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The processes of carbon sequestration, 
deposition and release from biological and 
geological sources are well balanced, thanks 
to which the balance of the ecosystem is 
maintained [1]. With the beginning of 
industrialisation, the global climate balance 
was disturbed, the concentration of CO2 in 
the atmosphere began to increase rapidly [2]. 
At the end of the 19th century, the Swedish 
scientist Svante Arrhenius was one of the 
first to study the relationship between the 

level of atmospheric carbon dioxide (CO2) 
and the Earth’s temperature, focusing on 
understanding the role of CO2 in climate 
regulation on a geological time scale. His work 
played an important role in the development 
of modern climatology [3]. The concept of 
anthropogenic global warming emerged much 
later, mainly in the second half of the 20th 
century, as a result of the development of 
climatology and the accumulation of factual 
data.

UDС 606:577.112:551.583           https://doi.org/10.15407/biotech16.05.005

BIOCATALYTIC CARBON DIOXIDE CAPTURE 
PROMOTED BY CARBONIC ANHYDRASE

Key words: cl imate; decarbonization; biosequestration of CO2; carbonic anhydrase; immobilization 
of enzymes.

The rapid and steady increase in the concentration of CO2, the most abundant greenhouse gas in the 
atmosphere, leads to extreme weather and climate events. Due to the burning of fossil fuels (oil, coal 
and natural gas), the concentration of CO2 in the air has been increasing in recent decades by more than 
2 ppm per year, and in the last year alone — by 3.29 ppm. To prevent the “worst” scenarios of climate 
change, immediate and significant reductions in CO2 emissions through carbon management are 
needed.

Aim. Analysis of the current state of research and prospects for the use of carbonic anhydrase in 
environmental decarbonization programs. 

Results. Car bonic anhydrase (CA) is an enzyme that accelerates the exchange of CO2 and HCO3–  in 
solution by a factor of 104 to 106. To date, 7 types of CAs have been identified in different organisms. 
CA is required to provide a rapid supply of CO2 and HCO3– for various metabolic pathways in the body, 
explaining its multiple independent origins during evolution. Enzymes isolated from bacteria and 
mammalian tissues have been tested in CO2 sequestration projects using carbonic anhydrase (CA). The 
most studied is one of the isoforms of human CAz — hCAII — the most active natural enzyme. Its 
drawbacks have been instability over time, high sensitivity to temperature, low tolerance to 
contaminants such as sulphur compounds and the impossibility of reuse. Molecular modelling and 
enzyme immobilisation methods were used to overcome these limitations. Immobilisation was shown to 
provide greater thermal and storage stability and increased reusability. 

Conclusions. Carboanhydrases are involved in biological CO2 assimilation. Therefore, the study of 
such enzymes and the conditions of their participation in atmospheric CO2 sequestration provides a basis 
for the development of biocatalytic means to enhance atmospheric decarbonization.
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In the 1960s, Charles David Keeling 
demonstrated that the amount of 
anthropogenic carbon dioxide emitted into the 
air was sufficient to cause global warming [3]. 
and a broader understanding of the greenhouse 
effect. The increase in greenhouse gas (GHG) 
levels in the atmosphere over the past five 
decades is considered to be the main cause of 
global warming. Although carbon dioxide is 
not the only greenhouse gas in the atmosphere, 
its share is 65% of the total volume of global 
emissions, it is the largest contributor to the 
total GHG in the atmosphere and is responsib le 
for 60% of the effects of global warming.

Today, 22 billion tonnes of CO2 are emitted 
into the atmosphere from anthropogenic 
sources. The emission of GHG as a result 
of the use of fossil fuels is the main reason 
why the concentration of CO2 has increased 
from the pre-industrial level of 270 ppm to 
the current level of 420 ppm. Over the next 
hundred years, energy demand is expected to 
more than double, which experts predi ct will 
lead to a doubling of CO2 emissions by 2050 
[4]. Data from ice cores in Greenland and 
Antarctica show that such high concentrations 
of CO2 have not been observed for more than 
400,000 years. The consequences of such an 
unprecedented increase in CO2 concentrations 
may include: ocean acidification, sea level rise, 
climate disruption and ecosystem destruction 
[5–7]. 

Currently, CO2 concentrations continue 
to increase by about 2 ppm per year, and by 
2.53 ppm in the last year alone: from 417.15 ppm 
in August 2022 to 419.68 ppm in August 2023 
according to https://gml.noaa.gov/ccgg/
trends/. In order to reduce GHG emissions into 
the atmosphere, there is an urgent need for 
strategies to mitigate the consequences of CO2 
emissions. GHG emissions can be reduced by 
reducing the use of fossil fuels and promoting 
CO2 sequestration [2, 8]. Atmospheric CO2 
can be sequestered using physical, chemical 
and biological approaches [1]. Depending 
on the chosen conversion method, CO2 is 
captured and converted into value-added 
products [9, 10]. One of the most effective 
approaches for sustainable development is the 
biological sequestration of CO2. Plants and 
microorganisms can capture atmospheric CO2 
using the carbon concentration mechanism 
(CCM) and convert the captured carbon into 
bioproducts [11]. However, these biological 
accumulators are only temporary carbon sinks, 
since CO2 is released again during respiration, 
decomposition of dead organisms, and also 
during fires. 

Decarbonisation programmes are being 
developed to remove carbon from the 
atmosphere and sequester it for indefinite or 
very long periods (thousands to millions of 
years) [4]. These include chemical adsorption 
from flue gases followed by storage in deep 
geological repositories, or conversion of CO2 to 
insoluble carbonate salts [12–15].

The conversion of CO2 into mineral 
carbonates offers the prospect of a safe, stable 
and environmentally benign product for long-
term carbon sequestration [12, 16, 17], as 
significant reservoirs of carbonate minerals 
have existed for millions of years. 

Under natural conditions, carbon 
sequestration in mineral carbonates is a 
very slow process. To speed up the reaction, 
decarbonisation technologies use an enzyme 
known as carbonic anhydrase (CA), which 
radically accelerates CO2 hydration [18, 19 ].

Carbonic anhydrases catalyze the reaction 
of the reversible hydration of carbon dioxide:
                                                  k1                 kcat

СA + CO2 + H2O CA·CO2
                                                 k–1                      k–2

                        kcat
СA + HCO3

– + H+                     (1)
                                    

k–2

The rate of interconversion of CO2 and 
HCO3

– in the absence of enzyme is relatively 
low: the value of the rate constant for the 
non-catalytic hydration of CO2 is ~ 0.037 s–1 

at 25 C and an ionic strength of 0.2 [20]. This 
reaction has a second order rate constant k1 
of 0.0027 M–1 · s–1 at 37 C and neutral pH, 
which corresponds to a pseudo first order 
rate constant of 0.15 s–1. The dehydration 
reaction constant k–1 is equal to 50 s–1. These 
constants determine the [CO2]/[H2CO3] rat io 
in aqueous solutions of 340 : 1. Carbonic acid 
H2CO3 dissociates in aqueous solution with 
pK 1 6.35 and pK 2 10.25, i.e. at neutral pH 
inorganic carbon in the form of bicarbonate ion 
(HCO3

–) predominates. Carbonic anhydrases 
(CA) significantly accelerate both reactions, 
especially the hydration reaction. The most 
active human carbonic anhydrase II enzyme 
has a kcat of the CO2 hydration reaction of 
more than 106·s–1, and the rate constant of 
the dehydration reaction is 2.5–105·s–1 [21] 
(Table 1).

Carbonic anh ydrases are ubiquitous in both 
prokaryotes and eukaryotes [22, 23]. They play 
important roles in numerous physiological 
processes such as respiration, pH and CO2 
homeostasis, secretion and gluconeogenesis. 
There are seven different classes of CAs (, 
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, , , , , , ) that differ in their role in 
various important physiological processes, 
amino acid sequences and three-dimensional 
tertiary structure [24]. Despite structural 
differences, all CAs share the same catalytic 
mechanism involving a central metal atom 
(most commonly zinc).

 Recently, CAs have been the target of 
environmental studies as enzyme accelerators 
to significantly improve CO2 capture in the 
aqueous phase [25, 26].

Types of Carbonic Anhydrases 
and Their Features

-Carbonic anhydrases
-CAs are widespread and are found in 

vertebrates [27], algae [28, 29], higher plants 
[30, 31], eubacteria [32–34 ], some species of 
fungi and protozoa, as well as some bacteria 
and cyanobacteria [35, 24]. However, -CA 
has not been detected in archaea [36]. Most 
-CAs are monomers with a molecular mass of 
about 30 kDa (Fig 1, A). Most -CAs are active 
as approximately 30 kDa monomers with three 
histidines coordinating the zinc atom [30] 
(Fig. 1, B).

Historically, -CAs were the first 
carboanhydrases to be described, isolated 
from animal erythrocytes. They are 
considered to be the evolutionary youngest 
group of CAs [39] found in mammals, 
including humans, and have a limited 
distribution in prokaryotes [22].The alpha 

class includes all 16 mammalian CA isoforms 
with different organ-tissue distribution and 
subcellular location, 15 of which have been 
found in humans (HCAs) [24], and several 
new isoenzymes have also been identified in 
non-mammalian vertebrates, among which 
HCAII is the best studied and characterised 
CA. The tertiary structure of HCAII 
consists of a unique domain containing ten 
-bands that twist to form a -sheet (eight of 
which are antiparallel, the other two 
parallel). Around  these -sheets are up to 
eight more -helices on the surface of the 
protein (Fig. 1, A).

The -CA isoenzymes differ in their 
kinetic properties, tissue distribution and 
subcellular localisation, and sensitivity to 
different inhibitors. In general, there are 
three distinct groups of CA isoenzymes in 
the -CA gene family. One of these groups 
contains cytoplasmic CA, which includes 
mammalian CAs I, II, III, V, VII, and XIII. 
These isoenzymes are found in the cytoplasm 
of various tissues, with the exception of 
mitochondrial CA V. Another group of 
isoenzymes called membrane bound CAs 
consists of mammalian CAs IV, IX, XII, XIV 
and XV [40]. These isoenzymes are associated 
with the plasma membranes of many different 
tissue types. The latter group contains some 
very unusual isoenzymes, CA VIII, X and XI, 
which have lost the classical CA activity of 
CO2 hydration/dehydration and are referred 
to as CA-related proteins [41].

Fig. 1. Structure of human CAII enzymes retrieved from PDB 3U45 (A). The human CAII 
monomer mostly consists of beta strands (В) a single active site with three zinc-coordinating 

histidine residues [37, 38]

A B
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Carbonic anhydrases
-CAs were first identified as carbonic 

anhydrases in higher plants [42, 43]. 
Subsequently, -CAs were discovered in 
cyanobacteria [28, 44], microalgae [45], 
eubacteria [46], archaeubacteria [22] and 
fungi [47]. This CA family is not represented 
in any vertebrate genome. The active site of 
-CAs contains histidine and two cysteine 
residues that act as zinc ligands [48, 49]. -CAs 
are usually active as dimers or multimers. In 
Pisum sativum, CA dimers form tetramers 
(Fig. 2, 3), which are held together by their 
C-termini to form octamers [50]. An active 
center is formed at the interface between the 
two subunits.

-CA’s were discovered after -CAs in 
plants and other organisms. The quaternary 
organisation of -CAs is more diverse: they 
can form different oligomeric structures 
such as dimers, tetramers and octamers. The 
molecular masses of these oligomers range 
from 45 to 200 kDa. Among them, the dimer 
is the catalytically active unit responsible for 
the carboanhydrase activity of the  enzyme. 
Individual -CA subunits have molecular 
masses of 25 to 30 kDa (Fig. 2). These 
subunits have a unique / folded structure 
that allows them to associate and form 
dimers, which are the main structural units 
in the catalytic mechanism. The structure 
of the -CA monomer consists mainly of 
helices surrounding a -sheet of four parallel 
-strands. A fifth C-terminal -strand is also 
involved in the oligomerisation of-CA [5]. 

Initially, it was thought that the -class 
of CAs consisted exclusively of enzymes 
localised in the chloroplasts of higher plants, 
and they were commonly referred to as ‘plant 
CAs’. However, with the accumulation of 
new data since the 1990s, it has become clear 
that -CAs are much more widespread and 

are found in different organisms in all three 
superkingdoms: eukaryotes, bacteria and 
archaea. -CAs have been identified in a wide 
range of organisms including microalgae, 
cyanobacteria, bacteria, fungi, archaea, 
higher C3 and C4 plants and invertebrates. 

This wide distribution suggests that 
CAs play an important role in a variety of 
biological processes in different life forms. 
Phylogenetic analyses by Smith and Ferry 
[22] of 76 -CAs from a variety of organisms 
belonging to different domains of life revealed 
distinct patterns. Unicotyledonous and 
dicotyledonous plants formed monophyletic 
groups, suggesting a common evolutionary 
origin. However, the remaining -CAs formed 
four distinct subgroups or clades, including 
two clades formed by enzymes from Eukarya 
and Bacteria, and two exclusively prokaryotic 
clades: one comprising enzymes from Gram-
negative bacteria, and the other consisting 
predominantly of sequences from Archaea and 
Gram-positive bacterial species.

The functional unit of -CA is the dimer 
(Fig. 2), although the most common oligomeric 
form of -CA is the tetramer [50, 53]. The-CA 
dimer is formed by extensive interactions 
created by the two N-terminal -helices of 
one monomer wrapping around the  second 
monomer and a minor hydrogen bond between 
the second -helices of each monomer [50]. 
Tetramers are formed by interactions mainly 
through the fifth, C-terminal -helix [50]. In 
pea, chloroplast -CA forms an octamer. For 
some -CA, dicots have a unique C-terminal 
extension of the fifth -sequence, whereas 
unicots do not [50, 53]. Octamers are formed 
by slightly different interactions with these 
fifth -band extensions [50, 53].

 The structural diversity observed in -CA 
reflects the adaptability of these enzymes 
to different environments and physiological 

Fig. 2. X-ray structure of a -carbonic anhydrase 
from the red alga, Porphyridium purpureum R-1 

[51]

Fig. 3. Ribbon diagram of the -CA native tetra-
mer of Haemophilus influenzae -CA retrieved 

from PDB 2A8C (A) [52]. 
The active site of -CAs containing 

one histidine and two cysteine residues that act as 
zinc ligands (B)

A B
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roles. Understanding the structural features 
of-CAs can provide valuable information on 
their catalytic mechanisms, regulation and 
potential applications in biotechnology and 
medicine.

-Carbonic anhydrases
-CAs were first discovered in the archaea 

Methanosarcina thermophila [54]. Plants [55] 
and photosynthetic bacteria [56, 57] also contain 
-carboanhydrases, while repo rts detailing 
-CA in animals have not appeared. The amino 
acid sequence of Cam showed no significant 
homology with known representatives of - or 
-class carboanhydrases [55]. 

Similar to the active centre of -CAs, 
the active centre of Archaebacterium 
-carboanhydrases has zinc in the active centre 
coordinated by three histidine residues and 
one water molecule [59] (Fig 4, B). However, in 
contrast to the structure of carboanhydrases, 
which are monomers, the functional unit of 
-carboanhydrases is a trimer with three active 
centres spanning the monomer-monomer 
interfaces. 

The zinc ion is coordinated by his residues 
represented by two different subunits [59]. 
The -chain region dominates the structure 
of -carboanhydrase and consists of seven 
complete turns forming a left-handed 
-helix [59]. Each complete turn contains 
three -chains, making the -helix look like 
an equilateral triangle when viewed from 
above [59]. In photosynthetic organisms, 
-carboanhydrase may contain additional 
domains, as seen in the cyanobacterial CcmM 
proteins of cyanobacteria, which have two 
or three repeating C-terminal domains with 
high similarity to the Rubisco small subunit 
[60]. In cyanobacteria, CcmM sometimes acts 
as an active carboanhydrase, but some CcmM 
proteins lack activity [57, 61]. However, 
CcmM is thought to organise the packaging 
of Rubisco in the carboxysome even though it 
does not have carboanhydrase activity.

It has been shown that - or -like CAs are 
part of complex I of the mitochondrial electron 
transport chain in plants and algae [62, 63].

-Carbonic anhydrases
 To date, -CAs have only been described 

in a few diatoms [64]. Like the first three 
CA families, the -CA families represent a 
case of convergent evolution, with almost no 
sequence similarity to -, - and CAs [65]. 
The structure and geometry of the ~34 kDa 
enzyme was found to be similar to that of 
- and -CA [66].

-Carbonic anhydrases
This family of CA genes, also restricted 

to m arine pro tists, is somewhat similar to the 
-CA family [67–69]. What distinguishes this 
CA family from the -CA family is that other 
metals, such as Cd or Co, can replace Zn in the 
active site [67–69]. 

-CA, also called cadmium СA, was first 
isolated from the marine diatom T. weissflogii 
[68]. Seawater is mainly depleted in Zn2+ ions. 
Therefore, under strict Zn2+ limitation, the 
activity of the Zn-dependent -CA TWCA1 
decreases sharply and is replaced by another CA 
using Cd2+ ions in its active centre. The amino 
acid sequence of CDCA and its exact molecular 
mass (69 kDa) were later determined. CDCA 
had no significant homology to proteins from 
other known classes of CAs and was therefore 
assigned to the new -class CAs. Genes 
encoding CDCA homologues have been found 
in a number of other diatoms [67]. CDCA is 
a monomer with an amino acid sequence of 
consists of three repeats (R1-R3) that share 
85% identity, while the coding DNA sequences 
share a much lower percentage of homology 
[69]. Each of the R1-R3 repeats contains an 
active site that structurally mimics the type I 
-CA site [70].

-Carbonic anhydrases 
The -family has been found in the 

protozoan parasite, Plasmodium falciparum, 
which causes human malaria [71]. This is 
a group of enzymes previously thought to 
belong to the alpha family of CAs, but it has 
been demonstrated that -CAs have unique 
features, such as the structure of metal ion 
coordination. De Simone et al. [72]. showed 
that the metal ion coordination structure of 
this CA is unique among all six other gene 
families encoding such enzymes. In the active 
centre of -CA, zinc is coordinated by two His 
residues and one Gln, in addition to a water 
molecule/hydroxide ion (Fig. 5), which acts as 

Fig. 4. Structure of -CA from Methanosarcina 
thermophila 1QRE [58, 59]

BA



10

BIOTECHNOLOGIA  ACTA, V. 16, No 5, 2023

a nucleophile in the catalytic cycle. Despite the 
fact that - and -CAs share the same three-
dimensional structure, strongly suggesting 
the evolutionary origin of the former from 
the latter, there are significant differences 
between the two families, which will allow the 
design of selective inhibitors of the parasite 
to be optimised without harming the host 
enzymes.

-Carbonic anhydrases
The iota class, the newest class of CAs, was 

discovered in the marine diatom Thalassiosira 
pseudonana and is widespread in marine 
phytoplankton [73]. In diatoms, -CA is localised 
in chloroplasts and is only expressed at low 
CO2 concentrations, suggesting an important 
role for this enzyme in CO2 concentration 
mechanisms. Unlike other classes, -CA can use 
manganese instead of zinc as a metal cofactor, 
which has potential ecological significance 
since Mn2+ is more abundant in the ocean than 
Zn2+. Its homologues are present in several 
sequenced diatoms and other algae, bacteria 
and archaea. Homologues of -CA have also 
been identified in Gram-negative bacteria, 
where they may be present as the protein 
homodimer CA. Thus, -CA is phylogenetically 
widespread, as confirmed by analysis of the 
Tara Oceans database [73]. This suggests that 
CAs are likely to play an important role in the 
global biogeochemical carbon cycle.

Structure of the active center and catalytic 
mechanism of carbonic anhydrases

The catalytic mechanism of CA was first 
described for human -CA II (hCA II) [74]. The 
discovered catalytic mechanism was termed 
‘Zn hydroxide’ because the catalytically active 
group of hCA II is Zn-bound water ionised to 
a hydroxide ion. The metal ion itself is not a 
nucleophile to act as a catalyst. It was later 

found that all classes of CAs utilise a metal 
hydroxide mechanism, using divalent metal 
hydroxide derivatives as catalytically active 
structures [24]. 

Crystallographic studies have shown 
that the active centres of CAs are usually a 
tetrahedral cavity formed by three amino acid 
residues and a deprotonated water molecule 
(hydroxide ion), which act as coordinating 
ligands for Me2+ (Fig. 5). The metal ion (usually 
Zn2+) is hydrogen-bonded to the amino acids 
surrounding the active site [24]. 

These ligands, as well as the amino acids 
involved either in catalysis or in forming the 
correct structure of the active site, are strictly 
conserved within each class of CAs. In -, - 
and -CA, three his residues coordinate the 
Me2+ ion and the fourth ligand is a hydroxide 
ion. 

All -CAs are divided into two types 
depending on the nature of the fourth ligand 
in the active centre and the adjacent amino 
acid residues [24, 75] (Fig. 5). In type I -CAs 
(so-called “open active site” enzymes), Me2+ 
is coordinated by one His, two Cys and one 
hydroxide ion. Type II -CAs (enzymes with 
a “closed active site”) use an Asp instead of a 
hydroxide ion (Fig. 5). These enzymes are only 
active at pH above 8.3. It is this environment 
that favours the transition from a “closed 
active site” to an “open site” where the water 
molecule (hydroxide ion) occupies the position 
of the fourth ligand required for catalysis. All 
-cases require dimerisation for catalysis [75], 
so a single catalytically active subunit has two 
active centres, each carrying Me2+. 

The structure of the -CAS active centre is 
similar to that of the type I -CA active centre 
[76]. In -CA, Me2+ is coordinated by two His 
residues and one Gln residue in addition to the 
hydroxide ion [72]. 

The catalysis takes place in two steps [77]. 
In the first step, CO2 is converted to HCO3

–. 

Fig. 5. Schematic representation of active sites of different classes of CAs. 
Ligands coordinating metal ion (Zn2+) in the active centre of enzymes are shown
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The metal hydroxide derivative in the active 
site of the enzyme (E) is a strong nucleophile 
that attacks the CO2 molecule. This step results 
in the formation of a bicarbonate ion bound 
to Me2+ (Equation 2). The bicarbonate ion is 
replaced by a water molecule and released into 
solution. 
                                                                                H2O

E-Me2+-OH– + CO2  E-Me2+-HCO3
–  

 E-Me2+-H2O + HCO3
–                  (2)

This results in the formation of an inactive 
acid form of the enzyme in which water is 
coordinated to Me2+. 

 In the second step, the active basic form 
of the enzyme is regenerated by ionisation of 
the water molecule bound to the metal and 
removal of a proton from the active centre to 
an external buffer (Equation 3). 

E-Me2+-H2O  E-Me2+-OH– + H+        (3)

In some cases, this step is facilitated 
by individual amino acid residues close to 
the active site of the enzyme that act as 
intermediates in the proton transfer [23]. The 
removal of protons from the active site and the 
reduction of the metal-bound hydroxide is the 
limiting step in the catalytic process. 

In the highly active hCA II, the proton-
translocating residues are complemented by 
a His cluster protruding from deep within 
the active centre to the enzyme surface. This 
cluster promotes even more efficient proton 
removal. 

This makes hCA II the most active enzyme 
known to date — the rate of its catalysis is 
essentially limited only by the rate of ion 
diffusion [78]. 

A characteristic feature of all CAs, at least 
of those proteins, is the “bipolar” architecture 
of the active site: one half of the active site 
is covered with hydrophobic residues and the 
other half, the opposite half, is covered with 
hydrophilic amino acids [79]. 

This dual nature is due to the fact that 
the enzyme substrates, CO2 and HCO3

–, have 
different chemical properties. At the beginning 
of the reaction, the CO2 molecule binds to a 
specific part of the hydrophobic region of 
the active centre of the CA site (hydrophobic 
pocket]; this facilitates the subsequent 
nucleophilic attack [79]. The hydrophilic 
moieties ensure regeneration of the active 
site by removing a proton from the zinc-
bound water and releasing it to the external 
environment by means of proton-translocating 
groups. Table 1 summarizes typical kinetic 
parameters of the many carbonic anhydrase 
isozymes. 

The data, which include enzymes from 
all six CA families, show that hCA II (-class 
CA) or ZnCA1-R1 (-class CA) are among the 
enzymes with the highest turnover numbers 
described so far.

The table shows data on -class CAs: 
human cytosolic isoenzyme hCA II; bovine 
(wtbCAII) and the bacterium SazCA (from 
SulfuriHydrogenibium azorense); the -class 
includes the enzyme Can2 from the fungus 

Table 1. Kinetic parameters for the CO2 hydration reaction catalysed by various CAs belonging 
to the various families

Class Organism kcat (s–1) kcat /KM
[(Ms)–1] References

 hCA I  Human 2.0105 5.0107  [78] 
hCA II  Human 1.4106 1.5108  [70]

wtbCAII  Bovini 9.3104 1.198108  [80]
SazCA  Bacterium 4.4106 3.5108  [81]
Can2  Fungus 3.9105 4.3107  [82]

FbiCA1  Plant 1.2105 7.5106  [83]
PgiCA  Bacterium 4.1105 5.4107  [84]

CdCA1-R1  Diatom 1.5106 1.4108  [85]
ZnCA1-R1  Diatom 1.4106 1.6108  [70]

TweCA  Diatom 1.3105 3.3107  [76] 
PfCA  Protozoa 1.4105 5.4106  [71]
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Cryptococcus neoformans FbiCA1 from the 
plant Flaveria bidentis; -class enzyme — 
PgiCA from the anaerobic bacterium 
Porphyromonas gingivalis; - and -class 
enzymes from the diatom Thalassiosira 
weissflogii; -class CA with zinc (ZnCA1-R1) 
and cadmium (CdCA1-R1); -CA (PfCA) from 
Plasmodium falciparum.

As the most active enzyme, hCA II is often 
tested in CO2 capture projects from industrial 
gas emissions [20, 25, 77]. Carbonic anhyd rase 
from bovine erythrocytes, although less active 
than the hCA II isoform, is one of the most 
studied forms of CA and is promising for use in 
flue gas decarbonisation programmes [86–88].

  The combustion of fossil fuels produces not 
only CO2 but also nitrogen and sulphur oxides, 
from which nitrates, nitrites, sulphates and 
sulphites are formed in the aquatic environment. 
The influence of these anions on the activity of 
CA is of interest when designing reactors for 
CO2 sequestration. The results of the study of 
these effects show that the enzymatic activity 
of hCA II is only slightly inhibited by NO3

–, 
NO2 

–, SO4
2–, HSO3– [89]. -CA (PfCA) proved to 

be much more sensitive to these anions [71].
Other impurities of flue gases are heavy 

metal ions that inhibit to varying degrees 
carbonic anhydrases hCAII, hCAI and -CA 
from different vertebrate and invertebrate 
species [90]. 

Comparative analysis of the results 
obtained when studying the effects of heavy 
metals on plants [91] and multiple forms of 
plant carbonic anhydrases [92–94] allows us to 
conclude that plant -carbonic anhydrases are 
more sensitive to the inhibitory effects of heavy 
metals than animal -CAs. The reason for the 
high susceptibility of -CAs to Me2+ seems to be 
the presence of SH-containing amino acids (cys) 
in their active centre (Fig. 5), which have a high 
affinity for heavy metal ions. Obviously, these 
characteristics should be taken into account 
in the design of reactors, depending on the 
composition of the flue gases to be decarbonised, 
for which one or other CA will be used.

Influence of temperature on the structure 
and activity of carbonic anhydrases

At high temperature, enzymes lose 
their biological activity and are irreversibly 
denatured by denaturation. This inactivation 
by thermal denaturation has a profound effect 
on enzyme productivity [95]. The temperature 
limitation of enzymes is an important parameter 
for industrial applications, affecting the cost 
of the process if the enzyme cannot be reused. 

Lavecchia and Zugaro studied the effect of 
thermal denaturation on the catalytic properties 
of carbonic anhydrase from bovine erythrocytes 
[96]. It was found that at temperatures below 
60 C the enzyme is very stable, whereas at 
temperatures between 60 and 65 C there is a 
sharp decrease in biological activity followed by 
irreversible loss of activity. 

Below 60 C the enzyme recovers almost 
completely its biological activity, whereas in 
the range 60–65 C a considerable decrease in 
the catalytic activity takes place, above 65 C 
the residual activity drops to zero after few 
minutes. Thermal transition between native 
and partially unfolded carbonic anhydrase is a 
highly cooperative process. The observed loss 
of activity appears to be a consequence of large 
conformational changes affecting all the molecule 
and causing the unfolding of the protein. When 
the enzyme solution is cooled down to 25 C 
in order to measure the catalytic activity, the 
structural rearrangements of the polypeptide 
chain are likely to result in an uncorrected 
reconstitution of the active site region.

As the turnover rate of hCA II is much higher 
than that of other types of CAs, it is attracting 
increasing attention in CO2 capture projects. 
However, its hydratase activity is very sensitive 
to temperature, and the enzyme is inactivated 
at 45 C [97]. This greatly complicates its use 
as a potential catalyst for accelerating CO2 
absorption from flue gases [98], i.e. at high 
temperatures and in the presence of trace 
amounts of pollutants [16, 99].

Recently, many authors have reported a 
decrease in enzyme activity with prolonged 
exposure to high temperatures [89, 100, 
101]. It became clear that the development of 
enzymatic CO2 capture technologies would be 
impossible without solving the problem of the 
thermal stability of СAs.

To solve this problem, 
1) In thermophilic organisms, enzymes are 

being sought that maintain high activity as 
the temperature rises [22, 55, 58, 59, 95, 97, 
102, 103];

2) Molecular modelling methods are used 
with directed replacement of critical amino 
acids in the СA molecule [72, 77, 95, 99, 101, 
104, 105];

3) Developing methods and carriers for 
immobilizing CA to increase its thermal 
stability, improve enzyme recovery and reuse, 
and reduce the overall cost of the process [15, 
100, 106–108];

4) Scaling up research to develop enzymatic 
CO2 sequestration technologies for subsequent 
industrial implementation [107, 109].
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CAs from Methanobacterium thermo-
auto trophicum (CAB) and Caminibacter 
mediaatlanticus DSM 16658 are able to retain 
more than 40% of their initial hydratase 
activity at 85 C when reduced to 1.7104 s–1 
[22]. Enzymes from Bacillus subtilis and 
Citrobacter freundii are stable at  60 C but 
lack hydratase activity [17]. 

In recent years, four highly thermally stable 
-CAs, SspCA from Sulfurihydrogenibium 
yellowstonense YO3AOP1, SazCA from Sul-
fu ri hydrogenibium azorense, Thermovibrio 
ammonificans (TaCA) and Persephonella marina 
EX-H1 (PmCA), have been extensively studied. 

Capasso et al, [110] reported a highly 
thermally stable recombinant -CA (SspCA), 
which was identified and characterised from the 
thermophilic bacterium Sulfurihydrogenibium 
yellowstonense sp. YO3AOP1. It retains its 
high catalytic activity for the CO2 hydration 
reaction even after heating at 70 C for several 
hours.

Russo et al, [100] developed a novel 
recombinant CA, SspCA, isolated from the 
thermophilic bacterium Sulfurihydrogenibium 
yellowstonense sp. YO3AOP1. They also 
reported that the half-life of the enzyme at 
pH  8.3 was 53 days at 40 C and 8 days at 
70 C.

De Luca et al. and Vullo et al. [102] reported 
the biochemical properties, thermostability 
and inhibition of a novel -CA enzyme, 
SazCA, obtained by translational analysis of 
the genome of the thermophilic bacterium 
Sulfurihydrogenibium azorense. The SazCA 
enzyme is highly thermostable, withstanding 
incubation temperatures of 90–100 C for 
several hours without loss of activity. However, 
SazCA is highly sensitive to most inorganic 
anions (except sulphate), which inhibit the 
enzyme at concentrations of about 1 mM.

So for today, SazCA has the highest catalytic 
hydratase activity of 3.5108 M–1·s–1 at 20 C 
[102], which is more than twice the activity of 
hCA II. The enzyme retains high hydratase c 
after 3 h incubation even at 100 C, which may 
be due to the substitution of two amino acids 
involved in proton transfer: Glu2 for His2 
and Gln207 for His207 [72]. These two 
mutations could affect the pKa of the proton 
shuttle and consequently its ability to transfer 
the proton [72].

Using the methods of molecular modeling, 
it was possible to increase the thermal stability 
of the spacecraft due to such strategies as 
increasing the stiffness of the surface loop 
[104] and compactness of the surface [105, 
111], reducing surface hydrophobicity [99] 

and introducing a conservative disulfide 
bridge [77].

Enzyme immobilisation

CA enzymes are rather unstable molecules 
with a limited range of working conditions, and 
their use in their free form is not recommended 
because they cannot be extracted from the 
reaction environment [108], which severely 
limits their large-scale industrial applications. 
Also, the use of free enzyme dissolved in the 
solution phase is not favourable due to the 
significant amount of enzyme required in 
enzymatic processes. Enzyme denaturation 
is another challenge, resulting in the loss of 
enzyme CO2 hydration activity over time. 
Enzyme immobilisation allows mobile enzymes 
to be confined by attaching them to an inert, 
insoluble material. This can provide increased 
resistance to changes in pH or temperature. It 
also allows the enzyme to remain in a stabilised 
state throughout the reaction, after which it 
can be easily separated from the products and 
reused. This greatly increases the efficiency 
of the process and is therefore widely used 
in industry for reactions dependent on 
enzymatic activity [112]. Therefore, enzyme 
immobilization is a rational approach to 
overcome these limitations and develop a viable 
CO2 capture system using aqueous solvents.

Immobilisation of carbonic anhydrase can 
offer several advantages, including improved 
stability, reusability and easier separation of 
the enzyme from the reaction medium. Various 
supports and immobilisation strategies 
have been explored to immobilise carbonic 
anhydrase with the aim of achieving good 
activity and stability compared to free enzyme 
in solution [15, 107].

The immobilisation strategy is cru cial 
for maintaining the activity and stability of 
immobilised carbonic anhydrase. Various 
strategies such as physical entrapment 
(encapsulation), covalent binding and 
adsorption have been used to immobilise 
carbo nic anhydrase [112, 113].

Physical entrapment involves the 
 encapsulation of the enzyme within the 
carrier matrix, which provides protection 
and maintains the enzyme activity. Enzyme 
encapsulation is an irreversible immobilisation 
method in which enzymes are entrapped 
within the fibre, either in polymer membranes 
or in lattice structures of the material, which 
supply the substrate and remove products from 
the enzyme. Capture involves the physical 
confinement of the enzyme within a limited 
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network space. Mechanical stability, enzyme 
leaching and chemical interaction with the 
polymer are generally improved when the 
enzyme is immobilised by encapsulation. This 
method modifies the encapsulating material 
to provide an optimal microenvironment for 
the enzyme. An ideal microenvironment with 
optimal pH, polarity or amphiphilicity can be 
achieved by using different support materials 
[113]. 

Adsorption. Adsorption involves the non-
covalent binding of the enzyme onto the surface 
of the carrier, which can be reversible and 
allows for enzyme release. This method is based 
on physical interactions between proteins and 
solid support surfaces through van der Waals 
forces, hydrogen bridges and electrostatic 
interactions. Adsorption immobilisation of 
enzymes is relatively simple and can have 
higher commercial potential, lower cost and 
higher efficiency with relatively weak (non-
covalent) binding of the enzyme.

However, the physical binding is generally 
too weak for the enzyme to remain attached 
to the support and not be subject to enzyme 
leaching, resulting in significant substrate 
contamination [108, 113].

Covalent binding and cross-linking. 
Covalent binding involves the formation of 
covalent bonds between the enzyme and the 
carrier, which provides strong attachment 
and stability. The technique of covalent 
enzyme immobilisation is one of the most 
prominent. The formation of covalent bonds 
is required for more stable binding, and 
these are generally formed by reaction with 
functional groups present on the protein 
surface. The functional groups that contribute 
to enzyme binding include side chains of lysine 
(amino group), cysteine (thiol group) and 
aspartic and glutamic acids (carboxyl group) 
[114]. The activity of the covalently bound 
enzyme depends on the coupling method, the 
composition of the carrier material, as well as 
its size and shape and the specific conditions 
during coupling [15,107].

Support materials for CA immobilization. 
The choice of the support material is an 
important factor which must be considered, as 
it has an important effect on the performance 
of biocatalytic system [108]. Some features 
should be considered for support material 
selection such as availability, low cost, 
functional group availability, mechanical 
stability, and compatibility with the enzyme.

1. Polymer-based materials: Polymers such 
as polyvinyl alcohol (PVA), polyvinyl acetate 
(PVA), polyethyleneimine (PEI), polyurethane 

(PU), and polyethyleneglycol (PEG)have 
been widely used as support materials for CA 
immobilization. These polymers have high 
mechanical stability, tunable porosity and can 
provide a stable matrix for the enzyme. 

2. Silica-based materials: Silica-based 
materials, such as silica gels, mesoporous 
silica, and silica nanoparticles, have been 
extensively studied for CA immobilization. 
They have a high surface area, which provides 
a large amount of immobilization sites for the 
enzyme. Silica-based materials also have good 
compatibility with the enzyme and can provide 
a stable environment for its activity.

Inorganic materials, such as silica 
nanoparticles, gold nanoparticles, and 
titanium dioxide nanoparticles, offer unique 
properties for enzyme immobilization. They 
provide stability and controlled release of 
the enzyme, which can enhance the overall 
performance of the CO2 capture process.

3. Metal-organic frameworks (MOFs): 
MOFs are a class of porous materials composed of 
metal ions connected by organic ligands. These 
materials have shown great potential as support 
materials for CA immobilization due to their 
high porosity and tunable structures. MOFs can 
provide a controlled environment for the enzyme 
and improve its stability and catalytic activity.

4. Mesoporous materials: Mesoporous 
materials, such as silica, alumina, and 
zeolites, have attracted attention for enzyme 
immobilization. These materials provide a high 
surface area and a well-defined pore structure, 
allowing for efficient loading and dispersion 
of CA enzyme [115].

5. Magnetic nanoparticles: Nanoparticles, 
such as magnetic nanoparticles and gold 
nanoparticles, have been explored as carriers 
for immobilizing carbonic anhydrase. These 
nanoparticles can provide high surface area-
to-volume ratios and can be easily separated 
from the reaction medium using external 
magnetic fields or centrifugation.

6. Carbon-based materials: Carbon-based 
materials, such as activated carbon, carbon 
nanotubes, and graphene oxide, have been 
investigated for CA immobilization. These 
materials have a large surface area, good 
mechanical stability, and are chemically inert, 
making them suitable support materials for 
enzyme immobilization.

Conclusions

Numerous studies in recent years have 
shown that the use of carbonic anhydrase for 
enzymatic CO2 capture has significant potential 



Reviews

15

to create a cost-effective technology. However, 
the industrial application of enzymes in carbon 
capture processes is limited by their high cost, 
low catalytic activity, poor stability over time, 
high sensitivity to temperature, low tolerance 
to pollutants such as sulphur compounds and 
reusability. To overcome these limitations, 
further developments are needed to improve 
the economics. Carbonic anhydrases are found 
in all organisms, from protozoa to humans. 
Not all of them have been studied, so the search 
for new stable enzymes among organisms 
with enormous genetic diversity remains an 
urgent task. The use of molecular modelling 
has already led to impressive successes in the 
design of thermostable enzymes, and further 
developments in this area are expected. Enzyme 
immobilisation offers great potential for the 
industrial production of carbonic anhydrase in 
captured CO2. Advances in support materials, 
immobilisation strategies and reactor design 
could lead to the development of efficient and 
cost-effective enzymatic CO2 capture systems.

Significant progress is also expected in 
areas such as the conversion of captured 
carbon dioxide into chemicals such as 
carbon monoxide, methanol, formic acid, 
glucose or methane, and fuels by chemical, 
electrochemical and enzymatic methods.

Few laboratory processes have been tested 
on a large scale, and refinement of their details 
on an industrial scale is necessary to create 
sustainable technologies.

In summary, the research carried out 
confirms the remarkable potential of some 
CAs as biocatalysts and gives hope for the 
feasibility of introducing biomimetic processes 
into CO2 sequestration technology.
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 БІОКАТАЛІТИЧНЕ УЛОВЛЮВАННЯ ВУГЛЕКИСЛОГО ГАЗУ 
ЗА УЧАСТЮ КАРБОНГІДРАЗИ

O. К. Золотарьова., Н. М. Топчій., О. М. Федюк 

Інститут ботаніки НАН України, Київ

E-mail: olgamuronivna@ukr.net

Швидке та постійне зростання концентрації CO2, найпоширенішого парникового газу в атмосфе-
рі, призводить до екстремальних погодних та кліматичних явищ. Унаслідок спалювання викопного 
палива (нафти, вугілля та природного газу) концентрація CO2 в повітрі зростала  упродовж останніх 
десятиліть більше ніж на 2 ppm на рік, і лише за останній рік — на 3,29 ppm. Для запобігання «най-
гіршим» сценаріям зміни клімату, необхідно негайно та суттєво скоротити викиди CO2 шляхом управ-
ління викидами вуглецевого газу.

Мета. Аналіз сучасного стану досліджень та перспектив використання карбоангідрази в програ-
мах декарбонізації навколишнього середовища. 

Результати. Карбоангідраза це — ензим, який прискорює обмін CO2 та HCO3– у розчині від 
104 до 106 разів. На сьогоднішній день в різних організмах ідентифіковано 7 типів карбоангідраз. 
Карбоангідраза потрібна для забезпечення швидкого постачання CO2 та HCO3– для різних метабо-
лічних шляхів в організмі, що пояснює її багаторазове незалежне походження під час еволюції. 
Ензими, виділені з бактерій і тканин ссавців, були протестовані в проектах секвестрації CO2 з вико-
ристанням карбоангідрази. Найбільш вивченою є одна з ізоформ карбоангідрази людини — hCAII — 
найбільш активний природний ензим. Його недоліками були нестабільність у часі, висока чутли-
вість до температури, низька толерантність до забруднень, таких як сполуки сірки, і неможливість 
повторного використання. Найбільш вивченою в цьому відношенні є одна з ізоформ карбоангідрази 
людини — hCAII — найбільш активний природний ензим. Для подолання цих обмежень використо-
вували методи молекулярного моделювання та іммобілізації ензимів. Показано, що іммобіліза-
ція забезпечувала більшу термічну стабільність і стабільність під час зберігання, а також підвищу-
вала можливість повторного використання. 

Висновки. Карбоангідрази беруть участь у біологічній асиміляції атмосферного СО2. Тому, 
вивчення таких ензимів та умов, необхідних для їх активації та ефективного поглинання СО2, створює 
підґрунтя для розроблення біокаталітичних засобів підвищення декарбонізації атмосфери.

Ключові слова: зміна клімату; декарбонізація; біосеквестрація CO2; карбоангідраза; 
іммобілізація ензимів.
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Increasing resistance of pathogenic 
microorganisms to antibiotics has led to the 
emergence of new generation of drugs, such 
as liposomal (LS) forms of antimicrobials. 
LS is a promising strategy for treatment 
options for currently untreatable infections 
[1–3]. There are FDA-approved LS forms of 
antibiotics on the pharmaceutical market, 
such as amphotericin B, amikacin, nystatin, 
etc. LS forms of polymyxin B, vancomycin, 
gentamicin, tobramycin, norfloxacin, 
azithromycin, and carbapenem are at various 
stages of research. In addition, antitumor 
antibiotics in the LS form, daunorubicin and 
doxorubicin hydrochloride, are widely used 
in the clinic, that make it possible to fight 
resistant forms of tumors [1–3].

The use of LSs as components of drug 
delivery system allows to change the 
pharmacokinetics of the encapsulated active 
pharmaceutical ingredient (API), increase its 
bioavailability and efficiency [4–7]. LS forms 
of APIs have undeniable advantages in the 
development of antimicrobial drugs. In terms of 
practical use, LS drug delivery systems are the 
most successful in nanomedicine. The creation 
of LS drugs is one of the promising areas of 
modern medicine and nanopharmacology due to 
the following advantages of LSs [1, 2, 8–10]:

– to prolong the circulation of the API in 
the body;

– to change the pharmacokinetics of drugs, 
significantly increasing their pharmacological 
effect;
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The emergence of many pathogenic microorganisms, which are resistant to known antibiotics, 
indicates the need to find new strategies to fight them.

Aim. The article is devoted to the analysis of modern research on liposomal forms of phages as a 
promising strategy for fighting microbial infections.

Methods. Analysis of modern national and foreign research devoted to the bacteriophage encapsulation 
into liposomes and the evaluation of the efficacy of this drug delivery system in antimicrobial therapy.

Results. Bacteriophage encapsulation into liposomal nanoparticles protects phages from the negative 
effects of external factors, increases the period of circulation in the organism, ensures increased 
bioavailability of phage particles and, as a result, increases the efficacy of antimicrobial treatment. 
Liposomal forms of phages have demonstrated their effectiveness in fighting many common pathogenic 
bacteria, including Staphylococcus aureus, Klebsiella pneumoniae, Mycobacterium tuberculosis, 
Salmonella, etc.

Conclusions. Liposomal phages have prospects as antimicrobial drugs, however, for their widespread 
use in clinical practice, preclinical and clinical studies are required to confirm their effecace and 
safety.
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– to protect the API from the degradation 
by external factors in the body (enzymes, pH, 
oxidation, etc.);

–- to suppress API-resistant forms of 
bacteria and tumor cells;

– to protect the cells and tissues of the body 
from the toxic effects of drugs;

– to increase the bioavailability of 
lipophilic APIs;

– to provide direct interaction or fusion of 
LS lipid bilayers and membranes of bacterial 
or tumor cells, increasing the concentration 
of antibiotic in bacteria or tumor cells and 
thus improving the therapeutic effect of the 
antibiotic;

– to penetrate through the blood-brain 
barrier and deliver the LS encapsulated API to 
the cells of microorganisms or tumor cells;

– to be administrated intravenously, orally, 
inhalation and other ways, as sterile dosage 
forms that do not contain endotoxins and toxic 
substances.

The emergence of resistant forms of 
microorganisms has led to a resurgence of 
interest in bacteriophage, or phage therapy. 
The relevance of phage therapy is also 
explained by the fact that every year there are 
very few new antibiotics or new dosage forms 
of known antibiotic APIs, while humanity 
is facing an increase in resistant forms of 
infectious agents. Phages are recognized as 
safe for use in the clinic and do not lead to 
significant specific side effects [11–17]. The 
action of a lytic bacteriophage is as follows: the 
lytic phage binds to a specific surface receptor 
and introduce the phage DNA into bacterium, 
where early gene expression, particle assembly 
and release of phage from the host cell is 
carried out. A full lytic cycle typically creates 
100–200 new phage particles and is completed 
in about the same time as the doubling time of 
the bacterial host cell.

Bacteriophages as antibacterial agents

The development of modern science has 
revived interest in drugs based on phages. 
Biotechnology allows to introduce phages 
into our daily lives in new ways. Approved 
preparations based on bacteriophages prevent 
contamination of a number of products, such as 
meat, fish, fruits, vegetables, dairy products 
[18, 19], with pathogenic bacteria, such as 
Listeria monocytogenes, Salmonella enterica, 
Chigella, Escherichia coli. Sprayable phage 
solutions are approved for protecting growing 
plants and animals from bacterial diseases, 
phage-based biocides can penetrate biofilms to 

treat and protect surfaces from contamination 
or bacterial corrosion. Biotechnological 
methods are constantly being developed and 
allows to use bacteriophages for gene delivery 
and carriers of vaccine antigens. In addition, 
lytic phages can act as selective and specific 
probes for the detection of pathogenic bacteria, 
such as Staphylococcus aureus [20–21].

The possibility of using bacteriophages in 
the treatment of infectious diseases is limited 
by a number of factors, we are going to focus 
only on the main problems [22–25]:

1. The instability of phages is associated 
with their physical and chemical properties 
as well as external environmental factors. 
Despite the fact that phage preparations are 
stable in buffer-salt solutions for at least 1–2 
years at a temperature of 2–8 C, when taken 
orally, intravenously or intramuscularly, 
phage suspensions enter the environment 
with high temperature, non-optimal pH 
value, different osmotic conditions, enzymes 
in the stomach and intestines, that leads to 
instability of phage particles. In addition, the 
phage stability can be affected by the shape and 
size of phages, namely the size of the head, and 
the length and thickness of the tail. The loss of 
stability of phage naturally leads to a loss of 
titer, and consequently to a loss of infectivity 
of it. It should also be noted that it is proposed 
to use a mixture of phage particles (a phage 
cocktail) for phage therapy to prevent bacterial 
infections in clinic. The administration of 
phage cocktails may effectively prevent 
bacterial resistance and improve clinical 
outcomes. According to a number of authors, a 
mixture of phage cocktails is less stable.

2. The loss of specificity of phages is 
associated with bacterial resistance and 
emergence of resistance to phages.

3. The emergence of phage-neutralizing 
antibodies is one of factors that reduce the 
activity of phage therapy. Furthermore, the 
phage therapy requires repeated administration 
of phages, that in turn leads to an increase in 
the level of phage-neutralizing antibodies.

4. The phage therapy is low effective for 
patients infected with intracellular pathogens 
(Mycobacterium tuberculosis, Salmonella, 
Staphylococcus) located, for example, in 
phagocytic cells.

Perspectives of liposomal forms of phages

The encapsulation of phages into LS 
nanoparticles is one of the strategies for 
increasing the efficacy of phage therapy, as it 
has been demonstrated for antibiotic therapy. 
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Having the experience in LS drugs creation, we 
believe that LS drugs are the most promising 
direction of drug delivery systems today.

By analyzing the problems related to the 
use of phages, advantages of LS forms and 
our knowledge in the liposomology, we believe 
that there is a real opportunity to use LSs as 
drug delivery system in phage therapy in the 
field of oncology and infectious diseases. In 
this case, the LS system of phage therapy 
will significantly overcome these problems. 
Taking into account that a number of viruses 
were successfully encapsulated in LSs while 
maintaining their high cell transfection 
efficiency, the creation of LS forms of 
bacteriophage preparations is quite realistic 
[26–29]. Oncolytic viruses, polioviruses, 
retroviruses, and others were encapsulated 
in LSs of various compositions, and LSs 
containing the virus were able to infect 
cells by merging with the cell membrane. 
The transfection efficiency of LS form of 
adenovirus was 4 times higher compared to 
non-encapsulated one. Unlike the viruses, the 
encapsulation of phages into LSs will require 
another lipid compositions of LS nanoparticles 
and another technological schemes, because 
of different size and properties of phages and 
other viruses. However, it could be used the 
same technological principles for obtaining 
of LS forms of phages, lyophilization or spray 
drying, and cryoprotectant selection as for 
obtaining LS forms of other preparations.

In recent years, research efforts have 
been focused on the possibility of using LSs 
for phage therapy, for example, against 
Staphylococcus aureus, Klebsiella pneumoniae, 
Pseudomonas aeruginosa, Enterococcus 
faecium, Mycobacterium tuberculosis, 
Salmonella, Listeria monocytogenes, etc. 
Various methods have been proposed for 
obtaining bacteriophages-containing LS 
nanoparticles [30, 31]. The following 
paragraphs are devoted to research describing 
the production and properties of LS phages.

Bacteriophages against Salmonella

Salmonellosis is one the main intestinal 
infections in humans and animals, caused by 
bacteria of the family Enterobacteriaceaee — 
Salmonella, which colonizes the intestinal 
cells, resulting in intoxication and damage 
of the gastrointestinal tract. Salmonella 
phages were among the first to be used for 
phage therapy and encapsulated in LSs. 
Bacteriophages UAB_Phi20, UAB_Phi78, 
UAB_Phi87 against Salmonella strains 

were encapsulated in positively charged 
LSs (31.6 mV) with a diameter of 309 to 
326 nm. LSs were prepared by the lipid 
film method followed by hydration and 
extrusion. LSs consisted of 1,2-dilauroyl-
sn-glycero-3-phosphocholine (DLPC), 
cholesteryl-PEG600, cholesterol, and 
cholesteryl-3 -N(dimethylaminoethyl)
carbamate hydrochloride in a molar ratio of 
1 : 0.1 : 0.2 : 0.7. In order to study the stability 
of phages, LSs were subjected to the action 
of stomach acid (pH 2.8), and the phage titer 
decreased from 3.7 to 5.4 log units, whereas 
the titer of non-encapsulated phages decreased 
from 5.7 to 7.8 log units in stomach acid, that 
confirms the protection of the phage activity 
in LS form in low pH conditions. Both LS 
phages and free phage suspension protected 
salmonella-infected chickens in vivo when 
administered daily for 6 days. However, LS 
phages protection was maintained up to 1 week 
after treatment was stopped, and free phage 
activity was completely lost by this time [32].

Using salmonella phage, two different 
methodologies for bacteriophage encapsulating 
using two biocompatible materials were 
offered, a cationic lipid mixture and a 
combination of alginate with anthracite 
CaCO3 [33]. The purified phage lysate 
with concentration of 1010–1011 PFU/ml 
was used for phage encapsulation. Both 
techniques have been successfully applied to 
encapsulate salmonella phages with different 
morphologies, and what is important the used 
material does not change the antibacterial 
action of phages. The authors believe that 
both technologies can also be adapted to 
encapsulation and stabilization of any 
bacteriophage for, that will allow to protect 
phages from critical environmental conditions. 
Orally administered LS form of salmonella 
phages was stable in the stomach in mice.

Bacteriophages against 
Mycobacterium tuberculosis

The discovery of phages specific to 
Mycobacterium gives hope that phage therapy 
will be safe and effective against extracellular 
bacteria [34]. The phage penetration into 
intracellular and granulomatous media, as 
well as synergistic effects with antibiotics, 
are important issues in the treatment of 
tuberculosis. The use of LSs can provide 
an effective intracellular penetration of 
bacteriophages [35]. Mycobacteriophage 
TM4 encapsulated LSs were prepared from 
1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
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( D P P C ) ,  1 , 2 - d i o l e o y l - s n - g l y c e r o - 3 -
phosphocholine (DOPC), and the fluorescent 
lipid Texas Red™ 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine (DHPE). 
The resulting LS size was less than 5 μm, 
and the possibility of inhalation delivery of 
mycobacteriophage containing LSs to lungs 
was shown. In addition, phages encapsulated 
in LSs penetrated monocyte cells more 
efficiently than free phages. According to the 
authors, LS phages can make it possible to 
fight off intracellular pathogens due to their 
penetration into eukaryotic cells [36].

LS form of lytic mycobacteriophage D29 
for the treatment of tuberculosis infection 
was prepared from phosphatidylcholine 
(PC) and cholesterol in a ratio of 3:1 by two 
methods: extrusion and chromatography on 
Sephadex G-75 using sodium deoxycholate 
in 20% ethanol [37]. The first method 
gives LSs with a size of 0.8 μm and a phage 
encapsulation of about 40%, and the second 
method gives LSs with a size of 0.25 μm and 
a phage encapsulation of about 25%. The lytic 
effect of the LS form of mycobacteriophage 
D29 was established both on the model of 
tuberculous granuloma formed in the presence 
of M. tuberculosis in human mononuclear blood 
cells in vitro, and on the model of tuberculous 
infection in C57Bl/6 mice. The use of the LS 
form of lytic mycobacteriophages D29 with a 
size of 0.8 μm showed the most pronounced 
significant antimycobacterial effect.

The macrophage cell culture RAW264-7 
was infected for 24 hours with M. tuberculosis 
H37RV at a concentration of 107 CFU/ml, 
and macrophages were isolated by 
centrifugation in a Ficoll density gradient 
[38]. Phage D29 in a concentration at least 
108 PFU/ml was purified on an ion exchange 
column packed with Q-sepharose, and then 
shaken with a phospholipid film containing 
PC and cholesterol, the obtained lipid 
particles containing mycobacteriophage were 
homogenized by 20-fold extrusion and filtered 
through filters with pore size of 0.4 μm. The 
phage encapsulation into LSs was controlled 
by PCR analysis of phage DNA. There were 
82 colonies of M. tuberculosis H37RV in 
control sample, 17 colonies in the sample 
treated with free mycobacteriophage, and 
7 colonies in the sample treated with LS form of 
phage, that proves a higher antibacterial effect 
of mycobacteriophages encapsulated in LSs 
with a size of about 400 nm. In the following 
research the antimycobacterial action of lytic 
bacteriophage D29 both in free and LS forms 
was shown to varying degrees in cell models 

of intracellularly infected macrophages 
RAW264-7 and tuberculous granuloma formed 
by human blood mononuclear cells [39].

Bacteriophages against 
Klebsiella pneumoniae

Nosocomial infections caused by K. pneu-
moniae are the main cause of morbidity and 
mortality among burn patients [40]. The 
phage therapy is a safe and effective strategy 
for fighting against antibiotic resistant 
pathogens. Despite the fact that the promise 
of the phage therapy has been confirmed in 
a number of studies [41–43], to date, none 
of the phage-based treatments has been 
comprehensively studied in patients and 
has not reached commercialization. One of 
the reasons is the rapid clearance of phages 
from our body by reticuloendothelial system 
and a poor pharmacokinetic profile, that 
negatively affects the treatment efficacy. In 
this regard, attempts are being made to create 
LS forms of bacteriophages, in particular, 
for the treatment of diseases caused by 
K. pneumoniae. For example, a decrease in 
pro-inflammatory and a significant increase 
in anti-inflammatory cytokines in the lung 
homogenates of mice treated with the LS form 
of lytic bacteriophage T7 was shown, which 
indicates an increased effectiveness of the 
LS phages in the treatment of pneumonia in 
a model of K. pneumoniae B5055 mediated 
croupous pneumonia in mice [44]. The phage 
suspension was rapidly absorbed by the 
reticuloendothelial system and phages could 
not be determined, whereas encapsulated in 
LSs or bound to nanoparticles phages were 
detected in the body for a longer time [45]. 
LSs consisted of PC, cholesterol, Tween-80, 
and stearylamine in a ratio of 8 : 2 : 1 : 0.5. 
The average size of LS nanoparticles was 
229.83 nm, and the phage encapsulation was 
79.2 ± 5.6%. The use of LS encapsulated phage 
cocktail led to an increased therapeutic effect 
in the treatment of K. pneumoniae mediated 
burn wounds [46]. The pharmacokinetics of a 
phage cocktail containing five bacteriophages 
against K. pneumoniae encapsulated in 
cationic LSs was studied in intraperitoneal 
administration in BALB/c mice [46]. When 
studying the circulation time of phages in 
the blood and the residence time in various 
organs, LS encapsulated phages were detected 
in the spleen, liver and blood for almost 48 
hours, while free phages were eliminated 
after 24 hours. An efficacy of LS phage 
was performed in a model of K. pneumonia 
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mediated burn wound infection in mice. Due to 
the long circulation time, а number of bacteria 
in the blood of mice treated with cationic 
LS phages was reduced more effective in 
comparison with mice treated with free phage. 
Furthermore, the use of phages encapsulated 
in cationic LSs provided a faster infection. 
LS particles containing phages against 
K. pneumoniae remained in the blood for a 
longer period than free phage particles, and 
chitosan-coated small LSs containing phages 
was detected in the gastrointestinal tract 
longer than large multilamellar LSs.

Bacteriophages against 
Staphylococcus aureus

S. aureus is a common and virulent human 
pathogen, which causes a number of serious 
diseases, including skin abscesses, wound 
infections, endocarditis, osteomyelitis, 
pneumonia, and toxic shock syndrome. Like 
many other infectious agents, S. aureus is 
resistant to a wide range of antibiotics, that 
increase the interest in the phage therapy. 
The study of phages is carried out both on 
various animal models and in a number of 
human diseases, and the use of phage cocktails 
allows more targeted treatment [47]. But 
as mentioned before, there remain many 
obstacles to phage therapy, especially in terms 
of their impact on the body in vivo, as well as 
the influence of the external environment of 
the body on bacteriophages. Naturally, as for 
other pathogenic agents, scientists turned to 
the encapsulation of phages in nanoparticles. 
Thus, LS encapsulated bacteriophages against 
S. aureus (namely, MR-5 and MR-10) were 
more stable and showed a higher therapeutic 
effect compared to the free forms in diabetic 
wound infection in mice [48]. This cationic LSs 
were prepared from PC, cholesterol, Tween-80, 
and stearylamine in a ratio of 8 : 2 : 1 : 0.5 by 
a lipid film method followed by mixing with a 
phage suspension and sonication the mixture. 
The average size of LSs was 212 nm, and the 
phage encapsulation was about 87%. The 
use of phage loaded LSs led to a reduction 
in wound healing time by 33%, owing to the 
more effective capture of phage cocktail in LS 
form then free phage, that provided twofold 
increase in the phage titer in damaged tissue, 
increased rate of the infection resolution and 
effective treatment of diabetic wound surface.

Two LS preparations of bacteriophages 
against E. coli T3 (the size is about 65 nm) 
and S. aureus K (the size of capsid head 
is 80 nm and tail length — 200 nm) were 

obtained by microfluidic method [49]. LSs 
were prepared from 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC) and cholesterol by 
the thin film method, followed by dissolution 
in isopropanol to the concentration of 
10 mg/mL. Then, an isopropanol solution of 
lipids and an aqueous buffer solution were fed 
through special devices using microfluidic 
pumps, and the resulting solution was filtered 
through 0.1 μm syringe filters. Using a co-
current microfluidic glass device, the sterile 
solution was mixed with a concentrated 
phage suspension to encapsulate two model 
bacteriophages against E. coli T3 and S. aureus 
K in submicron-sized LSs. The resulting 
preparation was dialyzed to remove residual 
isopropanol, and free phages were separated 
by ultrafiltration. The average size of LSs 
varied from 100 to 300 nm. The titer of 
encapsulated E. coli T3 phage was 109 PFU/ml, 
but for S. aureus K phage it was significantly 
lower than 105 PFU/ml. The effectiveness of 
the E. coli T3 phage encapsulation depended 
on the phage aggregation, while S. aureus K 
phage interacted with the lipid bilayer of LSs, 
and a large amount of it bound outside the 
LS nanoparticles rather than encapsulated 
into them. The authors inactivated LS bound 
S. aureus K phages, while maintaining the 
activity of the encapsulated phages. 

A change in the cholesterol concentration 
in the LS composition of led to an increase 
in the average size of LSs and in the particle 
size distribution. The size of LSs based on 
only DSPC was 134±13 nm, on the mixture 
of DSPC and cholesterol in a molar ratio of 
5 : 1 — 206±28 nm, and on the mixture of 
DSPC and cholesterol in a molar ratio of 
1 : 1 — 301±32 nm. It should be considered 
that in the treatment of gastrointestinal 
infections, nonencapsulated in LS phages can 
be inactivated by the low acidity of stomach 
acid (pH 2.5).

Bacteriophages against 
Cutibacterium acnes

C. acnes is a cause of the acne disease, 
which is a multifactorial disease associated 
with the colonization of the skin follicles by 
C. acnes of Propionibacteriaceae family. The 
treatment of the acne disease is based on the 
combination of various products derived 
from retinoids, antibiotics, and hormonal 
antiandrogens, which takes a long time, can 
have side effects, be expensive, and not always 
effective. in this context, the evaluation of 
cytotoxicity of free and encapsulated in LSs 
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Pa.7 bacteriophage from C. acnes in HaCaT 
cells is of interest [50]. LS encapsulated Pa.7 
bacteriophage (Pseudomonas phage PA7, 
equivalent to Pa.7 bacteriophage) did not 
exhibited cytotoxicity to HaCaT cells, which 
are a spontaneously transformed aneuploid 
immortal keratinocyte cell line from the 
adult human skin. It was proposed to use 
LS encapsulated bacteriophages for skin 
treatment.

Thus, lipid-based nanovesicles is a 
universal approach to phage delivery, as well 
as many other drugs. LSs protect phages from 
external stress factors such as low gastric pH, 
reticuloendothelial system, and neutralizing 
antibodies, increase the circulation time in 
vivo, and also the encapsulation of phages 
in LSs allows to gain access to intracellular 
pathogens (Fig. 1). LS phage delivery is safe, 
the used products are not toxic, and phages 
in LS form are less immunogenic [32, 44–46, 
51, 52]. LSs can provide easier unhindered 
diffusion of phages through the epithelium 
[53]. The possibility of modifying the LS 
surface using conjugation with polymers, sucg 
as chitosan, alginate, PEG, is also important to 
note. For example, PEGylated LSs are shielded 
and less visible [15]. 

Research on pharmacokinetics and 
pharmacodynamics of LS forms of phages 
both for oral and intravenous administration 
is of particular importance for the creation of 
drugs for phage therapy. The biodistribution 
and transcytosis through the intestinal cell 

layer of orally administered LS encapsulated 
bacteriophages were analyzed on Caco-2 and 
HT29 cells (human colorectal adenocarcinoma) 
[54]. Phage lysate was obtained from 
Salmonella enterica serovar Typhimurium 
LB5000. The culture was infected with the 
bacteriophage UAB_Phi20 of the Podoviridae 
family), having an icosahedral head with a 
size of 60±2.7 nm and a non-contracting tail 
with a size of 13±0.7 nm. LSs were prepared 
from DLPC, cholesteryl-PEG600, cholesterol, 
and cholesteryl-3-N(dimethylaminoethyl)
carbamate hydrochloride in a ratio of 
1 : 0.1 : 0.2 : 0.7. The size of the obtained 
LSs was 341.6±8.6 nm, the zeta potential 
was between 29 and 34 mV, the final product 
contained 46% of encapsulated and 54% 
on non-encapsulated phages. Fluorochrome 
labeled phages were visualized in the 
stomach and intestines of mice, and besides, 
the presence of phages encapsulated in LSs 
were detected in stomach and other internal 
organs, including the spleen and liver, and 
muscles by conventional culture methods. 
The study of phage adhesion showed that 
orally administered LS encapsulated phages 
remained in the stomach, confirming that LS 
encapsulated phages are protected until their 
release. Moreover, when the encapsulated 
phages reach the intestine, the attachment to 
the intestinal wall temporarily protects them 
from the action of bile acids and excretion. On 
the model of Pseudomonas aeruginosa phage 
( PEV20 has s 91 kb genome and a capsid size 

Fig. 1. The main benefits of the LS encapsulated phages [31]



28

BIOTECHNOLOGIA  ACTA, V. 16, No 5, 2023

of 60 nm), when intravenously administrated 
to rats, the phages accumulated in the liver, 
spleen and lymph nodes (where they were 
absorbed by the mononuclear phagocyte 
system), and also in lungs and muscles [55]. 
Renal clearance was limited. The authors found 
another source of phage inactivation, phage-
neutralizing antibodies. When treated with 
repeated doses of phages, the level of specific 
phage-neutralizing antibodies increased.

Bacteriophages in the combination 
antimicrobial therapy

The combination therapy of phages and 
antibiotics takes a special place in phage 
therapy. Synergistic effects of a combination 
of phages and antibiotics have been identified 
[56, 57], for example, in fighting against 
Citrobacter amalonaticus which causes 
infections of respiratory and urinary tracts. 
Eight different antibiotics with different 
mechanisms of action (cefotaxime, gentamicin, 
meropenem, tigecyclin, etc.) were used in 
combination with phage MRM57 to study 
the effect of the combined treatment on 
the minimal inhibitory concentration. The 
authors found that synergism depends on 
the concentration of antibiotics, notably to 
varying degrees for a very low amount of 
phage. And only cefotaxime did not show any 
synergies.

Considering that the use of phages for 
compassionate treatment is often used in 
desperate situations, the absence of side effects 
in debilitated patients is reassuring [58]. 
When the introduction of high doses of phages 
over a long period of time, some phage proteins 
can apparently elicit an immune response. 
However, neutralizing anti-phage antibodies 
have been found in humans who have not been 
treated with phages, that may limit the success 
of phage therapy [69]. LS forms of phages 
can also be used in individual phage therapy 
for various infections [59]. The antibacterial 
action of LS nanoparticles themselves should 
be also taken into account [60].

A significant number of works are devoted 
to obtaining LSs and studying the stability of 
the LS forms of phages [51, 61–64].

Conclusions

In conclusion, LS phage drugs makes it 
possible to create drugs for oral, intravenous, 
external, and inhalation administration. 
When administered orally, LS nanoparticles 
can significantly protect bacteriophages from 

acid degradation and inactivation by enzymes 
during transit through the gastrointestinal 
tract, as well as prolong the residence time 
of phages in the intestine. At the same time, 
oral administration leads to low bioavailability 
of phages. In this regard, the intravenous 
administration of LS encapsulated phages can 
provide higher efficacy, because these drugs 
are safe, and LS forms allows to increase the 
residence time of the encapsulated product and 
its antibacterial activity, which is especially 
important in case of multidrug-resistant 
infections. 

Increasing resistance of pathogenic 
bacteria to antibiotics has led to a revival of 
interest in bacteriophage therapy, which was 
actively used in a number of countries before 
the era of antibiotics [65]. The search for new 
forms of phage preparations has begun today 
in many countries of the world, preclinical and 
clinical stages of research are underway [66–
69]. Current research suggests mechanisms 
for interaction of phages with nanoparticles, 
for example, metal nanoparticles, which is 
based on the value of the zeta potential [70]. 
The authors believe that particles with a zeta 
potential below minus 35 mV effectively bind 
to positively charged phage tails, and particles 
with a zeta potential above 35 mV effectively 
bind to negatively charged phages. If 
particles that do not meet these requirements, 
the physical interaction of phages with 
nanoparticle becomes nonspecific.

Using the knowledge of practical use of 
nanosystems in pharmacy and medicine, it is 
possible to develop drug delivery system based 
on nanoparticles, including LSs for phage 
therapy to overcome the difficulties associated 
today with the use of phages. Thus, we can 
talk about the prospects of using LS forms of 
phages for the treatment of infectious diseases. 
Perhaps the liposomal form of phages and the 
liposomal form of antibiotics are especially 
attractive due to a synergistic effect of these 
two dosage forms. However, for the licensing 
and clinical use of phage drugs, a large number 
of studies, both in vitro and in vivo, must be 
conducted to confirm the effectiveness and 
safety of the treatment.
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ПЕРСПЕКТИВИ СТВОРЕННЯ ЛІПОСОМАЛЬНИХ 
АНТИМІКРОБНИХ ПРЕПАРАТІВ НА ОСНОВІ ФАГІВ

Пилипенко Д. М.1, Григор’єва Г. С.2, Краснопольський Ю. М.3
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Поява великої кількості патогенних мікроорганізмів, резистентних до відомих антибіотиків, 
вказує на необхідність пошуку нових стратегій боротьби з ними. 

Мета. Стаття присвячена аналізу сучасних досліджень ліпосомальних форм фагів як 
перспективної стратегії боротьби з мікробними інфекціями.

Методи. Аналіз сучасної вітчизняних та іноземних досліджень, присвячених інкапсуляції 
бактеріофагів у ліпосоми та оцінці ефективності цієї системи доставлення ліків у протимікробній 
терапії.

Результати. Інкапсуляція бактеріофагів у ліпосомальні наночастинки захищає фаги від 
негативного впливу зовнішніх факторів, збільшує період циркуляції в організмі, забезпечує 
підвищену біодоступність фагових частинок і, як наслідок, підвищує ефективність протимікробного 
лікування. Ліпосомальні форми фагів продемонстрували свою ефективність у боротьбі з багатьма 
поширеними патогенними бактеріями, зокрема Staphylococcus aureus, Klebsiella pneumoniae, 
Mycobacterium tuberculosis, Salmonella та ін.

Висновки. Ліпосомальні фаги мають перспективи як протимікробні препарати, проте для 
широкого застосування у клінічній практиці потребують проведення доклінічних та клінічних 
досліджень для підтвердження їхньої ефективності та безпечності.

Ключові слова: нанобіотехнологія; система доставлення ліків; ліпосома; бактеріофаг; фагова 
терапія; антимікробний препарат.
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Transformed cells more than non-
transformed cells exert heavy demands on 
glycolysis to support their increased energy 
consumption owing to their rapid rates of cell 
division. The glycolysis pathway is the basic 
enzymatic process in cell metabolism. However, 
under limited oxygen, normal cells respond 
physiologically by increasing glycolysis. The 
dysregulation of glucose metabolism is one 
of the hallmarks of cancer cells. High glucose 
consumption by tumors was first reported by 
Warburg in the 1920s and later suggested that 

cancer cells exhibit a respiratory disorder [1, 
2]. Cancer cells choose the aerobic glycolysis 
(known as “Warburg” effect), which is 
an efficient way of rapidly synthesizing 
nucleotides, amino acids and lipids required to 
form biomass [3] 6-phosphofructo-2-kinase/
fructose-2, 6-bisphosphatases (PFKFBs) are 
enzyme family, best known for its role in the 
glycolysis. PFKFBs enzyme family consists 
of four homologs are encoded by separate 
genes: PFKFB1, PFKFB2, PFKFB3, and 
PFKFB4 [4]. Among these members, the 
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Aim. PFKFB3 is glycolytic activator that overexpressed in human lung cancer and plays a crucial role 
in multiple cellular functions including programmed cell death. Despite the many small molecules 
described as PFKFB3 inhibitors, some of them have shown disappointing results in vitro and in vivo. On 
the other hand KAN0438757, selective and potent, small molecule inhibitor has been developed. 
However, the effects of KAN0438757, in non-small cell lung carcinoma cells remain unknown. Herein, 
we sought to decipher the effect of KAN0438757 on proliferation, migration, DNA damage, and pro-
grammed cell death in non-small cell lung carcinoma cells

Methods. The effects of KAN0438757 on cell viability, proliferation, DNA damage, migration, 
apoptosis, and autophagy in non-small cell lung carcinoma cells were tested by WST-1, real-time cell 
analysis, comet assay, wound-healing migration test, and MMP/JC-1 and AO/ER dual staining assays 
as well as western blot analysis. 

Results. Our results revealed that KAN0438757 significantly suppressed the viability and prolif-
eration of A549 and H1299 cells and inhibited migration of A549 cells. More importantly, 
KAN0438757 caused DNA damage and triggered apoptosis and this was accompanied by the up-reg-
ulation of cleaved PARP in A549 cells. Furthermore, treatment with KAN0438757 resulted in 
increased LC3 II and Beclin1, which indicated that KAN0438757 stimulated autophagy.

Conclusions. Overall, targeting PFKFB3 with KAN0438757 may be a promising effective treatment 
approach, requiring further in vitro and in vivo evaluation of KAN0438757 as a therapy in non-small cell 
lung carcinoma cells.

EXPERIMENTAL ARTICLES
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PFKFB3 enzyme exhibit kinase activity higher 
than phosphatase activity, has the highest 
Kinase/Biphosphatase activity ratio (740-
fold) expressed by PFKFBs [5]. The essential 
activity of PFKFB3 is to catalyze the synthesis 
of fructose-2,6-bisphosphate (F2,6BP), which 
subsequently activates phosphofructokinase-1 
(PFK-1) that enables upregulating of the 
glycolytic flux [6]. Previous findings 
indicated that PFKFB3 can be regulated 
by several tumor-related genes, including 
phosphatase and tensin homolog (PTEN) [7], 
mitogen activated protein kinase (MAPK) 
[8], phosphoinositide 3-kinases (PI3K) [9], 
and hypoxia-inducible factor 1-alpha (HIF-
1a) [10], in cancer cell lines. However, in 
spite of this abundance of potential targets 
in glycolytic flux, PFKFB3, has received 
considerable attention. In recent years, 
potent and selective PFKFB3 inhibitors have 
been identified and investigated as potential 
anticancer agents. 3PO (3-(3-pyridinyl)-1-
(4-pyridinyl)-2-propen-1-one), a chalcone 
group, is the first small-molecule inhibitor of 
PFKFB3 in this class to be evaluated in vitro 
and human-derived tumor studies. 3PO has 
demonstrated impressive single-agent activity 
via prohibit tumorigenic growth of breast, 
leukemia, and lung adenocarcinoma cells [11]. 
Moreover, it exhibits synergistic activity 
when administered in combination with a 
multi-kinase inhibitor Sunitinib L-malate in 
preclinical studies in Human endothelial cells 
(HUVECs) [12]. On the other hand, PFK15, 
also a potent and selective PFKFB3 inhibitor, 
displayed a more (aprx.100-fold) potent 
effect than 3PO in preclinical studies [13]. 
PFK15 inhibit cell migration and invasion in 
HNSCC cell culture and block the metastasis 
to lung in the xenograft mice models [14]. 
PFK158, an PFK15-based synthetic inhibitor 
assessed through active phase I clinical trials, 
exhibits a high affinity to the ATP binding 
site and elicits a significant antitumor 
effect on lung, glioblastoma, melanoma, 
pancreatic, and colon cancer. In more recent 
study, Gustafsson et al. revealed that RNAi 
or pharmacological inhibition of PFKFB3 
is involved in DNA damage response and 
deoxynucleotide incorporation upon DNA 
repair. In addition, the results showed that 
PFKFB3 inhibition plays a critical role in 
homologous recombination and defective 
nucleotide incorporation. KAN0438757 is 
a newly developed small molecule inhibitor 
of PFKFB3 that impairs DNA repair by 
disrupting deoxynucleotide incorporation and 
inhibits survival of transformed cells [15]. 

Previous studies have found that PFKFB3 
expression is increased significantly in some 
cancers [16] including lung cancer; however, 
whether KAN0438757, a novel and specific 
small molecule inhibitor of PFKFB3, has 
anti-neoplastic activity on lung cancer is 
unknown. Since lung cancer is very resistant 
to chemotherapy, and PFKFB3 has been shown 
to crucial effects on its survival, the objective 
of the study was to reveal the potential 
therapeutic role of KAN0438757 by targeting 
PFKFB3. 

In this study, we found that the 
pharmacological inhibition of PFKFB3 It 
also arrested the migration and induced DNA 
damage and apoptosis in vitro. Furthermore, 
KAN0438757 disrupted Mitochondrial 
Membrane Potential (MMP) and induced 
Autophagy biomarkers; LC3 and Beclin1. 
Overall, KAN0438757 treatment may be a 
novel approach to suppressing Lung cancer.

Materials and Мethods

Main reagents,  Antibodies,  and 
KAN0438757

Protease-phosphatase inhibitor cocktail, 
trypan blue, Tris HCl, trypsin-EDTA, 
dimethyl sulfoxide (DMSO), TEMED, Sodium 
azide (NaN3), luminol, Skim milk powder, 
P-coumaric acid, bovine serum albumin (BSA) 
and others was obtained from Sigma Aldrich 
company. Dulbecco’s modified Eagle’s medium 
(DMEM) fetal bovine serum (FBS), penicillin/
streptomycin, and phosphate buffered saline 
(PBS) were purchased from Gibco. WST-1 
assay was obtained from Boster (USA). Mouse 
anti-GAPDH, p62, Beclin 1, LC3, PARP 
antibodies used in Western blot studies were 
obtained from SantaCruz Biotechnology 
(USA), and Anti-mouse antibody horseradish 
peroxidase conjugated was obtained from 
Invitrogen (USA).

PFKFB3 inhibitor KAN0438757 (Cat No: 
S0400) was purchased from Selleck Chemicals 
GmbH (Houston, TX 77014 USA). It was 
dissolved in sterile dimethyl sulfoxide (DMSO, 
sterile-filtered, suitable for cell culture) at a 
final concentration of 1 mM, and then stored in 
aliquots at 80 C and working concentrations 
were diluted in culture medium. 

Cell Lines and Culture Conditions
All cell lines used  (A549, H1299, and 

COS7) were provided by ATCC (American Type 
Culture Collection, Manassas, USA). A549 and 
COS7 were maintained in DMEM (Dulbecco’s 
modified Eagle’s medium containing with 10% 
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fetal bovine serum (FBS) and 1% penicillin-
streptomycin (Gibco, Grand Island, NY, USA). 
H1299 cells were cultured in RPMI (Roswell 
Park Memorial Institute) 1640 medium 
added with 10% FBS and 1% penicillin-
streptomycin. Cell lines used in this study were 
grown by culturing at 37 °C, 95% humidity and 
5–6% CO2.

Cell Viability
The viability of A549, H1299, and COS7 

cells was assessed with the WST-1 assay kit 
(Boster, USA). Briefly, the cells were treated 
with KAN0438757 at concentrations of 1, 5, 
10, 25, 50, and 100 μM) and time point (24, 
48, 72h). Then, 10μl WST-1 solution was 
added into the wells. The plates were kept out 
of light and incubated in a 37 C CO2 (5%) 
incubator for 3h. After that, it was measured 
spectrophotometrically at 420–480 nm using 
an ELISA microplate reader (Spectra Max 384 
Plus). 

Real-Time Cell Analysis (RCTA)
A549 and H1299 cells (1.5104 cells/well) 

and A549 cells (1104 cells/well) were plated 
into the E-Plate16 and then incubated in 
xCELLigence RTCA instrument (ACEA 
Bioscience, CA, USA) at 37 C and %5 CO2. 
E-16 plates have microelectrodes to measure 
the cellular impedance which was recorded 
every 15 min for 96 h by xCELLigence RTCA. 
After attaching them to the plate, the cells 
were given different doses of KAN0438757 
and then incubated for 48 hours. Recorded 
data were analyzed by RTCA Software (v1.2, 
ACEA Biosciences Inc.).

Single Cell Gel Electrophoresis (Comet 
Assay)

A549 cells were seeded in 6-well plates 
(2105) and treated with incubated with 
indicated doses of KAN0438757 for 48 h. 
At the end of the incubation, the wells were 
washed with PBS and the cells were dissociated 
using trypsin. The cells were then centrifuged 
and re-suspended with PBS and mixed with 
0.5% low melting point agarose (LMA). After 
taking 20 μl of this mixture, it was spread 
on a slide covered with normal melting point 
agarose (NMA) and the agarose was frozen at 
4 C by covering the coverslip for 45 minutes. 
Coverslips were removed and placed in cold 
lysis solution (2.5M NaCl, 100mM EDTA, 
10 mM Tris, 10% DMSO, 1% Triton X-100, 
(pH 10)) at 4 C for 60 min. Slides were 
rinsed with PBS and placed in a buffer-filled 
gel electrophoresis. Electrophoresis was 

performed at 28V, 300 mA for 25 minutes and 
slides were neutralized with solution (pH 7.5) 
and rinsed with PBS. Slides were stained with 
Ethidium bromide (10 μg/mL) for 15 minutes 
and viewed under a fluorescent microscope. 
Opencomet program was used for analysis. 

Wound-Healing Assay
Cells were seeded in 6-well cell culture 

dishes at 25104 in each well. After the cells 
adhered to the surface, the cells were scraped 
to form a straight line with the help of a 
20 μl pipette tip. Each well was washed twice 
with PBS so that the removed cells would 
not re-adhere to the surface. Wound areas 
were observed with an inverted microscope 
and photographed at 0, 24, and 48 hour time 
periods [17].

Acridine Orange And Ethidium Bromide 
double staining 

Acridine orange and Ethidium bromide 
(EtBr/AO) staining was performed according 
to the protocol described previously [18]. 
A549 cells were treated with the indicated 
doses of KAN0438757 and then EtBr/AO(1:1) 
and added to the wells for 15 minutes at room 
temperature. Stained cells were observed with 
a fluorescence microscope (Olympus, Japan). 

Mitochondrial membrane potential (m) 
Assay

Monolayers cells in the logarithmic growth 
stage were inoculated into glass-bottom culture 
plates at 2105 cells per well. Then, cells were 
treated with KAN0438757 for 48 h. Slides 
were then washed and stained with the cationic 
dye JC-1 (5 mg/mL) for 15 min at 37C. The 
stained cells were analyzed by fluorescence 
microscope (Olympus, Japan). After staining, 
seven areas per well were randomly captured by 
the microscope. Each experiment was repeated 
at least three times.

Cell lysate preparation and Western Blot 
Analysis

Cells were collected with a plastic scraper 
by washing three times with cold PBS after 
48 hours of treatment and transferred to 
numbered microcentrifuge tubes. After 
centrifugation at 6600 rpm for 10 minutes, 
it was dissolved in lysis (RIPA) buffer and 
then incubated on ice for 60 minutes. After 
the incubation period, it was centrifuged 
for 10 minutes at 14,000 rpm at 4 C. 
Protein content in the supernatants was 
measured by their absorbance at 595 nm 
in the spectrophotometer using BSA as a 



Experimental  articles

37

standard. (Biomethod-GBC (Bradford)). 
With the help of electrophoresis system (Bio-
RadTrans-Blot cell, BioRad, USA), protein 
samples and marker were fractionated on 
SDS-PAGE (10–12%) gel. Then, the proteins 
separated in the gel were transferred to 
Polyvinylidenedifluoride (PVDF) membrane. 
Blockage was made with BSA. The membrane 
was incubated overnight with primary 
antibodies first and then with secondary 
antibodies. Subsequently, washing was done 
with TBS-T. The results were determined 
by chemiluminescence method so that the 
membranes were visualized by X-Ray device.

Statistical Analysis
A statistical analysis were performed 

using the GraphPad Prism 8.0.2 software 
(USA). Data were obtained from three separate 
experiments. The multiple comparison Post-
Hoc Tests in “One-way ANOVA” method or 
independent two-sample Student’s t-test 
were performed. P < 0.05 was accepted as 
significant in the analyzes.

Results and Discussion

The PFKFB3 inhibitor KAN0438757 
effectively blocked the proliferation of non-
small cell lung carcinoma cells

Colorimetric assay (WST-1 based) and Real-
Time Cell Analysis (RCTA) was carried out to 
investigate the effect of KAN0438757 on cell 
viability and the proliferation of cell lines. The 
Non-small cell lung cancer cell lines (NSCLC 
H1299 and A549) or COS7 were treated with 
increasing concentrations of KAN0438757 
(0, 5, 10, 25, 50 and 100 μM). The WST-1 
results showed that KAN0438757 inhibited 
cell viability in a dose-time dependent manner 
(supplementary data, 24/48/72 h) when 
compared to untreated control and the cell 
viability of the A549 and H1299 cell lines with 
KAN0438757 for 48 h were shown in Fig. 1, 
A and B. The IC50s of A549 for KAN0438757 
was pronouncedly lower (35.2 μM) than 
that of H1299 (52.4 μM) for 48h. RCTA was 
performed to further confirm the effect of 
KAN0438757 on the inhibition of lung cancer 
cells proliferation for 48 h. The RCTA results 
of A549 cells (Fig. 1, D) further proved that 

Fig. 1. KAN0438757 inhibits the proliferation and viability of human non-small cell lung carcinoma cell:
 A, B and C — A549, H1299 and COS7 cells were treated with KAN0438757 (0, 5, 10, 25, 50, and 100 μM) 

for 48 h, and cell viability was examined using WST-1 assays;
D and E — A549 and H1299 were seeded in the xCELLigence system plate for 24 h and were then exposed to 

increasing concentrations of KAN0438757 for 120 h; F —the chemical structure of KAN0438757
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KAN0438757 had a stronger antiproliferative 
activity. Similar results also observed in 
H1299 cells (Fig. 1, E). 

KAN0438757 stimulate DNA damage 
In order to investigate the effects of 

KAN0438757 on DNA damage, the Comet 
Assay was performed in A549 cell line using 
alkaline single-cell gel electrophoresis (Fig. 2). 
Almost all of comets in the control and 5, 10 
μM -treated cells showed no fluorescent tails, 
which indicates that the nuclear DNA was 
intact. In contrast, the exposure of the cells to 
25 and 50 μM concentrations of KAN0438757 
for increased the number of typical comets 
with tails of different fluorescence intensities, 
which is an evident indicator of DNA strand 
breakage (Fig. 2, A). The values of the% tail 
DNA, the tail length, were significantly 
increased in the KAN0438757 treated groups 
compared with the control group (Fig. 2, B, C). 
These results suggest that KAN0438757 can 
induce DNA damage in A549 cells.

KAN0438757 inhibits migration of A549 
lung cancer cells 

Furthermore, having established that 
a low dose of KAN0438757 has no effect 
on cell viability, we used a wound-healing 
assay in order to investigate whether these 
concentrations affect cell migration in the 

A549 cell line. The data showed that a low 
concentration of KAN0438757 (less than 25 
μM) effectively inhibited the cell migration 
(Fig. 3, A). The distance was found to be wide 
in A549 cells treated with KAN0438757 
compared with the control (Fig. 3, A), 
indicating that KAN0438757 effectively 
inhibits cell migration ability in A549 cells 
(Fig. 3, B).

AO/EB double-staining in KAN0438757 
treated-lung adenocarcinoma cells

After treatment with KAN0438757 
inhibitors for 48 h, apoptotic cell death was 
determined by using Double-Staining with 
Acridine Orange-Ethidium Bromide on A549 
lung cancer cells. As shown Fig.4, A, in the 
untreated control group, the green color 
labeled cells were  visible. On the other hand, 
KAN0438757 treated groups, the intensity of 
the orange color also increased, illustrating a 
higher rate of apoptosis, which had the highest 
number of apoptotic cells in the 25 μM group.

PFKFB3 inhibitor KAN0438757 triggers 
mitochondrial membran instability in A549 
cells

The mitochondrial membrane potential 
(m) is crucial for mitochondrial 
homeostasis which is a fundamentally 
important determinant of cell predestination. 

Fig. 2. Single-cell gel electrophoresis for effects of KAN0438757 on DNA damage in A549 cells
DNA damage was detected by the alkaline single-cell gel electrophoresis in A549 cells exposed to 

KAN0438757 at 5, 10, 25, 50 μM for 48h. DNA fragments were stained with Ethidium bromide (20 μg/mL) 
for 10 minutes and images (A) obtained under a fluorescent microscope. Opencomet program was used for 

analysis; B — Tail DNA; C — Tail length
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To investigate whether KAN0438757 
induces A549 cell mitochondrial membrane 
instability, we used JC-1 staining which is 
the cationic dye; red-colored cells indicate 
healthy mitochondria while green-colored 
indicate loss of mitochondrial membrane 
potential. As depicted in Fig. 4, B, with 
increasing the KAN0438757 concentration, 
the intensity of green color also increased, 
indicating a higher rate of loss of 
mitochondrial membrane potential in A549 
cells. Furthermore, the results showed a 
significant positive correlation between the 
loss of mitochondrial membrane potential 
and the KAN0438757 concentration 
indicating that KAN0438757 triggers 
mitochondrial membrane instability.

KAN0438757 induces autophagy in lung 
adenocarcinoma cell

To further assess whether KAN0438757 
affects autophagy, which are key events that 
maintains cellular homeostasis. To investigate 
the underlying mechanism of autophagy 
induced by KAN0438757, the expression 
of p62/SQSTM1, LC3 I-II, and Beclin1 was 
measured by western blotting. Results 
showed that KAN0438757 in A549 cells did 
not change the protein expression level of 
p62/SQSTM1. As shown in Fig. 4, D, the 
protein expression of LC3 I was down-regulated 
and LC3 II was up-regulated in A549 cell line. 

Besides, KAN0438757 treatment increased the 
Beclin1 protein expression level. Collectively, 
these findings indicated that KAN0438757 
treatment could induce autophagy in A549 
cells. 

PFKFB3 is a member of a the bifunctional 
enzyme family of 4 such proteins of which are 
known a rate-limiting enzyme and essential 
control point in the glycolytic pathway. 
Beyond its glycolytic activities, PFKFB3 is 
involved in numerous biological processes 
such as promoting cell cycle progression 
[13], inhibiting apoptosis [19], stimulating 
migration/invasion [29] and having a critical 
factor for homologous recombination [15]. 
Previous studies have revealed that PFKFB3 
expression is increased significantly both 
non-small cell lung cancer (NSCLC) [16] 
and small-cell lung cancer (SCLC) [20]. It 
identified that PFKFB3 has a crucial role in 
homologous recombination and developed a 
selective PFKFB3 small molecule inhibitor- 
KAN0438757 [15]. However, to the best 
of our knowledge, there is currently no 
study available that describes the effects of 
KAN0438757 on lung cancer. Moreover, the 
properties of KAN0438757 regarding anti-
neoplastic and induction of programmed cell 
death and the underlying mechanism(s) in 
lung cancer cells are unclear. Therefore, we 
assessed the effect of KAN0438757 in human 
lung cancer and normal cells.

Fig. 3. KAN0438757 inhibits cell migration
The A549 cells were treated with KAN0438757 (1–25 μM) for 48 h, and the migration of cells was 

determined by the wound-healing assay: 
A — Microscopic images of A549 cells after different treatments of KAN0438757; B — Wound closure. All 

results are representative of three separate experiments, and representative results are shown
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In this study, we investigated the potential 
anti-neoplastic effect of KAN0438757 
in lung cancer cell lines, and the possible 
mechanisms for it by determining cell 
viability, cell proliferation, DNA damage, and 
cell migration, the morphological analysis of 
apoptosis, apoptosis, and autophagy protein 
expression.

Firstly, the anti-proliferative effects of 
KAN0438757 were analyzed on A549 and 
H1299 cells. Similar to previous research [21], 
our results demonstrated that KAN0438757 
effectively reduced cell viability and inhibited 
the growth of A549 and H1299 lung cancer cells.

A small molecule inhibitor were reported 
inhibition of PFKFB3 could lead to DNA 

Fig. 4. KAN0438757 induce apoptosis and causes the activation of autophagy-related markers in A549 lung 
cancer cells

Representative fluorescence inverted microscopic images of AO/EB (A) and m labeled with JC-1 (B). 
Expression of p62/SQSTM1, LC3 I-II, Beclin1, PARP, and GAPDH were examined by Western Blotting 

analysis (C–D). The experiment was repeated at least 3 times. 
n = 3, *P< 0.05 and **P< 0.01 compared with that of control
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damage and cell death. PFK15, a PFKFB3 
inhibitor, cause DNA damage impairing DNA 
repair through AKT in HCC cells [22]. In this 
study, a comet assay quantitatively detected 
KAN0438757-induced DNA damage in A549 
cells. In line with previous reports, our results 
showed that the Tail DNA and Tail length of 
the KAN0438757 treatment groups (25 and 
50 μM) were higher than those of the other 
groups, indicating more severe DNA damage. 
These results indicated that KAN0438757 
triggered DNA damage at the single-cell level, 
which may lead to apoptosis in lung cancer cell 
line. 

The disruption of mitochondrial membrane 
potential (m) can lead to the activation 
of the caspase cascade including caspase-9 
and caspase-3 is activated, which are crucial 
effectors of apoptosis [25]. Once the caspase-3 
is activated, the downstream effector 
proteins are cleaved such as PARP, which 
plays essential roles in DNA repair and the 
programmed cell death process [26]. In the 
current study, it was observed that treatment 
with KAN0438757 induced cleavage of 
PARP. In addition, KAN0438757 treatment 
of A549 cells significantly increased the red 
fluorescence intensity, indicating loss of 
m, which is an early event in the apoptotic 
process. Furthermore, our AO/EB dual 
staining data confirmed that KAN0438757 
treatment increased the apoptosis at 10 and 
25 μM dose of KAN0438757. These results are 
consistence with the former results that either 
siRNA silencing [19] or the pharmacological 
inhibition of PFKFB3 [27] induces cell 
apoptosis. All the results discussed above 
directly suggest that KAN0438757 induces 
A549 cell apoptosis via mitochondria-mediated 
pathway. 

PFKFB3 also plays a role in angiogenesis 
and metastasis, which can indirectly promote 
tumor growth [28]. Previous in vivo and in 
vitro studies have indicated that PFKFB3 is 
involved in the migration in nasopharyngeal 
carcinoma [29], breast cancer [28], non-small-
cell lung cancer [16], gastric cancer[30], and 
osteosarcoma Saos-2 cells [31]. In the present 
study, KAN0438757 was applied as an PFKFB3 
inhibitor in lung cancer cell line. The results 
indicated that KAN0438757 significantly 
blocked migration of A549 cells. This result 
was in accordance with previous reports, where 
KAN0438757 was observed to reduced the 
migration capabilities of HCT-116 and HT-29 
cell line, as well as HUVECs cells [21].

Autophagy may play different roles not 
only in the degradation of macromolecules 

and damaged organelles, but also in 
different steps of tumor development. It 
may play a role in inhibiting proliferation 
and metastasis of cancer cells during 
tumorigenesis by autophagic activity. On 
the other hand, as a pro-survival mechanism, 
cancer cells initiate autophagy by breaking 
down intracellular organelles and proteins, 
thus providing the most important energy 
support of cancer cells [32, 33]. Previous 
in vitro experiments showed that either 
knockdown of PFKFB3 or pharmacological 
inhibition, including PFK158, and 3-PO, 
participated in autophagic flux and markers 
of autophagy induction [34, 35]. Knockdown 
of PFKFB3 resulted in the degradation of 
p62/SQSTM1. Meanwhile, PFKFB3 siRNA 
transfection, led to a significant increase 
LC3-II which involved in the assembly of 
autophagosomes in the inner and outer 
membrane [35]. Indeed, we found that the 
inhibiting of PFKFB3 after KAN0438757 
treatment is positively connected with 
autophagy in A549 cells. Western blotting 
results revealed that the protein expression 
LC3 II and Beclin1 were significantly 
increased in the KAN0438757 treatment, 
while the expression of p62/SQSTM1 was not 
significantly increased in A549, suggesting 
that the KAN0438757 treatment promotes 
autophagy. Accumulating evidence has shown 
that autophagy can promote cell survival 
and maintenance of cellular homeostasis 
by degrading damaged organelles and 
macromolecules in cells, but it should not be 
overlooked that autophagy can also promote 
cell death due to its tight association with 
apoptosis [36]. In conjunction with analysis 
of AO/EB, m, and western blotting 
demonstrated that KAN0438757 treatment 
(25 μM, 48 h) induced cell death.

Conclusions

KAN0438757 may hold great promise as 
a novel small molecules agent for lung cancer 
treatment. Further investigation is needed to 
validate the contribution of KAN0438757 to 
lung cancer therapy in vitro and in vivo.
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Мета. PFKFB3 є гліколітичним активатором, який надмірно експресується при раку легенів 
людини і відіграє вирішальну роль у багатьох клітинних функціях, включаючи запрограмовану 
клітинну смерть. Незважаючи на велику кількість малих молекул, описаних як інгібітори PFKFB3, 
деякі з них продемонстрували невтішні результати in vitro та in vivo. З іншого боку, булол розроблено 
KAN0438757, селективний і потужний маломолекулярний інгібітор. Однак вплив KAN0438757 на 
клітини недрібноклітинної карциноми легень залишається невідомим. Ми намагалися розшифрувати 
вплив KAN0438757 на проліферацію, міграцію, пошкодження ДНК і запрограмовану клітинну 
смерть у клітинах недрібноклітинної карциноми легенів.

Методи. Вплив KAN0438757 на життєздатність клітин, проліферацію, пошкодження ДНК, 
міграцію, апоптоз і аутофагію в клітинах недрібноклітинної карциноми легені було перевірено за 
допомогою WST-1, клітинного аналізу в реальному часі, кометного аналізу, тесту міграції загоєння 
ра н, аналізів подвійного фарбування MMP/JC-1 і AO/ER, а також вестерн-блоту. 

Результати. Показапо, що KAN0438757 значно пригнічував життєздатність і проліферацію 
клітин A549 і H1299 і пригнічував міграцію клітин A549. Що ще важливіше, KAN0438757 викликав 
пошкодження ДНК і апоптоз, і це супроводжувалося посиленням розщепленого PARP у клітинах 
A549. Крім того, лікування KAN0438757 призвело до збільшення LC3 II і Beclin1, що вказувало на 
те, що KAN0438757 стимулював аутофагію. 

Висновки. Загалом, націлювання на PFKFB3 за допомогою KAN0438757 може бути 
багатообіцяючим ефективним підходом до лікування, що потребує подальшої in vitro та in vivo оцінки 
KAN0438757 як терапії клітин недрібноклітинної карциноми легенів. 

Ключові слова: PFKFB3; KAN0438757; апоптоз; аутофагія; рак легенів.
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Graphene materials are widely used in different technologies and certainly released into aquatic 
and air surroundings being environmental pollution components. Nitrogen-doped graphene nanoma-
terials have great potential for application, in particular, in energy storage, as electrochemical sen-
sors and waste water treatment. The neurotoxic risk of nitrogen-doped multilayer graphene is 
unknown.

Aim. To evaluate neurotoxic risk of nitrogen-doped multilayer graphene.
Methods. Here, nitrogen-doped multilayer graphene nanoparticles (N-MLG) were synthesized by 

means of electrochemical exfoliation of high-purity graphite rods in NaN3-based electrolyte and 
characterised using TEM, AFM and UV-vis spectroscopy. Neuroactive features of N-MLG were 
assessed in isolated cortex nerve terminals (synaptosomes) analysing the extracellular level of excit-
atory neurotransmitter L-[14C] glutamate and inhibitory one [3H]GABA.

Results. It was revealed that N-MLG did not affect the extracellular synaptosomal levels of 
L-[14C]glutamate and [3H]GABA within the concentration range 0.01–0.5 mg/ml, and an increase in 
a concentration up to 1 mg/ml caused an insignificant increase (tendency to increase) in these levels 
for both neurotransmitters. To analyse a capability of interaction with heavy metals in biological 
system, N-MLG was investigated using model of acute Cd2+/Pb2+/Hg2+-induced neurotoxicity in 
nerve terminals. It was revealed that Cd2+/Pb2+/Hg2+-induced increase in the extracellular level of 
L-[14C] glutamate and [3H]GABA was not changed by N-MLG.

Conclusions. N-MLG does not possess neurotoxic signs and is biocompatible within the concentra-
tion range 0.01–1 mg/ml. In biological system, N-MLG did not mitigate/aggravate Cd2+/Pb2+/Hg2+- 
induced neurotoxicity in nerve terminals. 

Key words: ni trogen-doped multilayer graphene; nanoparticles; heavy metals; neurotoxicity; glu-
tamate; GABA; brain nerve terminals.
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Graphene is a carbon 2D crystal consisting 
of a two dimensional honeycomb-lattice 
structure made of sp2-hybridized carbon 
atoms. Graphene and its derivatives due 
to their two-dimensional shape and special 
mechanical, electronic, optical and catalytic 
properties are widely used in diverse fields, 
e.g. nanoelectronics, catalysis, and water 
technologies. Graphene is considered one 
of the most promising nanomaterials for 
biomedical applications and nanomedicine 
[1, 2]. Nitrogen-doped graphene exhibits 
excellent electrochemical parameters and 
has great potential for applications in energy 
storage, as a high-performance catalyst 
support for fuel cell electrocatalysis and 
sensor electrochemical applications [2, 3]. 
Nitrogen-doped graphene nanomaterials 
are effective for removing toxic species, 
e.g. organic pollutants, dyes, heavy metal 
ions from wastewater [4, 5]. In particular, 
nitrogen-doping enhances the interaction 
between the active sites and organic or ionic 
species, thereby improving removal efficiency 
of these pollutants [2]. 

Graphene materials during production 
and application can find ways into the 
environment in the form of nanoparticles 
because of its high dispersity in many solvents 
[6, 7]. In this context, graphene materials can 
widely pollute water resources and air around 
the world. 

Nowadays, it is clear that carbonaceous 
airborne particulate matter is the most 
abandon environmental pollutant that can 
reach the nervous system of humans and 
trigger development of neurological and 
neurodegenerative disorders/diseases [8–
10]. Expansion of these disorders/diseases 
is one of the main reasons of disability and 
premature death in Europe and linked to air 
pollution with particulate matter [8, 11–13]. 
From one hand, particulate matter can reach 
human organism through lungs and gut to 
the circulatory system and possibly cross the 
blood-brain barrier [14–18]. From the other 
hand, particulate matter can get to the human 
nervous system along the olfactory axon and 
overcome the blood-brain barrier [19, 20]. 
Recently, we have characterised neuroactivity 
of carbon-based nanoparticles, such as carbon 
nanodots, nanodiamonds, fullerene C60, 
carbonaceous smoke particulate matter 
from combustion of plastics and wood 
samples. Transport kinetics of key excitatory 
neurotransmitters, L-[14C] glutamate and 
inhibitory one [3H] GABA, were changed by 
above nanoparticles that in turn can provoke 

presynaptic malfunction and development 
of neuropathology [21, 22]. Carbonaceous 
airborne particulate matter possesses 
adhesive surface and can bind potentially 
toxic molecules, including heavy metals 
[23, 24]. 

The neurotoxic potential of nitrogen-
doped multilayer graphene is unknown. 
In neurobiology study of other graphene 
derivatives, it was demonstrated that few-
layer pristine graphene and monolayer 
graphene oxide flakes were in contact with 
the neuronal membrane and free in the 
cytoplasm, but did not have significant 
impact on neuron viability. Graphene oxide 
exposure inhibited excitatory transmission, 
reduced the number of excitatory synaptic 
contacts, and concomitantly enhanced the 
inhibitory activity. This was accompanied 
by altered Ca2+ dynamics in excitatory and 
inhibitory neurons. So, it was suggested 
that both graphene preparations affected 
neuronal transmission [1]. Taking into 
account abovementioned facts, the aims 
of the present study were (*) to synthesize 
nitrogen-doped multilayer graphene 
nanoparticles (N-MLG) by means of 
electrochemical exfoliation of high-purity 
graphite rods; (**) to assess neuromodulatory 
features of N-MLG in isolated presynaptic 
rat cortex nerve terminals (synaptosomes) 
analysing the extracellular level of 
neurotransmitters L-[14C] glutamate and 
[3H]GABA; and (***) to examine the effects 
of N-MLG on the neurotoxic injury caused by 
heavy metal ions Cd2+, Pb2+, and Hg2+ in the 
nerve terminals.

Materials and Methods

HEPES, EGTA, EDTA, NaN3, Ficoll 400, 
High Performance LSC Cocktail salts of the 
analytical grade were obtained from Sigma, 
USA; L-[14C] glutamate; [3H] GABA Perkin 
Elmer, Waltham, MA, USA. The high-purity 
graphite rods (99.9995%) were obtained from 
Alfa Aesar.

Transmission electron microscopy (TEM) 
images of the synthesized graphene material 
were recorded using a microscope TEM125K 
(Selmi) with an accelerating voltage 100 kV. 
Atomic force microscopy (AFM) of thin film 
N-MLG samples on the surface of silicon wafers 
coated with silicon nitride (Agar Scientific) 
was performed on a Nanoscope IIIa Dimension 
3000TM (Digital) instrument. UV-vis-spectra 
of N-MLG dispersions were registered via UV-
visible spectrometer 4802 (Unico).
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Synthesis of multilayer graphene doped 
with nitrogen

Multilayer graphene doped with nitrogen 
(N-MLG) was synthesized according to 
previous published procedure by means of 
electrochemical exfoliation of high-purity 
graphite rods (Alfa Aesar, 99.9995%) in 1.0 M 
aqueous solution of NaN3 using three-electrode 
undivided cell and potentiostat PI-50-1.1 
[25]. Graphite rods were used as working and 
auxiliary electrodes and Ag/AgCl as reference 
electrode. Exfoliation procedure was carried 
out during 20 h via polarization of graphite 
electrode by +4.0 V (50 s) and 0.0 V (50 s) with 
multiple changing of polarization potential 
(pulse mode of electrolysis).

 N-MLG particles from the obtained 
aqueous dispersion were separated on a nylon 
membrane filter with a pore diameter 0.2 μm 
(SUPELCO°), rinsed with water, and dried in 
oven at 60 C. If necessary, the regeneration 
of N-MLG dispersion was performed by short-
term ultrasound treatment (2 min) of the dried 
graphene material in appropriate solvent (for 
example, water) using the ultrasonic washing 
bath.

Animals and Ethics
Wistar rats (males), 3 months’ age, were 

kept in the vivarium of Palladin Institute of 
Biochemistry, NAS of Ukraine in a quiet and 
temperature-controlled room at 22–23 C. 
Animals were provided with dry food pellets 
and water ad libitum. All animal-involving 
procedures were performed in accordance with 
the guidelines of the European Community 
(2010/63/EU); “Scientific Requirements 
and Research Protocols”; “Research Ethics 
Committees” of Declaration of Helsinki; and 
“ARRIVE guidelines for reporting experiments 
involving animal” [26, 27]; and also local 
Ukrainian laws and policies. The experimental 
protocols were approved by the Animal Care 
and Use Committee of Palladin Institute of 
Biochemistry (Protocol # 1 from 10/01/2023). 
The total number of animals was 9.

Isolation of the synaptosomes from the rat 
cortex

The synaptosomes represented ~87% 
of the particles in electron micrographs of 
preparations, and did not contain nerve cell 
bodies and functional glial fragments [28–30]. 
Nerve terminals were isolated from the cortex 
regions of rat brain. Isolation procedures were 
conducted at + 4 C. The cortex regions were 
removed and homogenized in the following 
ice-cold solution: sucrose 0.32 M; HEPES-

NaOH 5 mM, pH 7.4; EDTA 0.2 mM. One 
synaptosome preparation was obtained from 
one rat. The synaptosomes were isolated 
according to Cotman method with minor 
modifications [9, 31–33] by differential/ 
Ficoll-400 density gradient centrifugation. 
The synaptosomes were fitting for experiments 
for 2–4 hours after isolation. The standard 
saline solution contained: NaCl 126 mM; KCl 
5 mM; MgCl2 2.0 mM; NaH2PO4 1.0 mM; 
HEPES 20 mM, pH 7.4; and D-glucose 10 mM. 
Protein concentrations were monitored 
according to Larson [34].

The extracellular synaptosomal level of 
L-[14C] glutamate

The synaptosomes were diluted up to a 
concentration of 2 mg of protein/ml, and 
then the synaptosomes were pre-incubated 
at 37 C for 10 min, and loaded with L-[14C] 
glutamate, 1 nmol per mg of protein, 
238 mCi/mmol, at 37 C for 10 min. 
The synaptosomes after loading were 
washed with 10 volumes of the ice-cold 
standard saline solution and centrifuged 
(10,000g, 20 s) at +4 C; the pellets 
were re-suspended in the standard 
saline solution up to 1 mg protein/ml. 
The extracellular L-[14C] glutamate level 
was assessed in the synaptosome suspensions 
(125 μl, 0.5 mg of protein/ml). The 
synaptosome aliquots were preincubated for 
8 min to restore the ion gradients, and then 
Cd2+ (1 mM CdCl2), Pb2+ (2.5 mM Pb acetatate 
(PbAc)), and Hg2+ (2.5 μM HgCl2) were added 
to the synaptosomes and they were further 
incubated at 37 C during 0 and 6 min; then 
centrifuged at 10,000g for 20 s at room 
temperature. The values of L-[14C] glutamate 
release were monitored in the supernatant 
aliquots (100 μl), and the pellets preliminary 
treated with SDS (100 μl of 10% SDS stock 
solution) by liquid scintillation counting 
using the scintillation cocktail ACS (1.5 ml) 
and liquid scintillation counter Hidex 600SL 
(Finland) [35]. The experimental data were 
collected from “n” independent experiments 
carried out in triplicate using different 
synaptosome preparations. 

The extracellular synaptosomal level of 
[3H] GABA

The synaptosomes were diluted up to 2 mg 
of protein/ml; after pre-incubation at 37 C 
for 10 min, the synaptosomes were preloaded 
with [3H]GABA (50 nM, 4.7 μCi/ml) in the 
standard saline solution at 37 C for 10 min. 
Aminooxyacetic acid (100 μM) was added 
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to the incubation medium throughout [3H] 
GABA experiments. After pre-loading, the 
suspension was washed with 10 volumes of 
the ice-cold standard saline solution. The 
pellets were re-suspended in the standard 
saline solution up to 1 mg of protein/ml. The 
synaptosome aliquots were pre-incubated for 
8 min to restore the ion gradients, and then 
Cd2+ (1 mM CdCl2), Pb2+ (1 mM PbAc) and 
Hg2+ (2.5 μM HgCl2) were added and further 
incubated at 37 °C during 0 and 5 min; then 
centrifuged at 10,000  g for 20 s at room 
temperature [36]. [3H] GABA was measured 
in the supernatant aliquots (90 μl) by liquid 
scintillation counting with Sigma-Fluor® 
High Performance LSC Cocktail (1.5 ml) 
using liquid scintillation counter Hidex 
600SL (Finland), and the extracellular level 
was expressed as the percentage of total 
accumulated [3H] GABA [37]. The data were 
collected from “n” independent experiments 
performed in triplicate with different 
synaptosome preparations.

Statistical analysis
The experimental data were expressed 

as the mean ± S.E.M. of n independent 
experiments. One-way and two-way ANOVA 
were applied; the accepted significance level 
was P < 0.05. Two-way ANOVA followed by 
Tukey’s post hoc test was applied to assess the 
interactions between N-MLG and Cd2+, Pb2+, 
and Hg2+ (N-MLG treatment and Cd2+/Pb2+/
Hg2+ treatment were the independent factors).

Results and Discussion

Characterization of multilayer graphene 
doped with nitrogen 

During pulse mode of electrolysis, multiple 
(cyclic) azide anions (N3

–) intercalation/
deintercalation into graphite interlayer space 

occurs, also associated with N2, NH3 and 
O2 evolution due to partial anodic/cathodic 
decomposition of N3

–. This provides exfoliation 
of the graphite electrode, forming multilayer 
packages of graphene, doped with nitrogen, 
and its transition in the electrolyte volume 
[25].

The obtained graphene material was 
characterized by several instrumental analysis 
methods. On the TEM images of N-MLG 
(Fig. 1, A) graphene sheets with lateral size 
from several hundred nanometers to several 
microns, forming multiple-layered lamellar 
structures, can be observed. 

According to the data of AFM experiment, 
shown on the Fig. 1b, the lateral size of 
N-MLG particles, taken from a dilute 
dispersion in ethanol, is consistent with 
the data obtained by TEM. From the cross-
sectional profile analysis (Fig. 1, B) it can 
be seen that the thickness of the N-MLG 
particles present in the AFM image is 4.2 nm. 
Earlier, on the basis of AFM data, we showed 
that the thickness of the monolayer in the 
N-MLG was 0.6 nm [25]. Taking this into 
account, it can be assumed that the obtained 
N-MLG particles are multilayered, consisting 
of the packages of ~7 graphene layers. At the 
same time, we cannot rule out the presence of 
a small number of N-MLG particles of both 
smaller (< 7 graphene layers) and larger (up to 
9 graphene layers) thicknesses obtained by the 
electrochemical approach used herein [25]. 
Thus, AFM data also confirm the multilayered 
nature of the obtained graphene material.

UV–vis spectrum of N-MLG dispersions 
in ethanol is provided on Fig. 2. The presence 
of a band with an absorption maximum at 267 
nm, corresponding to the * transition in the 
C=C bonds of graphene, indicates in favor of a 
slight oxidation of the resulting N-MLG.

Fig. 1. TEM image (A) and AFM image with corresponding cross-sectional profile (B) of N-MLG particles

A B
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Neurotoxicity studies using rat brain nerve 
terminals 

The extracellular levels of neurotrans-
mitters glutamate and GABA are essential 
synaptic characteristics which show a balance 
of transporter-mediated uptake and tonic 
release of neurotransmitters [38, 39]. 

In the first series of the experiments, the 
effects of N-MLG on the extracellular levels of 
excitatory neurotransmitter L-[14C] glutamate 
and inhibitory one [3H]GABA were assessed 
in the nerve terminals. It was revealed that 
N-MLG did not affect the extracellular levels 
of L-[14C] glutamate and [3H]GABA within 
the concentration range 0.01–0.5 mg/ml, 
while an increase in a concentration up to 
1 mg/ml caused an insignificant elevation 
(tendency to increase) of these levels for both 
neurotransmitters (Fig. 3). Therefore, N-MLG 
did not possess neurotoxic signs and was 
biocompatible within the concentration range 
0.01–1 mg/ml.

In the next series of the experiments, it was 
investigated whether N-MLG could modulate 
a Cd2+/Pb2+/Hg2+-induced increase in the 
extracellular levels of L-[14C] glutamate and 
[3H]GABA in nerve terminals. Based on above 
data, a N-MLG concentration of 0.5 mg/ml was 
chosen for further experiments with heavy 
metals. It was found that N-MLG (0.5 mg/
ml) did not change Cd2+/Pb2+/Hg2+-induced 
increase in the extracellular levels of L-[14C] 
glutamate and [3H]GABA in nerve terminals 
(Fig. 4), and so N-MLG was inert regarding 
modulation/aggravation of Cd2+/Pb2+/Hg2+-
induced neurotoxic effects in nerve terminals. 

Two-way ANOVA revealed no interaction 
between Cd2+ and N-MLG [F(1,32) = 0.009; 

p = 0.92; n = 9], between Pb2+
 and N-MLG 

[F(1,32) = 1.55; p = 0.22; n = 9] and between 
Hg2+

 and N-MLG [F(1,32) = 1.22; p = 0.27; n = 9] 
in L-[14C] glutamate experiments. 

Two-way ANOVA revealed no interaction 
between Cd2+ and N-MLG [F(1,32) = 0.69; p = 
0.41; n = 9], between Pb2+

 and N-MLG [F(1,32) = 
0.22; p = 0.63; n = 9] and between Hg2+

 and 
N-MLG [F(1,32) = 0.13; p = 0.72; n = 9] in [3H]
GABA experiments. 

Graphene and its derivatives have a 
potential to make a very significant impact 
on society with applications in the biomedical 
field. A possibility to engineer graphene-based 
medical devices at the neuronal interface is of 
particular interest, making it imperative to 
determine the biocompatibility of graphene 
materials with neuronal cells [1]. However, 
wide production and application of neuroactive 
graphene and its derivatives can increase 

Fig. 2. UV-vis spectra of N-MLG dispersion 
in ethanol

Fig. 3. The extracellular levels of neurotransmit-
ters L-[14C] glutamate (A) and [3H]GABA (B) 

in the nerve terminals in the presence 
of N-MLG (0.01–1.0 mg/ml)

Data are the mean ± SEM. n.s., no significant 
differences as compared to the appropriate control, 

n = 9

A

B
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uncontrolled environment pollution with 
these nanoparticles increasing risks to nervous 
system. To avoid the problem, technological-
oriented graphene and its derivatives should 
be analysed regarding their neurotoxicity as 
single pollutants and also in combination with 
other pollutants, e.g. heavy metals, using 
multipollutant approach.

Here, we showed that N-MLG did not 
affect the extracellular synaptosomal levels 
of L-[14C] glutamate and [3H]GABA within 
the concentration range 0.01–1 mg/ml. 
Therefore, N-MLG can be applied in different 
technologies, including neurotechnologies 
and waste water treatment, because N-MLG 
did not possess neurotoxic signs and is 
biocompatible within this concentration range 
and it is safe when become environmental 
pollution component. Among other carbon-
based nanoparticles that we have investigated 
regarding changes in the extracellular levels 
of L-[14C] glutamate and [3H]GABA in nerve 
terminals, N-MLG was less neurotoxic as 
compared to carbon dots [40], nanodiamonds 

[35], fullerene C60 [41], plastic and wood 
smoke particulate matter [21, 22, 42]. In 
this contex, N-MLG is more promising 
for neurotechnologies then other carbon 
nanoparticles because of absence of neurotoxic 
signs and its neurocompatibility.

Literature data have demonstrated that 
due to weak hydrophobic interactions, the 
negatively charged surfaces of graphene oxide 
were favorable to interact through electrostatic 
attractions with organic and inorganic cations 
[43, 44]. Graphene oxide could remove 
heavy metal ions as carriers due to its large 
surface area, pore size and abundant oxygen-
containing functional groups [45–47]. In the 
present study, we revealed that N-MLG did 
not change Cd2+/Pb2+/Hg2+-induced increase 
in the extracellular level of L-[14C] glutamate 
and [3H]GABA and so the nanoparticles did 
not mitigate/aggravate Cd2+/Pb2+/Hg2+-
induced neurotoxicity in nerve terminals. It 
also means that despite potential application 
in technologies, in particulate in waste water 
treatment against heavy metals, N-MLG was 

Fig. 4. Effects of N-MLG (0.5 mg/ml) on Cd2+/Pb2+/Hg2+-induced increase in the extracellular levels 
of L-[14C] glutamate (a) and [3H]GABA (b)

Data are the mean ± SEM. ***, P < 0.001; as compared to the control; n.s., no significant differences as com-
pared to Cd2+/Pb2+/Hg2+ effects, n = 9

A

B
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not effective against prevention/mitigation 
of Cd2+/Pb2+/Hg2+-induced neurotoxicity in 
biological system such as nerve terminals. 

Conclusions

N-MLG, prepared by exfoliation of 
the graphite electrode in azide-containing 
electrolyte, did not influence the extracellular 
levels of L-[14C] glutamate and [3H] GABA in 
the nerve terminals. Cd2+/Pb2+/Hg2+-induced 
increase in the extracellular levels of L-[14C] 
glutamate and [3H]GABA was not changed 
by N-MLG that was shown using model of 
acute neurotoxicity in nerve terminals. 
Therefore, N-MLG did not possess neurotoxic 
signs and is neurocompatible. In biological 
system, N-MLG did not mitigate or aggravate 
Cd2+/Pb2+/Hg2+-induced neurotoxicity in 
nerve terminals. 
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ОЦІНЮВАННЯ  ГОСТРОЇ НЕЙРОТОКСИЧНОСТІ 
БАГАТОШАРОВИХ НАНОЧАСТИНОК ГРАФЕНУ, ЛЕГОВАНИХ АЗОТОМ, 

ТА ЇХНЬОЇ  ЗДАТНОСТІ ВПЛИВАТИ НА Cd2+/Pb2+/Hg2+-ІНДУКОВАНІ ЗМІНИ 
ФУНКЦІОНУВАННЯ НЕРВОВИХ ТЕРМІНАЛЕЙ КОРИ ГОЛОВНОГО МОЗКУ

Марина Дударенко1, Наталія Крисанова1, Наталія Позднякова1, Артем Пастухов1, 
Олена Парійська2, Ярослав Курись2, Світлана Сотник2, Сергій В. Колотілов2, 
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Графенові матеріали широко використовуються в різних технологіях і, безумовно, потрапляють 
у водне та повітряне навколишнє середовище та можуть стати його забруднювачами. Графенові 
наноматеріали, доповані азотом, мають великий потенціал для застосування, зокрема, в 
накопичувачах енергії, електрохімічних сенсорах і очищенні стічних вод.

Мета. Оцінити нейротоксичний ризик багатошарового графену, допованого азотом.
Методи. У роботі синтезовано наночастинки багатошарового графену, допованого азотом (N-MLG) 

за допомогою електрохімічної ексфоліації високочистих графітових стрижнів в електроліті на основі 
NaN3 та охарактеризовано за допомогою ТЕМ, АСМ і спектроскопії. Нейроактивні властивості N-MLG 
оцінювали в ізольованих нервових закінченнях кори головного мозку (синаптосомах) шляхом аналізу 
позаклітинного рівня нейромедіаторів L-[14C] глутамату та [3H]ГАМК.

Результати. Виявлено, що в діапазоні концентрацій 0,5–0,01 мг/мл N-MLG не впливав на 
позаклітинний синаптосомальний рівень L-[14C] глутамату та [3H]ГАМК, а збільшення концентрації 
до 1,0 мг/мл викликало незначне підвищення (тенденцію до підвищення) цих рівнів для обох 
нейромедіаторів. Аналіз здатності N-MLG взаємодіяти з важкими металами в біологічній системі 
досліджували на моделі гострої Cd2+/Pb2+/Hg2+-індукованої нейротоксичності в нервових терміналях. 
Виявлено, що Cd2+/Pb2+/Hg2+-індуковане підвищення позаклітинного рівня L-[2+C] глутамату та [2+H]
ГАМК не змінюється під впливом N-MLG.

Висновки. N-MLG не має нейротоксичних ознак і є біологічно сумісним у діапазоні концентрацій 
0,01–1,0 мг/мл. У біологічній системі N-MLG не зменшує/посилює нейротоксичність, спричинену 
Cd2+/Pb2+/Hg2+ у нервових терміналях. 

Ключові слова: багатошаровий графен, допований азотом; наночастинки; важкі метали; 
нейротоксичність; глутамат; ГАМК; нервові терміналі мозку.
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The pursuit of new platelet aggregation 
inhibitors is an urgent issue, as today’s World 
possesses new challenges: the emergence of 
patient resistance to antithrombotic agents [1, 
2], increased risk of blood loss [3], and genetic 
resistance to existing drugs [4, 5]. 

Platelet aggregation inhibitors from 
snake venoms are small proteins that bind 
to receptors on platelets surface with high 
affinity [6, 7]. Due to their specificity, these 
proteins don’t interfering with coagulation 
factors, which means that platelet aggregation 
inhibitors from snake venoms have a lower 
risk of causing excessive bleeding [8, 9]. Also, 
because they are acting by targeting platelets 

receptors it helps to avoid the development of 
treatment resistance [10, 11]. For example, 
aspirin cannot be successfully applied for 
the treatment of patients with resistance to 
aspirin [12] that can be found at least in 20% 
of population [13].

So, study of novel antiplatelet agents, in 
particular polypeptides from the venom of 
snakes, is a promising task for the development 
of potential drugs with antithrombotic action. 
Previously platelet aggregation inhibitor 
was found in the venom of snake Echis 
multisquamatis [14]. The aim of our study was 
 to approbate platelet aggregation inhibitor 
from Echis multisquamatis snake venom in 
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Snake venom-derived platelet aggregation inhibitors can be promising antiplatelet medications that 
can allow to avoid the risk of bleeding and treatment resistance, particularly in aspirin-resistant patients. 
Our study aimed to assess the effectiveness of a platelet aggregation inhibitor derived from Echis multi-
squamatis snake venom in various settings, including in vitro, in vivo, and ex vivo.

Methods. We examined a polypeptide from Echis multisquamatis venom, purified using a recently 
developed chromatography protocol, across multiple models. This polypeptide was introduced into plate-
let-rich blood plasma and administered intravenously to rats. The effects on platelet aggregation were 
assessed using aggregometry, focusing on ADP-induced aggregation.

Results and Discussion. Our findings revealed that a concentration of 0.040 mg/ml significantly 
reduced platelet aggregation in vitro. Remarkably, this dosage also proved effective when administered 
intravenously in laboratory animals, reaffirming its potential as a robust antiplatelet agent. In the final 
phase of our study, the polypeptide demonstrated its ability to inhibit platelet aggregation in blood 
plasma of pregnant woman with aspirin resistance, presenting a promising avenue for innovative treat-
ment approaches in such cases.

Conclusion. This study underscores the potential of the Echis multisquamatis venom-derived poly-
peptide as a promising antiplatelet agent, effective in diverse scenarios, including aspirin resistance. 
Further research and clinical trials are imperative to fully harness its therapeutic potential.
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vitro, in vivo and ex vivo. In particular our 
goal was to study the effect of this polypeptide 
on platelet aggregation after intravenous 
injection into rat’s bloodstream and also to 
find out whether it can suppress platelet 
aggregation in platelet rich blood plasma of 
pregnant women with resistance to aspirin.

Materials and Methods

Polypeptide that effectively inhibited 
platelet aggregation was purified from the 
venom of Echis multisquamatis by ion-
exchange and size-exclusion chromatography 
and analyzed by SDS-PAGE as it was reported 
earlier [14]. 

Male Wistar rats (8 weeks old) with body 
weight  200 g were individually housed in 
separate cages and had ad libitum access 
to standard food and water. The drug was 
administered by injection into the tail vein 
using a 0.3 ml syringe and a needle of diameter 
30 g. Rats were anesthetized by sodium 
thiopental. The procedures were conducted 
in accordance with the requirements of the 
European Convention for the Protection of 
Vertebrate Animals used for Experimental and 
other Scientific Purposes (Strasbourg, 1986) 
and the Law of Ukraine On the Protection of 
Animals from Cruelty No. 3447 of 21.02.2006. 
Samples of animal blood were collected by heart 
puncture. 3.8% sodium citrate was added to 
blood immediately after collection.

Somatically healthy woman with single 
spontaneous pregnancy with diagnosed 
aspirin-resistance was enrolled in the study. 
Blood sample was kindly provided by the Kyiv 
Perinatal Center and analyzed immediately. 
Venous blood sampling for testing was 
collected from a peripheral vein using vacuum 
systems into sterile plastic 4 ml tubes, 
containing 3.8% sodium citrate solution. 
Written informed consent to be included in the 
study was accepted.

Platelet rich plasma (PRP) for the 
aggregometry study was obtained from whole 
blood by centrifuging at 160 g for 30 min at 
25 C [15].

Platelet aggregation was studied by 
aggregometry using Solar AP2110. PRP was 
added to the cuvette of the aggregometer 
and constantly stirred by the magnet mixer. 
In in vitro and ex vivo studies the solution 
of platelet aggregation inhibitor was added 
to the cuvette (final concentration was 
0.04 mg/ml). Platelets were activated by 
ADP (final concentration 12.5 μM) and CaCl2 
(1 mM). Change of the light transmission was 

monitored. The speed and the rate of platelet 
inhibitors were measured [16].

Statistical analysis. All measurements were 
performed in triplicate.

Results and Discussion 

Previously, a polypeptide was obtained 
from the venom of the Echis multisquamatis 
snake, and it was found to be an effective 
inhibitor of platelet aggregation. It was 
demonstrated that this polypeptide acts as 
a disintegrin or an antagonist of integrin 
receptors. This means that when it interacts 
with integrin receptors, it hinders the 
receptors’ binding to the fibrinogen molecule, 
thus complicating the process of platelet 
aggregation and the formation of a fibrin-
platelet thrombus. The researchers suggested 
a dosage that reduces the degree of platelet 
aggregation by 50% (IC50), which was 
0.040 mg/ml.

In the initial phase of the study, the effect 
of this dosage of disintegrin was assessed 
in vitro, meaning it was added to a test tube 
containing platelet rich blood plasma from 
a control rat. Specifically, 0.01 ml of the 
disintegrin solution (1.2 mg/ml) was added 
to 0.24 ml of platelet rich blood plasma and 
incubated in the aggregometer cuvette, 
with constant automatic stirring achieved 
by a rotating magnet. After 3 minutes, 
platelet aggregation was triggered by adding 
0.025 ml of CaCl2 (0.025 M) and 0.025 ml of 
ADP (0.12 mM). In the control sample, an 
equivalent volume of physiological saline was 
added instead of the disintegrin solution. This 
allowed the determination of ADP-induced 
platelet aggregation, where platelets activated 
by ADP aggregated and formed microclots. 
The device measured the increase in the 
transparency of the tested suspension. In the 
case of inhibition of platelet aggregation, this 
process was delayed, resulting in reduced final 
transparency of the suspension.

Here we confirmed that the selected dosage 
effectively inhibited the platelet aggregation 
in vitro (Fig. 1).

The next stage of the research was to 
determine its effectiveness when administered 
intravenously (in vivo), i.e., to assess 
whether its efficacy would be maintained. 
It is confirmed that the blood volume of a 
rat is approximately 50 ml per kilogram of 
body weight [17]. Therefore, it is possible 
to calculate the amount of the polypeptide 
solution (1.2 mg/ml) needed to be injected 
into the bloodstream of a 200 g rat to achieve 
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an effective polypeptide concentration in the 
bloodstream of 0.04 mg/ml.

The volume of rat blood was 10 ml. The 
initial concentration of the polypeptide 
solution was 1.2 mg/ml, and the desired 
final concentration in the bloodstream was 
0.04 mg/ml. Achieving this required diluting 
the original solution by a factor of 30. 
Consequently, for 10 ml of blood, 0.33 ml of 
the solution needed to be injected.

The polypeptide solution was administered 
through injection into the lateral tail vein of 
the rats using an insulin syringe. Control rats 
were injected with 0.33 ml of a physiological 
saline solution. Blood samples were collected 
by heart puncture 30 minutes after the 
injection.

The resulting aggregation shows that the 
introduction of the polypeptide significantly 
reduces both the speed and the degree of ADP-
induced aggregation of platelets (Fig. 2).

The experiment’s results demonstrate that 
the studied polypeptide from the venom of 
the Echis multisquamatis snake effectively 
inhibits platelet aggregation even under 
conditions of intravascular administration. 
The data obtained suggest promising potential 
for the use of the investigated disintegrin in 
future antithrombotic therapy.

As a final step of examinations, we 
approbated the inhibitory actions of the 
studied polypeptide ex vivo on the platelet rich 
blood plasma donated by pregnant woman with 
diagnosed aspirin-resistance.

Fig. 1. ADP-induced aggregation of platelets of a control rat in the presence of disintegrin from the venom 
of the Echis multisquamatis snake (blue line) or an equivalent volume of physiological saline (orange line)

All measurements performed in triplicate; typical curves are presented

Fig. 2. ADP-induced aggregation of platelets of a rat after the intravenous administration of disintegrin 
from the venom of the Echis multisquamatis snake (blue line) or an equivalent volume of physiological 

saline (orange line)
All measurements performed in triplicate; typical curves are presented
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We demonstrated that being the 
antagonist of integrin receptors the studied 
polypeptide can be effective for aspirin-
resistant patients.

As a result, it can be concluded that the 
polypeptide derived from the venom of the 
Echis multisquamatis snake effectively 
reduces the aggregation ability of platelets 
in vitro. Moreover, this antiplatelet effect of 
the polypeptide remains unaffected under 
the conditions of intravenous administration 
to laboratory animals. Notably, it also 
demonstrated the ability to inhibit platelet 
aggregation ex vivo in patients with aspirin 
resistance.

In summary, the polypeptide from the 
venom of the Echis multisquamatis snake 
has the potential to serve as a prototype for 
an effective antithrombotic agent, capable of 
inhibiting platelet aggregation.
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АПРОБАЦІЯ ІНГІБІТОРA АГРЕГАЦІЇ ТРОМБОЦИТІВ З ОТРУТИ 
Еchis multisquamatis in vitro, in vivo ТА ex vivo

M. A. Желавський1, 2, M. O. Платонов1, Є. П. Кучерявий1, Є. M. Стогній1

1Інститут біохімії ім. О.В. Палладіна НАН України, Київ
2ЗЛ “Академія Успіху”, Київська обл., Україна
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Інгібітори агрегації тромбоцитів, отримані з отрути змій, є перспективними 
антитромботичними засобами, які водночас зменшують ризик кровотечі та дозволяють уникнути 
резистентності, як, наприклад, у пацієнтів, стійких до аспірину. Наше дослідження мало на 
меті оцінити ефективність інгібітора агрегації тромбоцитів, отриманого з отрути змії Echis 
multisquamatis, у різних умовах, включаючи in vitro, in vivo та ex vivo.

Методи. Досліджено поліпептид з отрути Echis multisquamatis, очищений за допомогою 
розробленого протоколу хроматографії, на кількох моделях. Цей поліпептид додавали до 
збагаченої тромбоцитами плазми крові або вводили внутрішньовенно щурам. Вплив на агрегацію 
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тромбоцитів оцінювали за допомогою агрегатометрії, зосереджуючись на індукованій ADP 
агрегації.

Результати та обговорення. Результати показали, що концентрація порліпептиду 0,040 мг/
мл значно знижувала агрегацію тромбоцитів in vitro. Примітно, що ця доза також виявилася 
ефективною при внутрішньовенному введенні лабораторним тваринам, підтверджуючи 
потенціал поліпептиду як надійного антиагрегантного агента. На завершальному етапі 
дослідження поліпептид продемонстрував свою здатність пригнічувати агрегацію тромбоцитів 
у плазмі крові вагітної жінки з резистентністю до аспірину, що є багатообіцяючим для створення 
інноваційних підходів до лікування в таких випадках.

Ви сновок. Це дослідження підкреслює потенціал поліпептиду, отриманого з отрути 
Echis multisquamatis, як перспективного антиагрегантного агента, ефективного, зокрема, і 
за резистентності до аспірину. Для повного використання його терапевтичного потенціалу 
потребуються подальші дослідження та клінічні випробування.

Ключові слова: дезінтегрин; плазма крові; тромбоцити; тромбоз; зсідання крові; агрегація 
тромбоцитів; модель на тваринах.
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Hairy roots of medicinal plants are a 
promising source of biologically active 
compounds as these cultures carry rol genes 
that are secondary metabolism activators. 
Hairy roots of Artemisia tilesii Ledeb. are 
of special interest. This is a rare plant 
adapted to the action of extreme factors [1]. 
A. tilesii is rich in polyphenolic compounds, 
such as flavonoids, with antioxidant, anti-
inflammatory and antiviral effects [2–5]. 
To increase flavonoids content, different 
precursors [6–14] of their biosynthesis and 
various elicitors [15–32] can be added. Their 
presence and concentration in the nutrient 
medium can affect the synthesis of flavonoids 
and, accordingly, the bioactivity of plants. 

All polyphenolic compounds originate 
from the shikimate pathway that leads to 
phenylalanine and tyrosine — aromatic 

amino acids. This makes phenylalanine one 
of possible elicitors for the activation of 
flavonoids biosynthesis. Indeed, Peng et al. 
[6] showed the beneficial effect of combination 
of microwave and L-phenylalanine on the 
specific activities of phenylalanine ammonia-
lyase, chalcone isomerase, and FLS flavonol 
synthase in Tartary buckwheat sprouts. 
Demirci et al. [7] explored the effect of 
24-epibrassinolide and L-phenylalanine on the 
root growth, total phenolics, total flavonoids, 
and caffeic acid derivatives accumulation in 
hairy roots of Echinacea purpurea. Treatment 
with 0.5 mg L–1 24-epibrassinolide for 
50 days resulted in the highest fresh root 
weight, dry root weight, and growth index, 
while L-phenylalanine had no significant 
influence on root growth. Cao et al. [8] 
showed the benefit of combination of 10 mM 
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Aim. To analyze the possibility of using phenylalanine of various concentrations and different light-
ing modes separately and in combination to boost the biomass accumulation and biosynthesis of flavo-
noids in two lines of Artemisia tilesii Ledeb. hairy roots. 

Methods. The roots were grown on solidified medium with phenylalanine at high (1 mM) and low con-
centrations (0.05 and 0.1 mM) with lighting (3000 lx, 16 h) and in darkness. After four weeks cultiva-
tion, weight gain, flavonoid content and DPPH-scavenging activity were determined according to the 
standard tests.

Results. Roots grown in light were greenish in color, more branched and thick, yet the roots were 
more elongated after maintenance in the dark. Addition of 1 mM phenylalanine has led to inhibition of 
growth of all samples. The tolerance to lower concentrations varied among the lines. The flavonoid con-
tent for all samples of both lines was higher in the light (up to 3.14 times), regardless of the concentration 
of phenylalanine. The antioxidant activity was as well higher for the roots grown in light and the values 
of EC50 correlated with the flavonoid content.

Conclusions. Illumination boosted the synthesis of flavonoids and antioxidant activity in all samples 
of both hairy root lines. The effect of phenylalanine addition on biomass accumulation and flavonoid 
biosynthesis was line-specific.
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phenylalanine and 50 mM chitosan on the 
dry weight, flavonoid and phenolic contents. 
Arya and Patni [9] reported significant 
enhancement of quercetin in callus culture 
of Pluchea lanceolata by incorporation of 
cinnamic acid and precursor feeding with 
L-phenylalanine. Syk owska-Baranek et al. 
[10] determined the effect of L-phenylalanine 
on PAL activity and production of 
naphthoquinone pigments in suspension 
cultures of Arnebia euchroma. Andi et 
al. [11] determined the boosting effect of 
L-phenylalanine on the synthesis of stilbenes 
and flavonoids in suspension cultures of Vitis 
vinifera.

The changes in certain cultivation 
conditions (temperature, lighting, agitation, 
aeration) can result in the alterations of 
the secondary metabolites biosynthesis as 
well. Thus, it is important to determine the 
parameters essential for the best ratio of 
biomass accumulation and biosynthesis in 
plant cultures in vitro. 

Tusevski et al. [15] showed that dark-
grown and photoperiod-exposed hairy root 
cultures of Hypericum perforatum differed 
in phenolic acids, flavonols, flavan-3-ols, and 
xanthones accumulation. Light served as the 
elicitor for the quinic acid, kaempferol, and 
seven identified xanthones production. On the 
other hand, dark-grown cultures had a higher 
content of flavan-3-ols (catechin, epicatechin, 
and proanthocyanidin dimers). The beneficial 
effect of light on cyanidin 3-O-rutinoside 
accumulation was also observed in Tartary 
buckwheat hairy roots [16]. Marsh et al. 
showed that the American skullcap hairy roots 
cultivated under continuous illumination in 
cobination with -cyclodextrin accumulated 
flavone glycosides better, while the cultures 
maintained in the dark with the same 
treatment had maximum contents of baicalein 
and wogonin (5.4 mg/g DW and 0.71 mg/g 
DW, respectively) [17]. Wongshaya et al. 
showed a better response to elicitation of the 
Arachis hypogaea hairy roots maintained in the 
dark than those grown in the light [18]. Other 
researchers [19–25] showed the beneficial 
effect of different light waves, photoperiod 
optimization and ultraviolet radiation on the 
enhancement of flavonoids accumulation.

All these findings suggest that the addition 
of precursors and changes in cultivation 
parameters can have different effects on 
the growth of in vitro plant cultures and 
activity of their biosynthesis. Thus, the 
research was focused on the possibility of 
using phenylalanine of various concentrations 

and different lighting modes separately and 
in combination to boost the biosynthesis of 
flavonoids in two lines of A. tilesii hairy roots. 

Materials and Methods

Plant material
Two A. tilesii hairy roots lines from the 

collection of the Institute of Cell Biology and 
Genetic Engineering of the National Academy 
of Sciences of Ukraine were used as the plant 
material for the study [33]. Both of the lines 
were obtained by the transformation using 
Agrobacterium rhizogenes A4 wild strain. 

Phenylalanine elicitation
The roots were grown for four weeks on 

the solidified nutrient Murashige and Skoog 
medium (Duchefa Biochemie, The Netherlands) 
with halved macrosalt content (½ MS) and 
the addition of sucrose at a concentration of 
20 g/l. Phenylalanine at high (1mM) and lower 
concentrations (0.05 and 0.1 mM) was added 
to the nutrient medium. Roots were grown at a 
temperature of +24 C with lighting (3000 lx, 
16 h) and in darkness. After cultivation, 
weight gain, flavonoid content and antioxidant 
activity were determined in both experiments. 

Weight gain
After four weeks of cultivation, the grown 

hairy roots were separated from the medium, 
washed with distilled water, dried using filter 
paper and weighed on a Sartorius balance with 
a standard deviation of ± 0.005 g. Weight gain 
was determined as the difference between the 
final and initial weights in terms of one growth 
point.

Flavonoids content
Determination of the content of flavonoids 

was carried out according to the method 
described in [34] with modifications. To 
prepare the extracts, the roots were separated 
from the medium, washed with deionized 
water, dried using filter paper, weighed 
0.3 g each and homogenized in 3 ml of 70% 
ethanol. The homogenate was centrifuged in 
an Eppendorf Centrifuge 5415 C at 15 000 g 
for 10 min. The reaction mixture contained 
0.25 ml of extract supernatant, 1 ml of 
deionized water, 0.075 ml of 5% NaNO2 
(Merck, Germany) solution. After standing 
for 5 min, 0.075 ml of 10% AlCl3 (Merck, 
Germany) solution was added and held for 
another 5 min. Then 0.5 ml of 1 M NaOH 
(Merck, Germany) and 0.6 ml of deionized 
water were added. Absorption was determined 
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at  = 510 nm on a Fluorate-02-Panorama 
spectrofluorimeter. The calculation of the 
content of flavonoids was carried out in 
the rutin equivalent (RE) according to the 
following formula (after calibration graph 
was plotted), and converted to grams of fresh 
weight (FW):

С = (1.4497 · OD) ·V / m, (R2 = 0.9633) 

where С — concentration of flavonoids in 1.0 g 
of fresh weight of plant material, mg RE/g FW; 
OD – optical density of the investigated solution, 
U; V — volume of ethanol used to prepare the 
extract; m — mass of plant material used for 
research. The total content of flavonoids (in all 
biomass) was calculated as the multiplication of 
the concentration of flavonoids and the weight 
gain per one growth point.

Antioxidant activity (АОА)
The antioxidant activity of ethanol 

extracts of hairy roots was studied using 
the DPPH (2,2-diphenyl-1-picrylhydrazyl, 
Merck, Germany) test according to the method 
described in [35]. The optical density of the 
solutions was measured at a wavelength 
of  = 515 nm on a Fluorate-02-Panorama 
spectrofluorimeter. The percentage of 
inhibition was calculated according to the 
following formula:

% inhibition = (OD1 – OD2) / OD1 · 100,

where OD1 — optical density of the DPPH 
solution, U; OD2 — optical density of the of 
the reaction mixture after carrying out the 
reaction with DPPH, U.

The effective concentration (EC50) was 
calculated as the fresh weight of the root (mg 
FW) required to scavenge 50% of DPPH in the 
reaction with the radical.

Data analysis
All analyzes were performed in triplicate. 

Results were calculated in Microsoft Excel 
and presented as mean ± confidence interval. 
The data were analyzed for statistical 
significance using ANOVA followed by Tukey 
HSD test using R software version 4.0.4. 
The differences between mean values were 
considered statistically significant at P < 0.05.

Results and Discussion

For both lines cultivated without 
phenylalanine, hairy roots accumulated more 
biomass while growing in the dark. Such roots 
were white, elongated and less branched. 
Weight gain of the roots No.1 and No. 2 
grown in darkness exceeded this parameter 

of the roots of these lines grown with lighting 
(2.33 and 3.94 fold, respectively) (Fig. 1, A). 
Therewith, flavonoid content was higher in the 
roots grown in light. Such roots were greenish 
in color and highly branched. Flavonoid 
content in ethanolic extracts obtained from 
roots No.1 and No.2 grown in light (Fig.1, 
B) was 2.53 ± 0.28 and 5.45 ± 0.37 mg RE/g 
of FW, respectively. For the samples grown 
in dark, the values were much lower: 2.3 and 
4.74 mg RE/g of FW, respectively. Thus, 
high increase of biomass correlated with low 
biosynthesis of flavonoids and vice verse. 
This result may be explained by the fact that 
plant cells have limited quantity of all needed 
precursors and energy both for the root growth 
and secondary metabolites accumulation. 
Consequently, as the roots biomass was higher 
in the dark, their rate of growth was rapid 
and the flavonoid biosynthesis level was 
low. Accordingly, roots grown in light had 
higher biosynthetic activity and flavonoids 
accumulation, and their growth rate was 
slower. 

All samples grown on the medium with 
addition of 1 mM phenylalanine (PHE) had 
drastic inhibition of growth. Line No. 1 
tolerated the addition of PHE better and the 
weight gain was 0.022 ± 0.014 and 0.008 ± 
0.003 g per one growth point while grown in 
light and dark, respectively. Flavonoid content 
in the ethanolic extracts of these samples was 
comparable with that of control sample: 2.36 ± 
0.17 (grown in light) and 1.84 ± 0.06 (grown 
in dark) mg RE/g of FW. In addition, total 
flavonoid content in the whole mass of the 
hairy root samples was the following: 0 mM 
PHE light (0.10 mg RE) > 0 mM PHE dark 
(0.09 mg RE) > 1 mM PHE light (0.05 mg RE) 
> 1 mM PHE dark (0.01 mg RE). Such result 
once again confirmed the inhibiting effect 
of phenylalanine on the growth of A. tilesii 
hairy roots and their biosynthetic activity. 
Moreover, it was shown that it is better to grow 
wormwood hairy roots with lighting. 

Line No. 2 was more sensitive to the 
addition of PHE than root line No. 1 (Fig.1, A). 
The inhibition was so drastic, that it was not 
possible to obtain enough plant material to 
prepare the extracts for the study of flavonoids 
accumulation and antioxidant activity. 

As phenylalanine at 1 mM concentration 
was shown to be inhibiting for these A. tilesii 
hairy roots, for the next part of the study lower 
concentrations were chosen, namely 0.05 and 
0.1 mM.

 The morphology and growth 
characteristics of the hairy roots depended 
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on the presence of lighting (Fig. 2) the same 
way as in the first experiment. Illumination 
acted in favor of the color of hairy roots, their 
branching and thickness. All samples of hairy 
roots were slightly greenish in the light and 
white in the dark. 

It was established that in this part 
of experiment for both lines and in all 
concentrations of phenylalanine the weight 
gain of hairy roots was higher in the samples 
grown with lighting (Fig. 3, A) that contradicts 
the data in the previous experiment. Therefore 
the difference in the effect of lighting on the 
weight gain may be explained by the thickness 
of the roots: all root samples grown in light 
this time were much thicker (up to 1.5 mm), 
than roots grown in dark. This thickness 
contributed to the increased weight gain. 
Weight gain of the roots No.1 and No. 2 grown 
in light was 1.16–2.91 and 1.26–1.59 times 
higher respectively than the same parameter 
of the roots cultivated in darkness. Addition 
of phenylalanine at any concentrations (0.05 
or 0.1 mM) inhibited the growth of the roots. 
This inhibition varied among the lines in the 
same manner as in the previous experiment: 
line No. 1 tolerated phenylalanine better than 
line No. 2. The weight increase in the roots No. 
1, grown under the same lighting conditions, 
was similar when PHE was added in different 
concentrations. At the same time, increasing 
the concentration of PHE led to the inhibition 
of growth of roots No. 2.

The content of flavonoids (Fig. 3, B) 
in all the samples of both lines was higher 

in the light, which may prove the possible 
effect of lighting as flavonoids biosynthesis 
activator for the wormwood hairy roots that 
was suggested in the result of the previous 
experiment. Indeed, regardless of the presence 
and concentration of phenylalanine in the 
solid nutrient medium, the flavonoid content 
was 1.48–2.69 times higher in the roots No. 1 
and 1.02–3.14 times higher in the roots No. 2 
grown in light. As in the first experiment, 
even though the biomass accumulation of 
roots No. 1 was vividly higher than in the line 
No. 2, the flavonoid content was higher in 
all the samples when comparing the variants 
grown at the same conditions. This once more 
suggests the explanation proposed in the first 
experiment that biomass accumulation and 
secondary metabolites biosynthesis often don’t 
occur at the same time and can vary greatly 
depending on the line of hairy roots. 

Similarly, the antioxidant activity in all 
the samples was higher in the roots grown 
under lighting conditions. Values of EC50 
(Fig. 4) correlated with the flavonoid content 
in the samples. Lower values of EC50 and thus 
higher antioxidant activity was interrelated 
with higher flavonoid biosynthesis.

As it can be seen from the graph (Fig. 3, 
B), lower concentrations of PHE didn’t 
inhibit the flavonoids biosynthesis, although 
inhibition was observed when PHE was added 
at a higher concentration (1 mM, Fig. 1). 
Nonetheless, such value as the total content 
of flavonoids calculated per whole biomass 
gain showed that the inhibition of growth that 

Fig. 1. Weight gain (A) and flavonoid content (B) of the Artemisia tilesii hairy roots grown on two lighting 
modes without and with addition of high concentration of phenylalanine:

orange columns — line No. 1, green columns — line No. 2. Growth conditions: columns 1 and 5 — light, with-
out phenylalanine (controls); 2 and 6 – dark, without phenylalanine; 3 and 7 — light, 1 mM phenylalanine; 

4 and 8 — dark, 1 mM phenylalanine

A B
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Fig. 2. Differences in morphology of line No. 2 of A. tilesii hairy roots grown in different lighting conditions 
and phenylalanine addition:

A — light without phenylalanine addition (control); B — dark without phenylalanine; C — light, 0.05 mM 
phenylalanine; D — dark, 0.05 mM phenylalanine; E — light, 0.1 mM phenylalanine; F — dark, 0.1 mM 

phenylalanine; G — ethanolic extracts prepared from the sample of hairy roots grown in light; H — ethanolic 
extracts prepared from the sample of hairy roots grown in dark

Fig. 3. Weight gain (A) and flavonoid content (B) of the A. tilesii hairy roots grown on two lighting modes 
without and with addition of low concentrations of phenylalanine:

orange columns — line No. 1, green columns — line No. 2. Growth conditions: columns 1 and 7 — light, 
without addition of phenylalanine (controls); 2 and 8 — dark, without phenylalanine; 3 and 9 — light, 

0.05 mM phenylalanine; 4 and 10 — dark, 0.05 mM phenylalanine; 5 and 11 — light, 0.1 mM phenylalanine; 
6 and 12 — dark, 0.1 mM phenylalanine
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resulted after the addition of phenylalanine 
was more prominent that the increase in the 
concentration of flavonoids in the extracts. 
In none of the samples the value of the total 
content of flavonoids per whole biomass 
was higher than in the control root samples 
(roots grown in light without addition of 
phenylalanine). This result shows that for both 
of the A. tilesii hairy root lines phenylalanine is 
not a suitable elicitor, regardless of the chosen 
concentration. The possibility of stimulating 
the biosynthesis of metabolites in plants using 
phenylalanine was previously studied [7, 
10]. Obviously, such an effect can be species-
specific.

Light is known as an important factor 
affecting plants including their growth and 
metabolism of plant cells. It can stimulate 
secondary metabolism but such an effect may 
be species-specific and varied in the study 
of different metabolites. Briefly, greening 
of Solanum khasianum roots under light 
irradiation and stimulation of biosynthesis 
was studied [36]. Lighing also increased the 
concentration of polyphenols in Echinacea 
purpurea [37], Fagopyrum tataricum [38], 
Scutellaria lateriflora [17] and Fagopyrum 
tataricum [16]. The results of our study 
demonstrated the positive effect of lighting 
on A. tilesii hairy roots growth and flavonoid 
accumulation. The similar stimulating effect 
was founded in the experiments with other 

plants of Artemisia genus — A. annua hairy 
roots [39]. In that experiment the growth rate 
and artemisinin accumulation increased in case 
of cultivation of hairy roots at 3000 lx light 
irradiation for 16 h. 

Conclusions

It was shown that illumination has an 
impact on A. tilesii hairy roots morphology, 
color, branching, biomass accumulation and 
flavonoids biosynthesis. For both studied root 
lines it was found that the presence of lighting 
is more beneficial than constant maintenance 
in the dark, as light activated the synthesis of 
flavonoids and increased antioxidant activity. 

In this study, no concentrations of the 
added precursor were found to be beneficial 
for the total content of flavonoids in the 
whole biomass of A. tilesii hairy roots. 
Addition of phenylalanine at a concentration 
of 1 mM inhibited both the growth of hairy 
roots of Artemisia tilesii and the synthesis of 
flavonoids. Such effect was observed during 
cultivation with and without illumination. 
The degree of inhibition varied in the hairy 
root lines. One of the lines appeared to be 
more tolerant to PHE at any concentrations 
than the other. In addition the line that had 
worse biomass increase at the same time 
had higher flavonoid accumulation while 
cultivating on the medium with the addition 

Fig.  4. Correlation graph of antioxidant activity (EC50) and flavonoid content of the A. tilesii hairy roots 
grown on two lighting modes without and with addition of low concentrations of phenylalanine:

orange markers — line No. 1, green markers — line No. 2. Markers and corresponding conditions: 
1 and 7 — light, without addition of phenylalanine (controls); 2 and 8 — dark, without phenylalanine; 
3 and 9 — light, 0.05 mM phenylalanine; 4 and 10 — dark, 0.05 mM phenylalanine; 5 and 11 — light, 

0.1 mM phenylalanine; 6 and 12 — dark, 0.1 mM phenylalanine
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of low concentrations of phenylalanine. This 
can be the result of the dependence of the ratio 
of rate of growth and secondary metabolites 
biosynthesis limited by the scarce resources of 
the plant cells.

Hereby, the addition of phenylalanine in 
various concentrations to the nutrient medium 
during the cultivation can have different 
effects on the hairy root lines of A. tilesii. 

This can be caused not only by cultivation 
parameters (different lighting regimes), but 
also by differences in the genotypes of the 
obtained lines of the same species. 
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ВПЛИВ ФЕНІЛАЛАНІНУ ТА ОСВІТЛЕННЯ НА РІСТ «БОРОДАТИХ» КОРЕНІВ 
Artemisia tilesii Ledeb.
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Мета. Проаналізувати вплив фенілаланіну у різних концентраціях та освітлення (окремо та в 
комбінації) для стимулювання росту біосинтезу флавоноїдів у двох лініях «бородатих» коренів 
Artemisia tilesii Ledeb.

Методи. Корені вирощували на агаризованому середовищі з фенілаланіном високої (1 мМ) і 
низької (0,05 і 0,1 мМ) концентрацій при освітленні (3000 лк, 16 год) і в темряві. Після чотирьох 
тижнів культивування приріст ваги, вміст флавоноїдів і активність проти DPPH-радикалу визначали 
згідно зі стандартними методиками.

Результати. Корені, вирощені на світлі, мали зеленуватий колір, були більш розгалужені 
та товщі, а після росту в темряві були більш видовженими. Додавання фенілаланіну (1 мМ) 
пригнічувало ріст усіх зразків. Дві лінії коренів відрізнялися за чутливістю до фенілаланіну у менших 
концентраціях. Вміст флавоноїдів у всіх зразках обох ліній був вищим на світлі (до 3,14 рази), 
незалежно від концентрації фенілаланіну. Антиоксидантна активність також була вищою у коренях, 
вирощених на світлі, причому значення EC50 корелювали з вмістом флавоноїдів.

Висновки. Освітлення стимулювало синтез флавоноїдів і підвищувало антиоксидантну активність 
всіх зразків. Ефект додавання фенілаланіну на накопичення біомаси та біосинтез флавоноїдів залежав 
від лінії «бородатих» коренів.

Ключові слова: Artemisia tilesii Ledeb.; «бородаті» корені; фенілаланін; освітлення; еліситори;  
флавоноїди; антиоксидантна активність. 


