, 11, 205,170, 157, 161, 124, 138, 83, 21, 27,167, 172, 81, 137, 133, 71, 49, 156, 120, 2, 74, 178,
92, 106, 44, 162, 94, 80, 38, 43, 36, 10, 34, 19, 84, 143, 77,97, 61, 174, 76, 54, 110, 132, 7, 15, 144, 139,
130, 135, 164, 41, 5, 25, 88, 6, 75, 62, 55, 57, 72, 118, 89, 40, 114, 29, 93, 13, 102.
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Fig. 4. Dependence of the normalized squared error (NSE) on the number N of reverse ranking
of papillomavirus oncoproteins E6 (173 viruses). Marked with red are E6 oncoproteins of viruses with high
oncogenic risk. 2-exponential approximation is:
NSEy g =49 EXP{-0.0132(N - 1)} + 32.852 EXP{- 0.2639727(N — 1)}

Assume that d designates the dimension
(integer or fractional) of an informational
cell that contains NSE parameters of E6
oncoproteins. Then Hartley cumulative
entropy is proportional to NYLOG(NSE).
If dimension d is fractional then the
informational cell will be fractal; in the case
when dimension d is integer, we may suppose
that d is the number of linked cells.

Graphics of H" u H™ functions of cumulative
entropy at d = 2 for viruses of high and low
oncogenous risk are shown on Figs. 2.2 and 5.

Let us consider the connection of
informational cell dimension with features
of papillomavirus infection. If d > 4, any
structural cell changes cannot be observed;
that is, the virus infection is in the latent
period. It is natural, as multidimentional
informational cells just cannot be observed.
We may also suppose that dimension d passes
all fractional stages fromd=4tod=1.

In the case when 3 < d < 4, one may
observe the productive virus infection for
papillomaviruses of high and low oncogenic
risk; however for viruses of high oncogenic
risk, neoplasia may develop. Virus DNAs are
distributed in three-dimensional space of
cells for viruses of low oncogenic risk and in
four-dimensional space (taking into account
the incorporation of virus DNA into the cell
genome) for viruses of high oncogenic risk.

Region 2 < d < 3 defines the fractal
dimension of papillomas and condylomas as

benign tumors for viruses of low oncogenic
risk and epidermoid intraepithelial lesions
(precancerous conditions) for papillomaviruses
of high oncogenic risk.

Region d < 2 for viruses of low oncogenic
risk does not exist. Value d = 2 may be
attributed to pointed condylomas because of
their rather soft consistency.

In the region 1 < d < 2, preinvasive
carcinoma is observed when the fractal
dimension of cancerous tumour is less then
observed two-dimensional one as cancerous
tumours are weakly differentiated.

At d = 1, metastases appear. Detaching of
cancer cells is possible at the cutting of last
(single) bond with the cancer tumour.

Before crossing point N, we have H— (N)
> H+ (N), that is, the entropy of virus DNA
elimination or cancer transformation is more
than the entropy of quantitative growth of
episome DNA.

We will designate the area between curves
H- (N) and H+ (N) at N < N, as S—, and the
area between curves H+ (N) and H- (N) at N >
Ny — as S+. Then, the probability of cancer cell
transformation may be defined as P, = S—/S+.

Table shows probability values of cancer
cell transformation for of high and low
oncogenic risk.

Note that decreasing rough exponential
function NSE (elimination of virus DNA or
cancer) corresponds to the return for cell into the
past, but not in the least for the cell evolution.
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Fig. 5. Graphics of H' u H™ functions of cumulative entropy at d = 2 for viruses
of low oncogenous risk, N = 1...153:

H+ (N) = NLOG [50 5 EX j

H N)=

Values of probability of cancer cell
transformation for papillomaviruses of high and
low oncogenic risk

High risk

1.94230300-10°!
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1.98637659-10 2
7.55089981-10°
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1.26838686-10 2
5.44360273-10°*
2.38393159-10 %

Low risk
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9.06198389:10°3
3.06071257-10°3
1.09113459-10 2
4.03370226-10 %
1.53033009-10*
5.91933751-10°°
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Evolution for a cell is its transformation at
productive virus infection, since at that entropy
growth in the cell is the largest.

It is also significant that exponential
function NSE for viruses of high oncogenic
risk is not too rough. Therefore, external
factors heavily influence on cancer cell
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Mema. OniEuT; ¥MOBipHOCTI paKoBOi TpaH-
copmarii KJIiTHH BipycaMu BUCOKOI'0O Ta HU3BKO-
ro OHKOTeHHUX PU3UKiB.

Memodu. BUKOpuCTOBYBAJIM CTATUCTAYHI aH-
cam0J1i BUBHAUEeHHA MMOBipHOCTI TpaHchopmarrii
PaKOBUX KJITHUH.

g amanisy 0yJsio Bimo6pamo OHKOIPOTEIHU
E6, aki 6esmocepeHbO BILJIMBAIOTH HA IMIPOILEC
TpaHcpopMaIlii paKoOBUX KJIITHH.

Pesyavmamu. 3a [OIIOMOT0I0 HOPMAJIbHOI KBa-
apatuuroi nomuaku (NSE) niaa BipyciB Bucoxkoro
(20 mramiB) i HU3BKOTO (153 IMITAMU) OHKOT€HHUX
pusuKiB Oya0 MOOYyZOBAHO PAHTOBY CTATUCTUKY
2-eKcUOHEHIIiaJdbHOTO TUIy. g TPOAYKTUB-
Hol mamismoMmaBipycHoi iHdermii pyurmirzo NSE
BU3HAYAJU AK 3POCTAIOUy TOUHY 2-6KCIOHEHTY
KJITUHHOTO I1apy 06a3ajabHOI IIOBEPXHIi emiTeiio.
Jlorapudm uncaoBux 3uauenb NSE mpomopiriii-
HUI eHTPOIii KIiTUH, AKa OB’ sA3aHa 3 HaABHIiC-
Tio Bipycuoi [JHK. [lna minpaxyHKy eHTpoOIii Bu-
KOPHCTOBYBAaJIN y3arajabHeHy GopMyay XapTii 3
iHgopmallifinomo Komipkoi posmipuocti d: H =
NdLOG (NSE), ne N — ysaraibHeHa KoopAuHATa
KOMipKH.

BucHosxku. BukKopuctaHHA CTATUCTUYHOTO
ancamb6iio mporeiniB K6 okpemo g1 BipyciB Bu-
COKOTO Ta HU3bKOTO OHKOTeHHUX PUBUKIB Jae
3MOT'y OI[IHUTHU MMOBiIpHiCTH paKoBOi TpaHcpop-
mallili KJiTuH, AKa OIPOIOPIliiiHAa BiTHOIIIEHHIO
IJIOIIi eHTPONii pakoBoi Tpauchopmalii 1o mo-
i IpOAYKTUBHOI eHTpoOIIil nmanizomaBipycHOI
in(exrmii.

Knawuosi cnosea: mamisoMaBipycHa iH@exIiisa
JIOOVHY, KAHIIEPOTeHHEe IIePePOIKeHHA KJIITHH,
KYMYJIATUBHA eHTponia XapTii.

OIIPEAEJEHUE BEPOATHOCTHU
PAKOBON TPAHC®OPMAIINU KJIETOK
ITPU IMTATINJIJIOMABHUPYCHOMN
NHOPERIINU YEJIOBERKA

JI. II. Bywaykuil
B. B. II]epouk

KueBckuii HanimoHAJIbHBIN YHUBEPCUTET
umenu Tapaca IlleBuenko, YKpanHa

E-mail: iridolpb@gmail.com

IJeav. OmeHKA BEPOATHOCTU PAKOBOM TpPaHC-
(hopmanuu KJIETOK BUPyCaMU BHICOKOI'0 U HU3KOT'O
OHKOT'€HHBIX PUCKOB.

Memo0dvi. Iciob30BaINCh CTATUCTUUECKUE
aHCcaMO0JIu [JIA OoIpeneIeHus BePOATHOCTH TPaHC-
dopManum pakOBBIX KJIETOK.

s anammusa Ob1IM 0TOOPAHBI OHKOIPOTEU-
HbI E6, HemmocpeICTBEHHO BJAUAIOIINE Ha IIPOIECC
TpaHchopMaIuy PAKOBBIX KJIETOK.

Pesyavmamut. C TOMOIIIbI0O HOPMAJIN30BaH-
HOM KBagpaTuuHoi omubku (NSE) ama BUpycoB
BbICOKOTO (20 mramMmoB) u HuU3KOro (153 mram-
MOB) OHKOTEHHOTO PHUCKa ObljIa TOCTPOeHA PaHTO-
Bas CTATUCTUKA 2-dKCIIOHEHIIMAJIbHOrO TUma. Jia
MPOAYKTUBHOM IMaNUIJIOMaBUPYCHON MHMEKIIUU
dyurnuio NSE onpenensanu Kak BO3pacTaoIlyO
TOUYHYIO 2-3KCIOHEHTY KJIETOUHOTO CJI0sa 0asayb-
HOW IIOBEPXHOCTHU SMUTENUA. JJorapudmM duco-
BbIX 3HaueHu NSE mpomoprimonases sHTPOIUNA
KJIETKY, CBA3aHHOU ¢ HasuumeM BupycHou [JTHEK.
s BBIUMCJEHUSA SHTPOMUU MCIIOJIb30Bajach
o0o001IeHHAas (popMysIa XapTau ¢ MHPOPMAIOH-
HO aueiikoii pasmepHocTu d: H = NdLOG (NSE),
rae N — o6001ieHHAaA KOOpAUHATA AU KU.

Buvi8o0dvt. Vlcnmoab30BaHUE CTATHUCTUUECKOTO
aHcaMm0Jis mpoTernHoB E6 oTae/IbHO IJIsT BUPYCOB
BBICOKOTO ¥ HU3KOT'0 OHKOTE@HHBLIX PUCKOB IIO-
3BOJISAET OIEHUTH BEPOATHOCTL PAKOBOII TpamHC-
dopmManuu KJIETOK, KOTOpad IMPOIOPIMOHATIbHA
OTHOIIEHUIO IIJIOIIAAY SHTPOIUY PAaKOBOM TPaHC-
dopmManum K IJIOMIaAN TPOAYKTUBHONU SHTPOIUN
ManuJIOMaBUPYCHON NHDEKITNH.

Knrouesvie cnoga: manuioMmaBupycHas NHOEK-

orusad 4YeJIOBEeKa, KaHII€ePOI€HHO€e IIepepoXIeHue
KJIETOK, KYMYJATHUBHAaA S9HTPOIINA XapTJII/I.
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