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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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OF PATHOGENIC BACTERIA
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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.
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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 Pb2+ 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 
1014 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 
(32P) 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 

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 DNAzyme-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 H2O2/2,2-azino-bis diammonium 
salts (ABTS2) to (ABTS.+) and H2O2/3,3,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 RNA-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
CTACACTGTGTGGATTTCTTACAGTTGTGTGCAGCTCCGTCCGACTCTTCCTA

GC FRQ GGTTCGATCAAGA-3

[3]

VAE-2 5-TTTCGCCATCTTAGCGAAGCGGGTGGTATCGCAGATGGGAGCTGAGTAAA
CGTAGTGACGGTAAGCTT-3

[18]

DHp3T4 5ATGCCATCGATGGTCTTTGGTATGTGGGGTCCGAGGGTAGAGCTCTGAACT
CGTTTTTTTTTTB-3

[19]

RFD-KP6 5-ATGCCATCCTACCAACCATGACTGGTTTGTACTAAGAGATTTCAGGCATCG
CTGCACGTCGTAGGTGAGCTCTGAACTCG-3

[20]

LP1FQ 5-CTATGAACTGAC QRFGACCTCACTACCAAGCAAGCATGGACAATACCGA
GCCTTTCATTTCAGCCGATCATACCTCAATGTAGATAAGCACATCTTGTCATC

GGAGGCTTAG-3

[21]

DAh1T1 5-GAAAAGCGGTCTGCTGCGCTTCTTCCTCTAGTCTGTATACCTATGTTCACT
TATGAGCGA-3

[22]

Abbreviations: Fluorophore — F; Quencher — Q; Ribonucleotide — R; Substrate sequence — underlined.



Reviews

9

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 

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

A B
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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 103 
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 

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 DNAzyme 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•105 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 sp2-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 
105 CFU/mL in CEM and 104 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 105 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:H7 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 CuNCs 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. 

Fig. 2. A — Schematic illustration of the graphene-based DNAzyme 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

A

B
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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 
b i n d i n g s . T h e r e f o r e ,  r o l l i n g  c i r c l e 
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 І (DP and CDT hybrid) 
and complex ІІ (RDS and CDT hybrid). 
Formation of the complex І induces the 

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 І, 
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 (oPAD) [31]
In this design, folding of the paper sensor in the correct sequence provides the colorimetric detection of the 

E. coli K12

A B
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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 
[31]. The design of the sensor consists of 4 
different panels; Panel A: an adsorbent pad 
for the purification and washing, Panel B: 
Whatman 3MM 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 

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 H2O2. 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 103 CFU/mL 
LOD within 35 min [31]. Compared to the 
other DNAzyme based methods, the 3D-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.

Fig. 4. Multi-component all-DNA biosensing system based on DNAzyme for E. coli detection [33]
Upon the incubation of CEM extracted from E. coli, the formation 4-WJ 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
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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 4WJ. 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 4WJ 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 

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 104 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.

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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The LOD for the paper-based colorimetric 
sensor was also reported as 104 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 

Table 2. Different types of bacterial pathogen detection via DNAzyme based sensors

Bacteria Signaling method LOD Linear range References

Vibrio anguillarum Fluorescence 4·103 CFU/mL – [18]

Klebsiella pneumoniae Fluorescence 105 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/μL – [37]

Staphylococcus aureus Colorimetric 30 nM 105 to 107 CFU/mL [38]

Salmonella typhimurium Colorimetric 1 nM – [39]

Salmonella paratyphi Fluorescence 5 ng/mL – [40]

Spectrophotometry 20 ng/mL –

Clostridium difficile Colorimetric and
Fluorescence

~ 10 μm – [41]

Listeria monocytogenes Colorimetric 47.5 CFU/mL – [16]

Vibrio parahemolyticus Colorimetric 10 CFU/mL 102 to 107 CFU/mL [42]

Pseudomonas aeruginosa Fluorescence 1.2 CFU/mL – [43]
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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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ВИКОРИСТАННЯ ДЕЗОКСИРИБОЗИМІВ 
В АНАЛІЗІ ПАТОГЕННИХ БАКТЕРІЙ
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Метою огляду було проаналізувати вико-
ристання біосенсорів DNAzyme для виявлення 
патогенів. Останнім часом дезоксирибозими 
(ДНКзими) набувають дедалі більшого зна-
чення як біосенсори в різних галузях аналізу: 
від детекції іонів металів у навколишньому 
середовищі до досліджень у тераностиці та 
виявлення мікроорганізмів. Незважаючи на 
можливість рутинного використання склад-
них інструментальних методів виявлення 
патогенної мікробної контамінації, такі під-
ходи пов'язані з витратою часу, скрутним по-
переднім обробленням зразків та наявністю 
високовартісних приладів. Специфічні щодо 
патогенів ДНКзими пропонують як альтерна-
тивні інструменти, що мають низку переваг: 
неінвазивний швидкий аналіз із виявленням 
бактерій in situ і в режимі реального часу, 
висока чутливість і селективність. Широкий 
спектр тестів на основі патогенспецифічних 
ДНКзимів було розроблено з використанням 
колориметричних та флуоресцентних методів, 
що дають змогу визначати патогенну бактері-
альну контамінацію у різних зразках. В огляді 
узагальнено інформацію про способи підбору 
патогенспецифічних ДНКзимів in vitro, різ-
ні стратегії, що їх використовують для кон-
струювання сенсорів, та потенційного засто-
сування в тераностичній практиці.

Ключові слова: патоген, ДНКзим, біосенсори, 
пероксидазаподібний ДНКзим.
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Целью обзора был анализ использования био-
сенсоров DNAzyme для обнаружения патогенов. 
В последнее время дезоксирибозимы (ДНКзимы) 
приобретают все большее значение как биосенсо-
ры в самых разных областях анализа: от детекции 
ионов металлов в окружающей среде до исследо-
ваний в тераностике и обнаружения микроор-
ганизмов. Несмотря на возможность рутинного  
использования сложных инструментальных ме-
тодов обнаружения патогенной микробной кон-
таминации, такие подходы сопряжены с затра-
той времени, затруднительной предварительной 
обработкой образцов и наличием дорогостоящих 
приборов. Специфические в отношении патогенов 
ДНКзимы предлагаются в качестве альтернатив-
ных инструментов, имеющих ряд преимуществ: 
неинвазивный быстрый анализ с обнаружением 
бактерий in situ и в режиме реального времени, 
высокая чувствительность и селективность. Ши-
рокий спектр тестов на основе патогенспецифич-
ных ДНКзимов был разработан с использованием 
колориметрических и флуоресцентных методов, 
позволяющих определять патогенную бактери-
альную контаминацию в различных образцах. В 
обзоре обобщена информация о способах подбора 
патогенспецифичных ДНКзимов in vitro, различ-
ных стратегиях, используемых для конструирова-
ния сенсоров, и их потенциальном использовании 
в тераностической практике.

Ключевые слова: патоген, ДНКзим, биосенсо-
ры, пероксидазаподобный ДНКзим.
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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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CURCUMIN-BASED MULTIFUNCTIONAL 
NANOSYSTEMS

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

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.
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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 

[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].

L i p o s o m e s  a r e  p r e p a r e d  u s i n g 
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 bioco mpatible 
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 [54] 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 Cu2+, 
Fe2+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, 

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 [50]. 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 [50, 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 diseaseі, 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-B, 
cyclooxygenase-2, 5-LOX, STAT3, C-reactive 
protein, prostaglandin E2, prostate-specific 
antigen, adhesive molecules, phosphorylase 
kinase, transforming growth factor-, 
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 --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 
[51] 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].

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 
(La3+) and rare earth metals such as Sm3+, 
Eu3+ and Dy3+ 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 μm, which indicates its poor bioavailability 
[56, 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 
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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 μM and 8 μM (μM) 
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 μm 
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 μm 
[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 
[51, 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. 

CA6 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 
[55]. Membrane lipid peroxidation [58] and 
free radical-mediated oxidative damage to 
DNA and proteins are thought to be associated 
with a variety 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 [50–52, 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 [52] is important for 
the downregulation of oxidative stress [50-52]. 

Poly--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 
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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 
[51]. 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 
[54]. 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 
[54]. Cur is able to inhibit the proliferation 
and proinflammatory secretion of cytokines 
[55] 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 [55]. 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 Fe2+, Cu2+, Zn2+ 

[58], Mn2+, Cd2+, Pb2+ and Hg2+ [51]. The 
formation of Cur chelates with redox metal 
ions [71] leads to a decrease in ROS generation 

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 

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.

Developments on purposeful transport of 
nanocomplexes from several drugs proceed. The 
current direction is the development of methods 
for creating hydrophilic structures with a 
hydrophobic core containing Cur, which are 
aimed at increasing the amount and duration 
of action of the drug. Of greatest interest are 
monodisperse nanocarriers with a hydrophobic 
core without traces of water with well-known 
characteristics, biodegradable and with minimal 
toxic effects, which include Pluronic®. The 
use of self-assembling structures is a modern 
strategy for creating nanostructures in order 
to transfer them across the cell membrane. 
Particular attention is paid to the non-toxicity 
of polymers used for self-assembly. Among the 
macromolecular systems useful for targeted 
drug delivery are Pluronic® multifunctional 
amphiphilic triblock polymers, which have 
studied characteristics. Pluronic® F-127 
provides an attractive route for encapsulation 
and delivery of hydrophobic compounds or 
ingredients. Its micelles with loaded carriers 
penetrate cells better than the preparations 
themselves. Practice-oriented tasks are aimed 
at creating and in-depth study of various 
functional properties of such combined 
nanomaterials to improve the therapeutic 
effect of drugs. The new tasks are related to 
multifunctional nanocarriers (nanocontainers), 
which carry a combination of already known 
medical or natural preparations. The creation 
of multifunctional structures makes it possible 
to add different components, and fluorescence 
makes it possible to monitor the processes 
occurring in the cell and track the time and 
location of drug unload. 

The work was done according to the topic 
No. 3 of the Department of Neurochemistry 
“Molecular mechanisms of regulation and 
multidirectional modulation of transport of 
excitatory and inhibitory neurotransmitters 
in presynapse in normal and neuropathological 
conditions” of Palladin Institute of 
Biochemistry of the National Academy of 
Sciences of Ukraine.
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МУЛЬТИФУНКЦІОНАЛЬНІ 
НАНОСИСТЕМИ НА ОСНОВІ КУРКУМІНУ

М. І. Канюк

Інститут біохімії ім. О. В. Палладіна 
НАН України, Київ

Е-mail: kanyukni@ukr.net

Використання мультифункціональних на-
носистем у медицині та наукових досліджен-
нях є актуальним.

Мета. Узагальнити дані літератури сто-
совно перспектив створення та використання 
наноконтейнерів на основі куркуміну (Cur). 
Флуоресценція Cur у складі наночастинок (НЧ) 
дає можливість дослідити розподіл флуорес-
центних та нефлуоресцентних компонентів, 
значно пришвидшити  вивчення та впрова-
дження препаратів у практику. Особливу увагу 
спрямовано на використання гідрофобних ре-
човин у НЧ, які можуть проникати всередину 
живої клітини. 

Розуміння взаємодії НЧ з живими клітина-
ми є вкрай важливим у тих випадках, коли ці 
частинки використовують для транспортуван-
ня та доставлення до клітин нерозчинних у воді 
лікарських засобів. Cur є одним із препаратів із 
різноманітними і дуже перспективними фарма-
цевтичними ефектами, але він малорозчинний 
у водному середовищі, а використання нано-
носіїв є ефективним способом для необхідного 
значного збільшення його біодоступності. Cur 
має власну флуоресценцію, що дає можливість 
використати його як мультифункціональну 
флуоресцентну наносистему,  наприклад, із 
міцелами Pluronic®. 

Використання методу флуоресценції дає 
можливість простежити етапи взаємодії наван-
тажених Cur НЧ із культивованими клітинами 
та їхню локалізацію в клітинних органелах. 

За допомогою такого підходу в часі спосте-
рігається нанорозмірна динаміка розподілу та 
стійкості лікарських засобів.

Висновки. Для нестійких у водному середо-
вищі препаратів, до яких відноситься Cur, слід 
застосовувати найбільш гідрофобні нанострук-
тури без слідів води, до яких належать ядра 
міцел Pluronic®. Такий метод дає можливість 
використовувати інші малорозчинні у воді лі-
карські препарати. 

Перспективним напрямом наномедицини є 
створення комплексних біосумісних наномате-
ріалів на основі декількох діючих препаратів, 
які зменшують токсичність ліків щодо нор-
мальних клітин.

Ключові слова: мультифункціональні наноси-
стеми, наноконтейнери для медичних пре па-
ратів, куркумін.
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Использование мультифункциональных 
наносистем в медицине и научных иссле дова-
ниях является актуальным. 

Цель. Обобщение данных литературы относи-
тельно перспектив создания и использования на-
ноконтейнеров на основе куркумина (Cur). Флу-
оресценция Cur в составе наночастиц (НЧ) дает 
возможность исследовать распределение флуо-
ресцентных и нефлуоресцентних компонентов, 
значительно ускорив изучение и внедрение пре-
паратов в практику. Особое внимание направле-
но на использование гидрофобных веществ в НЧ, 
которые могут проникать внутрь живой клетки.

Понимание взаимодействия НЧ с живыми 
клетками чрезвычайно важно в тех случаях, 
когда эти частицы используются для транспор-
тировки и доставки к клеткам нерастворимых 
в воде лекарственных средств. Cur является од-
ним из препаратов с различными и очень пер-
спективными фармацевтическими эффектами, 
однако он малорастворим в водной среде, а ис-
пользование наноносителей является эффек-
тивным способом для необходимого значитель-
ного увеличения его биодоступности. Cur имеет 
собственную флуоресценцию, что дает возмож-
ность использовать его в качестве мультифунк-
циональной флуоресцентной наносистемы, на-
пример, с мицеллами Pluronic®. 

Использование метода флуоресценции дает 
возможность проследить этапы взаимодействия 
нагруженных Cur НЧ с культивируемыми клет-
ками и их локализацию в клеточных органеллах. 

С помощью такого подхода во времени на-
блюдается наноразмерная динамика распреде-
ления и устойчивости лекарственных средств. 

Выводы. Для неустойчивых в водной среде 
препаратов, к которым относится Cur, необхо-
димо использовать наиболее гидрофобные нано-
структуры без следов воды, к которым относятся 
ядра мицелл Pluronic®. Такой метод дает возмож-
ность использовать другие малорастворимые в 
воде лекарственные препараты. Перспективным 
направлением наномедицины является создание 
комплексных биосовместимых наноматериалов 
на основе нескольких действующих препаратов, 
которые уменьшают токсичность лекарств отно-
сительно нормальных клеток. 

Ключевые слова: мультифункциональные 
нано системы, наноконтейнеры для медицин-
ских препаратов, куркумин.
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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/l.

The protein composition of goat’s milk is 
presented in the Table 1 [2].

Among these proteins, whey proteins 
have the highest biological activity. Thus, 
-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]. -lactoalbumin promotes the growth 
of bifidobacteria, as well as assimilation of 
calcium and zinc [4].

Lactoferrin  is  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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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 

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 PI3K/Akt1 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 

Table 1. Protein composition of goat colostrum

No. Protein Concentration,%

1 Total casein 2.33–4.63

2 S1-Casein 0–28

3 S2-Casein 10–25

4 -Casein 0.6–64

5 -Casein 15–29

6 Whey proteins 0.37–0.7

7 -Lactoglobulin 39.2–72.1

8 -Lactalbumin 17.8–33.3

9 Lactoferrin 5.1–21.5

10 Immunoglobulins 4.6–21.4

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
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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 μmol/l, 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 

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 proper ties 
of the composition phenotropil + L-gl utamic 
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 IFN in the vaginal 
tract was observed on the 2nd and 4th days 
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after infection. The activity of NK- and Th1-
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 С.

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, 

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  (TGF-), 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-1 and tumor necrosis factor-
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].

Сottage 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 

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, 
c a r d i o p r o t e c t i v e ,  a n t i h y p e r t e n s i v e , 
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 

distribution of fat in the milk and makes the 
digestion of goat milk easier.

Thus, feeding babies with goat milk-based 
formulas is close in efficiency to breastfeeding 
and has a number of advantages regarding the 
cow’s milk-based formulas. Therefore, the 
use of goat milk-based formulas for feeding 
children provides comfortable digestion, 
prevention of functional disorders of the 
gastrointestinal tract, reduces the risk of 
inflammation of the intestinal mucosa.

Thus, goat’s milk and colostrum are 
unique products that can be used to create 
cosmetics for maintaining healthy skin and 
treating skin diseases, as well as toproduce 
functional foods with antioxidant and anti-
inflammatory properties and infant formulas, 
which are very useful due to good digestibility 
and the content of all substances necessary for 
the babies.

This research was done in the frame of 
Govermental Funding Program “Complex 
processing of raw materials, recovery and 
biotechnological wastes recycling” of Kyiv 
National University of Technologies and 
Design.
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В огляді наведено інформацію стосовно 
протеїнового й амінокислотного складу кози-
ного молозива та молока, проаналізовано вла-
стивості компонентів молозива та молока кіз. 
Окрім цього, показано перспективи застосу-
вання козиного молока та молозива у харчо-
вій і косметичній промисловості, доцільність 
використання козиного молока для дитячо-
го вигодовування. Функціональні харчові 
продукти з козиного молока виявляють ан-
тиоксидантні, протизапальні, кардіопротек-
торні, антигіпертензивні та антиатерогенні 
властивості в організмі людини. Косметичні 
засоби на основі козиного молока є дуже ко-
рисними для підтримання здорового вигля-
ду шкіри і ефективними у лікуванні різних 
захворювань шкіри. Дитячі суміші на осно-
ві козиного молока забезпечують комфортне 
травлення у немовлят і є кращими у засвою-
ванні протеїнів, жирів та інших поживних 
речовин порівняно із сумішами з коров’ячого 
молока. 

Ключові слова: козине молозиво, козине моло-
ко, протеїни, амінокислоти, косметологія, 
дитяче харчування .
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В обзоре представлена информация о про-
теиновом и аминокислотном составе козьего 
молозива, проанализированы свойства ком-
понентов молозива коз. Кроме того, показа-
ны перспективы применения козьего молока 
и молозива в пищевой и косметической про-
мышленности, целесообразность использова-
ния козьего молока для детского вскармлива-
ния. Функциональные пищевые продукты из 
козьего молока оказывают антиоксидантный, 
противовоспалительный, кардиопротектор-
ный, антигипертензивный и антиатерогенный 
эффект в организме человека. Косметические 
средства на основе козьего молока очень по-
лезны для поддержания здорового вида кожи 
и эффективности в лечении различных заболе-
ваний кожи. Детские смеси на основе козьего 
молока обеспечивают комфортное пищеваре-
ние младенцев и являются лучшими в усвое-
нии протеинов, жиров и других питательных 
веществ по сравнению со смесями из коровьего 
молока. 

Ключевые слова: козье молозиво, козье моло-
ко, протеины, аминокислоты, косметология, 
детское питание.
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Modern biotechnology offers great 
opportunities for the use of lignocellulosic 
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 

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

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 

UDC 579.222             https://doi.org/10.15407/biotech14.05.049

ULTRASONIC DISINTEGRATION 
OF LIGNOCELLULOSE RAW MATERIALS 

AS A PRE-TREATMENT OF A SUBSTRATE 
FOR MICROBIOLOGICAL PRODUCTION 

OF BIOBUTANOL

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

O. O. Tigunova1   1SE “Institute of Food Biotechnology and Genomics
M. O. Umansikiy2      of the National Academy of Sciences of Ukraine”, Kyiv
V. V. Bratishko2   2National University of Life and Environmental Science
A. V. Balabak3       of Ukraine, Kyiv
S. M. Shulga1    3Uman National University of Horticulture, Ukraine

E-mail: Shulga5@i.ua
Received 03.09.2021

Revised 14.10.2021
Accepted 30.10.2021

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/l) 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.
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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 

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 ¼” (“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/l) 
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 (μ, W/l). The specific power of the 
ultrasound (μ) 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/l, 
the specific power of ultrasound was 0.18 and 
0.72 W/l. 

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/l): glycerol p. a. — 
20, yeast extract — 1.0; (NH4)2SO4 — 0.6; 
(NH4)2HPO4 — 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 

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/l) was for the following values of 
parameters: s = 50 g/l, μ = 0.72 W/ml, which 
corresponds to the upper limit of variation of 
these parameters. The lowest accumulation 
of biobutanol (1.16 g/l) was observed in the 
case of s = 100 g/l and μ = 0.18 W/ml, which 
corresponds to the lower limit of variation.

Fig. 1. Laboratory ultrasonic bath 
with transducers (bottom view)
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In control samples that did not undergo 
USD, the accumulation of biobutanol was 
0.24 and 0.73 g/l, depending on the biomass 
concentration of 50 and 100 g/l, respectively.

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

 
Bv = 7.84563·s–0.721369·μ0.142132,       (1)

where s is the content of dry matter in the 
suspension, %; μ 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·s–1.72137·μ0.142132.          (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 

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.

Technological parameters of USD and solvent accumulation

Experi-
ment t, min s, g/l μ, W/l 

Solvent accumulation, g/l
Plant biomass 

residue, g/lethanol acetone butanol

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: Р < 0.05 compared to control, native medium used as control.
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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 

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 (μ)

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 (μ)
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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.

This study was conducted within the 
framework of the Ministry of Education 
and Science of Ukraine “Development of 
technology for ultrasonic disintegration of 
plant biomass of the non-grain part of the 
crop”, State registration No. 0120U102083.
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УЛЬТРАЗВУКОВА ДЕЗІНТЕГРАЦІЯ 
ЛІГНОЦЕЛЮЛОЗНОЇ СИРОВИНИ 

ЯК ПОПЕРЕДНЯ ПІДГОТОВКА 
СУБСТРАТУ ДЛЯ 

МІКРОБІОЛОГІЧНОГО ОТРИМАННЯ 
БІОБУТАНОЛУ

О. О. Тігунова1, М. О. Уманський2, 
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Мета. Дослідження впливу ультразвуко-
вої дезінтеграції на лігноцелюлозну сировину 
(біо масу незернової частини ріпаку) з подаль-
шим використанням її як субстрату для отри-
мання біобутанолу. 

Методи. Для досліджень використовува-
ли штами-продуценти біобутанолу; біомасу не-
зернової частини ріпаку Brassica napus. Уль-
тразвукову дезінтеграцію лігноцелюлозної 
сировини виконували на спеціально створено-
му обладнанні. 

Результати. Досліджено вплив ультразву-
кової дезінтеграції на лігноцелюлозну сирови-
ну з подальшим її використанням для отриман-
ня біопалива за допомогою мікробіологічної 
конверсії. Показано можливість застосуван-
ня отриманих компонентів лігноцелюлози як 
субстрату після ультразвукової дезінтеграції 
для мікробіологічного синтезу бутанолу. Вста-
новлено, що найбільше накопичення бутанолу 
(2,4 г/л) отримано за використання вмісту 
50 г/л сухої речовини у середовищі та 5 хв 
оброблення. Зміна питомої потужності уль-
тразвукової дезінтеграції практично не впли-
вала на накопичення спиртів. 

Висновки. Показано, що штами-продуцен-
ти роду Clostridium можуть використовувати 
рослинну лігноцелюлозну сировину як суб-
страт у процесі культивування. Встановлено, 
що за використання ультразвукової дезінте-
грації для попередньої обробки незернової ча-
стини біомаси ріпаку накопичення бутанолу 
збільшилось утричі. 

Ключові слова: ультразвукова дезінтеграція, 
біобутанол, лігноцелюлозна сировина, 
біопаливо.

УЛЬТРАЗВУКВАЯ ДЕЗИНТЕГРАЦИЯ 
ЛИГНОЦЕЛЛЮЛОЗНОГО СЫРЬЯ 

КАК ПРЕДВАРИТЕЛЬНАЯ 
ПОДГОТОВКА СУБСТРАТА 

ДЛЯ МИКРОБИОЛОГИЧЕСКОГО 
ПОЛУЧЕНИЯ БИОБУТАНОЛА 
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Цель. Исследование влияния ультразвуко-
вой дезинтеграции на лигноцеллюлозное сырье 
(биомасса незерновой части рапса) с последую-
щим использованием её как субстрата для по-
лучения биобутанола. 

Методы. Для исследования использовали 
штаммы-продуценты бутанола; биомассу не-
зерновой части рапса Brassica napus. Ультра-
звуковую дезинтеграцию лигноцеллюлозного 
сырья выполняли на специально созданном 
оборудовании. 

Результаты. Исследовано влияние уль-
тразвуковой дезинтеграции на лигноцеллю-
лозное сырье с дальнейшим использованием 
для получения биотоплива с помощью микро-
биологической конверсии. Показана возмож-
ность использования после обработки лигно-
целлюлозы ультразвуковой дезинтеграцией 
полученных компонентов как субстрата для 
микробиологического синтеза бутанола. Уста-
новлено, что наибольшее накопление бутанола 
(2,4 г/л) получено с использованием 5% со-
держания сухого вещества в среде, 5 мин об-
работке и удельной мощности ультразвуковой 
дезинтеграции 0,72 Вт/мл. 

Выводы. Показана возможность штам-
мов-продуцентов рода Clostridium применять 
целлюлозу в процессе ферментации. Установ-
лено, что при использовании звуковой дезин-
теграции для предварительной обработки не-
зерновой части биомассы рапса накопление 
бутанола увеличилось в 3 раза. 

Ключевые слова: ультразвуковая дезинтегра-
ция, биобутанол, лигноцеллюлозное сырье, 
биотопливо.
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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 

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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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.
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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].

S t u d i e s  d e m o n s t r a t e  n u m e r o u s 
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 μg 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), CO2 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% CO2 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 μl/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 μl of MTT reagent 
(Sigma, USA) dissolved in PBS were added to 
a final concentration of 0.5 mg/ml. After four 

hours, the plates were centrifuged at 400 g for 
10 minutes, and the supernatant was removed. 
100 μl 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 
(), 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). 

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

B

A

   1         2         3          4           5           6         7        8         9 
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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 -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).

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 

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

Control Medication

Concentration of living cells MT-4 34.4·103 ± 1.2·103 37.4·103 ± 5.6·103

Concentration of dead cells MT-4 2.6·103 ± 0.7·103 3.8·103 ± 2.2·103

% of dead cells MT-4 7.02* 9.22*

Note: * — Р < 0.05 compared to control.

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

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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ДОСЛІДЖЕННЯ КОМБІНОВАНОГО 
ПРЕПАРАТУ МАГНІЮ І ФОСФОРУ 

НА ОСНОВІ КАЗЕЇНУ

Р. І. Пальонко
О. В. Павлюк
О. В. Арнаута

Л. Г. Калачнюк 

Національний університет біоресурсів 
і природокористування України, Київ

E-mail:romanpalonko@gmail.com

Мета. Перевірити біодоступність розробле-
ного комбінованого препарату магнію і фосфо-
ру на основі казеїну, ґрунтуючись на здатності 
гідролізуватися сумішшю травних ензимів 
підшлункової залози — трипсину і хімотрипси-
ну, та можливість цитотоксичного впливу на 
культури клітин.

М етоди. Для досягнення поставленої мети 
використовували гідроліз препарату сумішшю 
трипсину і хімотрипсину з подальшою детекці-
єю продуктів гідролізу методом електрофоре-
зу в поліакриламідному гелі. Для оцінювання 
цитотоксичних ефектів застосовували стан-
дартний МТТ-тест на культурах клітин МТ-4 
і Namalva.

Результати. Досліджено вплив ультразву-
кової дезінтеграції на лігноцелюлозну сирови-
ну з подальшим її використанням для отриман-
ня біопалива за допомогою мікробіологічної 
конверсії. Показано можливість використан-
ня отриманих компонентів лігноцелюлози як 
субстрату після ультразвукової дезінтеграції 
для мікробіологічного синтезу бутанолу. Вста-
новлено, що найбільше накопичення бутанолу 
(2,4 г/л) отримано за 5% вмісту сухої речовини 
у середовищі, 5 хв оброблення та питомій по-
тужності ультразвукової дезінтеграції 0,72 Вт/
мл.

Висновки. Оскільки негативних ефектів 
препарату, пов’язаних з його перетравністю  
і токсичністю, не виявлено, рекомендовано 
продовжити вивчення його впливу на моделі 
in vivo.

Ключові слова: магній, фосфор, казеїн, хелат, 
гідроліз, культура клітин, цитоток сич ність, 
МТТ-реагент, NADH (нікотин амід аденін-
динуклеотид).
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Цель. Проверить биодоступность разрабо-
танного комбинированного препарата магния 
и фосфора на основе казеина, основываясь на 
способности гидролизоваться смесью пищева-
рительных энзимов поджелудочной железы 
трипсином и химотрипсином, и возможность  
цитотоксического воздействия на культуры 
клеток.

Методы. Для достижения поставленных 
целей был использован гидролиз исследуемого 
препарата смесью трипсина и химотрипсина с 
последующей детекцией продуктов гидролиза 
методом электрофореза в полиакриламидном 
геле. Для оценки цитотоксических эффектов 
использовали стандартный МТТ-тест на куль-
турах клеток МТ-4 и Namalva.

Результаты. Исследовано влияние ультра-
звуковой дезинтеграции на лигноцеллюлозное 
сырье с дальнейшим использованием для по-
лучения биотоплива с помощью микробиоло-
гической конверсии. Показана возможность 
применения полученных компонентов лигно-
целлюлозы после обработки ультразвуковой 
дезинтеграцией как субстрата для микробио-
логического синтеза бутанола. Установлено, 
что наибольшее накопление бутанола (2,4 г/л) 
получено при 5% содержании сухого вещества 
в среде, 5 мин обработке и удельной мощности 
ультразвуковой дезинтеграции 0,72 Вт/мл.

Выводы. Поскольку отрицательных эффек-
тов препарата, связанных с его переваримостью  
и токсичностью, не выявлено, рекомендуется 
продолжить изучение его влияния на модели 
in vivo.

Ключевые слова: магний, фосфор, казеин, 
хе лат, гидролиз, культура клеток, цито ток-
сичность, МТТ реагент, NADH (никотин-
амидадениндинуклеотид).
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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.

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 

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 μg/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. аcidophilus, 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, рН 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 рН of 6.8–7.0. The 
cultures were kept for 48 hr at 37 С. 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 μg/mL:

•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) 
(PharmaLife 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, 
μg/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 1·105 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 (8.0М pixels, 
CMOS) at 1000 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 μg/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 

Fig. 1. Microscopy of the studied suspension samples, at 1 000 magnification:
a — lactobacilli; b — bifidobacteria

a b

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

Sample 
No. Antibiotic

Antibiotic MIC for the LAB, μg/mL

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
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streptomycin, tetracycline, erythromycin, 
and ceftriaxone; the MIC for these antibiotics 
were 25, 50 and, 100 μg/mL. The bacteria were 
the least resistant to lincomycin, gentamicin 
sulfate, and benzylpenicillin (MIC range 
3.1312.5 μg/mL). The bifidobacteria were 
the most susceptible to benzylpenicillin 
and lincomycin. The LAB titer in the 
control samples (without antibiotics) was 
1.5·107 CFU/mL (lg = 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. аcidophilus 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. аcidophilus 
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 μg/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 ( 1), azithromycin ( 2), 
lincomycin ( 3), ceftriaxone ( 5), and amoxil 
( 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. аcidophilus 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 μg/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-
thro mycin) at 0.78–1.56 μg/mL do not 
significantly inhibit the lactobacilli compared 

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

Strain 

MIC of the antibiotic (110) for the reference strains of lactobacilli 
and bifidobacteria, μg/mL

1 2 3 4 5 6 7 8 9 10

L. lactis 4/1 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. аcidophilus 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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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,  strepto my cin,  tetracycline, 

erythromycin) at 12.5 μg/mL and above. 
The lactobacilli were most susceptible to 

such antibiotics as lincomycin, gentamicin 
sulfate, and azithromycin (MIC of 
3.136.25 μg/mL). 

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

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
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The bifidobacteria were most susceptible 
to benzylpenicillin (No. 1), with MIC of 6.25 
μg/mL. At 0.78 μg/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 μg/mL), while for ceftriaxone, 
norfloxacin, and amoxil, the MIC was 
50 μgmL. 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 μg/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 μg/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 μg/mL, the lactobacilli decreased by 17–20%. 

The concentration of 6.25 μg/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 μg/mL was the 
MIC for benzylpenicillin, while for antibiotics 
No. 5–10 the lactobacilli decreased by 3665%. 

At 25 μg/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 μg/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 μg/mL), antibiotics No. 
2–8 inhibited the viable cell titer by 5.5–11%, 
and benzylpenicillin did that by 47%.

At 3.13 μg/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 μg/mL was the 
MIC for benzylpenicillin. For other antibiotics, 
the bifidobacteria titer decreased by 31–49.3%.

12.5 μg/mL was the MIC for sample No. 10 
(erythromycin); for samples No. 2–9, the 
bacteria titer decreased by 37–63%.

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 μg/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 μg/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 μg/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: 
azithromycin, 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’ 

antibiotics susceptibility is either intermediate 
(MIC above 8 μg/mL) for almost all tested 
substances or slight (MIC not below 25 μg/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 μg/
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. 

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 μg/mL.

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

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.
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АНТИБІОТИКОРЕЗИСТЕНТНІСТЬ 
МОЛОЧНОКИСЛИХ БАКТЕРІЙ 

ЗАКВАСКИ «VIVO ПРОБІОЙОГУРТ»
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Молочнокислі бактерії відіграють ключо-
ву роль в мікроекології людини та біотехноло-
гіях — формують органолептичні показники 
продуктів; підвищують харчову і біологічну 
цінність функціональних продуктів харчуван-
ня. Природна стійкість до антибіотиків — один 
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Молочнокислые бактерии играют ключе-
вую роль в микроэкологии и биотехнологиях — 
формируют органолептические показатели 
продуктов; повышают пищевую и биологиче-
скую ценность функциональных продуктов 
питания. Естественная устойчивость к анти-
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з важливих чинників, що визначають пробіо-
тичні властивості лакто- та біфідобактерій.

Мета. З’ясувати антибіотикорезистент-
ність функціонально-активних пробіотичних 
культур закваски «VIVO пробіойогурт» задля 
встановлення доцільності вживання кисломо-
лочного продукту, виготовленого на її основі, 
під час антибіотикотерапії для підтримки та 
відновлення нормальної мікрофлори кишко-
вика.

Методи. Для дослідження було обрано чи-
сті культури молочнокислих бактерій (МКБ): 
(Lactobacillus delbrueckii ssp., L. аcidophilus, 
L. casei, L. rhamnosus, L. paracasei, Streptococcus 
thermophiles, Bifidobacterium lactis, B. infantis), 
які входять до складу закваски «VIVO пробіо-
йогурт», якість якої підтверджено сертифіка-
тами Міжнародної організації зі стандарти-
зації ISO 9001:2008, а також ISO 22000:2005. 
Методика експерименту складалась із таких 
етапів: приготування живильних середовищ 
(«Лактобакагар», «Біфідоагар», глюкозо-пеп-
тонне середовище), робочих розчинів антибіо-
тиків, робочої суспензії МКБ, суспензії куль-
тур (лакто- та біфідобактерій), культивування 
МКБ на елективних живильних середовищах 
із додаванням антибіотиків та оцінювання ре-
зультатів досліджень. Визначення антибіоти-
корезистентності МКБ проводили методом по-
двійних розведень. 

Результати. Використання такої методики 
дало змогу встановити мінімальну інгібувальну 
концентрацію (МІК) антибіотиків різних груп 
стосовно МКБ. Результати досліджень оброб-
лено за допомогою ліцензованої комп’ютер-
ної програми Microsoft Excel.

Висновки. За результатами досліджень з 
визначення МІК антибіотиків — бензилпе-
ніцилін, азитроміцин, лінкоміцин, гентамі-
цину сульфат, цефтріаксон, норфлоксацин, 
амоксил, стрептоміцин, тетрациклін, ерит-
ро міцин щодо МКБ було встановлено, що 
лакто- та біфідобактерії закваски «VIVO пробі-
ойогурт» можна віднести до умовно резистент-
них пробіотичних культур; кисломолочний 
продукт, виготовлений на основі цієї закваски, 
доцільно використовувати під час анибіотико-
терапії задля відновлення мікрофлори кишко-
вика.

Ключові слова: антибіотикорезистентність, 
молоч нокислі бактерії, мінімальна інгібу-
вальна концентрація, закваска, пробіотики. 

биотикам — один из важных факторов, опре-
деляющих пробиотические свойства лакто- и 
бифидобактерий.

Цель. Выяснить антибиотикорезистент-
ность функционально-активных пробиотиче-
ских культур закваски «VIVO» пробиойогурт 
для установления целесообразности употребле-
ния кисломолочного продукта, изготовленного 
на ее основе, во время антибиотикотерапии для 
поддержания и восстановления нормальной 
микрофлоры кишечника.

Методы. Для исследования были вы-
браны чистые культуры молочнокислых 
бактерий (МКБ): (Lactobacillus delbrueckii 
ssp., L. acidophilus, L. casei, L. rhamnosus, 
L. paracasei, Streptococcus thermophiles, 
Bifidobacterium lactis, B. infantis), которые вхо-
дят в состав закваски «VIVO пробиойогурт», 
качество которой подтверждено сертификата-
ми Международной организации по стандарти-
зации ISO 9001:2008, а также ISO 22000:2005. 
Методика эксперимента состояла из следу-
ющих этапов: приготовление питательных 
сред («Лактобакагар», «Бифидоагар», глюко-
зо-пептонная среда), рабочих растворов анти-
биотиков, рабочей суспензии МКБ, суспензии 
культур (лакто- и бифидобактерий), культи-
вировании антибиотиков и оценке результатов 
исследований. Определение антибиотикорези-
стентности МКБ проводили методом двойных 
разбавлений.

Результаты. Использование такой ме-
тодики позволило установить минимальную 
ингибирующую концентрацию (МИК) анти-
биотиков разных групп в отношении МКБ. Ре-
зультаты исследований обработаны с помощью 
лицензированной компьютерной программы 
Microsoft Excel.

Выводы. По результатам исследований на 
предмет определения МИК антибиотиков – бен-
зилпенициллин, азитромицин, линкомицин, 
гентамицина сульфат, цефтриаксон, норфлок-
сацин, амоксил, стрептомицин, тетрациклин, 
эритромицин относительно МКБ установлено, 
что лакто- и бифидобактерии закваски «VIVO 
пробиойогурт» можно отнести к условно рези-
стентным пробиотичным культурам. Кисло-
молочный продукт, изготовленный на основе 
этой закваски, целесообразно использовать 
при анибиотикотерапии для восстановления 
микрофлоры кишечника.

Ключевые слова: антибиотикорезистентность, 
молочнокислые бактерии, минимальная инги-
бирующая концентрация, закваска, пробио-
тики.
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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.

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 

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 
E7 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.

HPV 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. 

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) = Qmax EXP{ –(N – 1)};  

2-exponent Q(Am) = Q1 EXP{ –1(N – 1)} + 
(Qmax – Q1) EXP{ –2(N – 1)};    

linear function Q(Am) = Qmax – (N – 1).

Hyperbolic function Q(Am) = p/(N + m), 
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/ep)(1/Qmax) N [Q(N) – 
– Qmax EXP{ –(N – 1)}]2,

where ep  = 10–4 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 
(153 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 -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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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: 

NSEHRSE = 35.265 EXP{– 0.1047024(N – 1)}.

As a generalized function, NSE is 
proportional to the probability of E6 
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].

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)}
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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: 

NSEHR = 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) = NdLOG [28.4 EXP{– 0.088999(20 – N)} + 6.865 EXP{– 0.2197541(20 – N)].
H– (N) = NdLOG [35.265 EXP{– 0.1047024(N – 1)}]. Crosspoint of H+ and H– is at N0 = 10.

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)
NSELR = 50.5 EXP{– 0.0149(N – 1)} + 31.352 EXP{– 0.2812865(N – 1)}

rough simple exponent (blue curve) is given by
NSELRSE = 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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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 NdLOG(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+ и 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 from d = 4 to d = 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 N0, 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  N0 as S–, and the 
area between curves H+ (N) and H– (N) at N  
N0 — as S+. Then, the probability of cancer cell 
transformation may be defined as Pc = 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. 

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:
NSEHLR = 49 EXP{– 0.0132(N – 1)} + 32.852 EXP{– 0.2639727(N – 1)}
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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 

transformation, as opposed to rough exponent 
NSE for viruses of low oncogenic risk, when 
external factors do not influence on cancer cell 
transformation. 

Conclusions

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

This study did not receive any financial 
support from a government, community or 
commercial organization. 

The authors state that they have no conflict 
of interest.

Values of probability of cancer cell 
transformation for papillomaviruses of high and 

low oncogenic risk

d High risk Low risk

1
2
3
4
5
6
7
8

1.94230300·10–1

5.72016772·10–2

1.98637659·10–2

7.55089981·10–3

3.03657242·10–3

1.26838686·10–3

5.44360273·10–4

2.38393159·10–4


2.92785191·10–2

9.06198389·10–3

3.06071257·10–3

1.09113459·10–3

4.03370226·10–4

1.53033009·10–4

5.91933751·10–5

Fig. 5. Graphics of H+ и H– functions of cumulative entropy at d = 2 for viruses 
of low oncogenous risk, N = 1…153:

H+ (N) = NdLOG [50.5 EXP{– 0.0149(153 – N)} + 31.352 EXP{– 0.2812865(153 – N)}].
H– (N) = NdLOG [81.852 EXP{– 0.02603004(N – 1)}] .

Crosspoint of H+  and  H–  is at N0 = 67.5
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ВИЗНАЧЕННЯ ЙМОВІРНОСТІ РАКОВОЇ 
ТРАНСФОРМАЦІЇ КЛІТИН 

ЗА ПАПІЛОМАВІРУСНОЇ ІНФЕКЦІЇ 
ЛЮДИНИ
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Мета. Оцінити ймовірності ракової тран-
сформації клітин вірусами високого та низько-
го онкогенних ризиків. 

Методи. Використовували статистичні ан-
самблі визначення ймовірності трансформації 
ракових клітин. 

Для аналізу було відобрано онкопротеїни 
Е6, які безпосередньо впливають на процес 
трансформації ракових клітин. 

Результати. За допомогою нормальної ква-
дратичної помилки (NSE) для вірусів високого 
(20 штамів) і низького (153 штами) онкогенних 
ризиків було побудовано рангову статистику 
2-експоненціального типу. Для продуктив-
ної папіломавірусної інфекції функцію NSE 
визначали як зростаючу точну 2-експоненту 
клітинного шару базальної поверхні епітелію. 
Логарифм числових значень NSE пропорцій-
ний ентропії клітин, яка пов’язана з наявніс-
тю вірусної ДНК. Для підрахунку ентропії ви-
користовували узагальнену формулу Хартлі з 
інформаційною коміркою розмірності d: H = 
NdLOG (NSE), де N — узагальнена координата 
комірки. 

Висновки. Використання статистичного 
ансамблю протеїнів Е6 окремо для вірусів ви-
сокого та низького онкогенних ризиків дає 
змогу оцінити ймовірність ракової трансфор-
мації клітин, яка пропорційна відношенню 
площі ентропії ракової трансформації до пло-
щі продуктивної ентропії папіломавірусної 
інфекції. 

   
Ключові слова: папіломавірусна інфекція 
людини, канцерогенне переродження клітин, 
кумулятивна ентропія Хартлі.

ОПРЕДЕЛЕНИЕ ВЕРОЯТНОСТИ 
РАКОВОЙ ТРАНСФОРМАЦИИ КЛЕТОК 

ПРИ ПАПИЛЛОМАВИРУСНОЙ 
ИНФЕКЦИИ ЧЕЛОВЕКА
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Цель. Оценка вероятности раковой транс-
формации клеток вирусами высокого и низкого 
онкогенных рисков.

Методы. Использовались статистические 
ансамбли для определения вероятности транс-
формации раковых клеток.

Для анализа были отобраны онкопротеи-
ны Е6, непосредственно влияющие на процесс 
трансформации раковых клеток. 

Результаты. С помощью нормализован-
ной квадратичной ошибки (NSE) для вирусов 
высокого (20 штаммов) и низкого (153 штам-
мов) онкогенного риска была построена ранго-
вая статистика 2-экспоненциального типа. Для 
продуктивной папилломавирусной инфекции 
функцию NSE определяли как возрастающую 
точную 2-экспоненту клеточного слоя базаль-
ной поверхности эпителия. Логарифм число-
вых значений NSE пропорционален энтропии 
клетки, связанной с наличием вирусной ДНК. 
Для вычисления энтропии использовалась 
обобщенная формула Хартли с информацион-
ной ячейкой размерности d: H = NdLOG (NSE), 
где N — обобщенная координата ячейки. 

Выводы. Использование статистического 
ансамбля протеинов Е6 отдельно для вирусов 
высокого и низкого онкогенных рисков по-
зволяет оценить вероятность раковой транс-
формации клеток, которая пропорциональна 
отношению площади энтропии раковой транс-
формации к площади продуктивной энтропии 
папилломавирусной инфекции.

Ключевые слова: папилломавирусная инфек-
ция человека, канцерогенное перерождение 
клеток, кумулятивная энтропия Хартли.


