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Abstract—This work examines the antibacterial and antifungal activity of chitosans with a deacetylation
degree of 85% and molecular weights (MWSs) in a wide range of values (5, 10, 50, 150 kDa), as well as copper
complexes obtained on their basis. It was found that the studied chitosan activity has a certain dependence on
the chitosan MW and concentration. It has been shown that the biocidal activity of copper complexes at a
concentration of 0.02—01%, does not depend on the chitosan MW, but the complexes are characterized by a
higher antibacterial and antifungal activity as compared to chitosan.
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INTRODUCTION

The polysaccharide chitosan, which is widely dis-
tributed in nature, still attracts the attention of
researchers due to its unique physical and chemical
properties and biological activity, as well as its com-
plete safety for the environment. [1—4]. Special meth-
ods are used to obtain chitosan from various natural
sources; thus, it is characterized by structural hetero-
geneity in many parameters [2]. These include the
molecular weight (MW), the quantitative ratio of
acetylated and deacetylated units in the chain, and the
nature of their location in the polymer chain. It is
these features of chitosan that determine the diversity
of its biological properties, which has been confirmed
by numerous studies in this field [5, 6].

Most of the works related to the study of the mech-
anisms of the antibacterial and antifungal action of
this biopolymer indicate that the biocidal activity of
chitosan is associated with its polycationic structure
and the ability to bind to negatively charged cell sur-
face structures [5, 7]. The mechanism of the manifes-
tation of such activity is still not clear, but there is clear
evidence that the interaction of chitosan and its deriv-
atives with cell membranes at the molecular level leads
to cell death [8—10]. This is the so-called “antibacte-
rial effect” of chitosan [8]. The first target of the chi-
tosan polymer in the case of gram-negative bacteria is
lipopolysaccharide, which is negatively charged and is
part of the outer membrane. In gram-positive bacte-
ria, the main target for chitosan may be teichoic acids,

which are negatively charged by numerous phosphoric
acid residues. In both cases, such interaction disrupts
the normal functioning of the metabolic processes of
the cell with the external environment and changing
the permeability of the cytoplasmic membrane, result-
ing in an increase in the outflow of substances from
the cell.

It should be noted that, while some authors have
found differences in the sensitivity of gram-negative
and gram-positive bacteria to chitosan, a number of
studies have concluded that the structural differences
in the bacterial cell wall are not decisive in their inter-
action with the polysaccharide [11].

Ilyina et al. [12] stated that the antibacterial activity
of chitosan against gram-negative and gram-positive
microorganisms may depend not only on its MW
weight but also on the degree of deacetylation (DD).
When testing chitosans with an MW of 4 kDa but with
varying DD values (55, 73, 78, and 86%), there was a
tendency toward an increase in the level of cell death
with an increase in the DD of the polymer. According
to the authors, a high concentration of positive charges
in the chitosan chain with the maximum DD led to the
formation of the strongest bond with the surface of the
cell wall of the microorganisms.

The authors came to the same conclusion in
works [13] on the antibacterial activity of a number of
chitosan samples, the MW of which was changed from
2to 224 kDa and the DD from 16 to 84%. The activity
of the samples was assessed according to growth inhi-
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Fig. 1. Structure of chitosan—metal complexes [28].

bition and membrane integrity based on the example
of Bacillus cereus, Escherichia coli, and Salmonella
typhimurium. The authors concluded that chitosans
with a high DD showed an increase in antibacterial
activity [13].

An unambiguous correlation between the MW of
chitosan and its biological properties has not yet been
established in the literature [7, 13]. It was shown [14]
that an increase in the chitosan MW upon exposure to
the growth of Bacillus cereus led to an increase in the
antimicrobial effect in the series of oligosaccharides
up to samples with an MW of 628 kDa. This was
explained by the increase in the number of amino
groups capable of firmly binding to the surface struc-
tures of the cell. Other researchers [15] come to the
opposite conclusion about the higher antibacterial
activity of low-MW chitosans. The authors attribute
the biocidal effect of these polymers to the fact that
such samples have a greater ability to penetrate the
bacterial cell wall. This disrupts their functioning and
affects the physiological processes occurring inside
the cells, which leads to cell death. The authors of [16]
came to the same conclusion when studying bacteria
such as Staphylococcus aureus, Bacillus cereus, Klebsi-
ella pneumoniae, and Escherichia coli. It was estab-
lished that the antibacterial effect increased propor-
tionally with a decrease in the chitosan MW. Mole-
cules of low-MW chitosan can bind to DNA,
penetrating the cell nucleus and suppressing mRNA
synthesis [6]. An analysis of the influence of various
factors on the antibacterial activity of chitosan was
presented in recent reviews [7, 17].

To date, it has been established that chitosan has
a direct fungistatic effect, which depends on its phys-
icochemical properties and the type of microorgan-
ism [18]. Fungi and oomycetes containing a small
amount of chitosan in their cell walls are sensitive to
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chitosan, while zygomycetes containing a large
amount of chitosan in their cell walls are resistant to
its action. Entomopathogenic fungi with high chiti-
nolytic activity are resistant to the action of chitosan.

A number of works [17, 19—21] also obtained con-
tradictory data on the correlation between the antifun-
gal activity and the chitosan MW. The results of the
study of the process of chitosan inhibition of ten plant
pathogenic fungi (Colletotrichum gloeosporioides,
Fusarium oxysporum £. sp. cubense, Colletotrichum cap-
sici, Pythium aphanidermatum, Phytophthora parasit-
ica, Curvularia Ilunata, Rhizoctonia solani, Hel-
minthosporium oryzae, Sphaceloma ampelinum, and
Fusarium graminearum) showed that low-MW poly-
mers had a higher degree of mycelium inhibition than
high-MW chitosans [17, 21]. Conversely, it was found
[19] that an increase in the MW led to an increase in
antifungal activity against candida albicans, Candida
krusei, and candida glabrata.

It must be added that the type of microorganism
also determines the susceptibility to chitosan with dif-
ferent MWs, as shown in [20]. The mushrooms Puc-
cinia asparagi and Fusarium oxysporum were more sen-
sitive to low-MW chitosan, while high-MW chitosan
was more effective against Stemphylium solani.

Another important factor in the manifestation of
antifungal activity is the degree of chitosan deacetyla-
tion: with an increase in the DD, the antifungal activ-
ity also increases [22]. The variation of two character-
istics of chitosan (DD and MW) makes it possible to
find a combination that leads to the maximum result
in this parameter. The conclusion that the antifungal
activity is greater at a high DD and a low MW has been
confirmed in various types of pathogens: candida albi-
cans 22], Aspergillus fumigatus [23], and Aspergillus
Sflavus [24].

No.3 2022



324

The mechanism of antifungal action of chitosan,
by analogy with bacteria, is associated with violation of
the structure of the cell wall. This leads to a change in
the mycelium morphology, spore viability, and viola-
tion of the integrity of the fungal cytoplasmic mem-
brane, which leads to the release of cytoplasmic con-
tents from the cells. The electrostatic interaction of
positively charged free amino groups of chitosan with
negatively charged phospholipids of fungal cell mem-
branes is confirmed by its dependence on pH, which is
different for low- and high-acetylated chitosan with
the same molecular mass and concentration in the
medium [18—24]. Thus, chitosans with a higher DD
(86—90%) showed a stronger fungistatic effect in all
cases. This parameter plays a decisive role in the adhe-
sion of chitosan to mycelial cells and fungal spores.
Thus, it can be considered established that any biolog-
ical activity of chitosan is primarily determined by the
presence of a positive charge on its macromolecules.

In the last two decades, there have been many stud-
ies on the potential to increase the chitosan activity by
increasing the positive-charge density via the addition
of biologically active substances to its composition,
which leads to an intentional enhancement of its bio-
cidal activity. From this point of view, it is of great
interest that chitosan can form complexes with various
metals that themselves, on the one hand, have biocidal
activity and, on the other hand, can be used by plants
as catalysts for biochemical processes. The most com-
mon strategy to increase the antimicrobial properties
of chitosan is its use in combination with metals and
their nanoparticles [25—27].

‘We previously [28] obtained complexes of chitosan
(MM = 3—150 kDa) with metals (Cu, Zn, Fe) show-
ing high antifungal activity against F. oxysporum. The
complexes of chitosan with copper turned out to be the
most active.

The purpose of this work is a comparative study of
the antibacterial and antifungal activities of chitosan
with an 85% DD and different MWs, as well as copper
complexes obtained on their basis.

MATERIALS AND METHODS

The method of oxidative degradation [29] of high-
MW chitosan Chit-150 (MW = 150 kDa, DD = 85%)
was used to obtain three samples with MWs of 5, 10, and
50 kDa, respectively, Chit-5, Chit-10, and Chit-50.
The DD value determined for all samples via potenti-
ometric titration [30] was 85%.

Based on the obtained samples, complexes of chi-
tosan with copper (Chit + Cu) were synthesized as
described in [28]. To do this, 0.5 g of chitosan was dis-
solved in 100 mL of 4% acetic acid; 0.77 g of CuSO,-
5H,0 and an alkali solution (10% KOH) were added,
and the pH was adjusted to 5.6. The mixture was
stirred at 20°C for 3 h, and the product was then precip-
itated with acetone, centrifuged, washed with ethanol,
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filtered, and dried in vacuum. The yield of the complex
was 60—80%, depending on the chitosan MW.

The copper content in premineralized samples of
chitosan complexes was determined photometrically
on a UV-2600 Shimadzu device (Japan) according to
the well-known method used earlier in [28] based on
the interaction of Cu ions with an organic reagent
(picramin-epsilon) with the formation of colored
complex connections. The infrared (IR) spectra of
chitosan and its complexes were recorded on a Spec-
trum BX Fourier spectrometer (Perkin Elmer Inc.,
United States) in tablets with KBr.

The following samples were obtained and tested:
chitosan (Chit-5; Chit-10; Chit-50; Chit-150) and
copper complexes based on them (Chit-5 + Cu;
Chit-10 + Cu; Chit-50 + Cu; Chit-150 + C).

In all experiments on the evaluation of the biological
activity of chitosans and their complexes, 0.1% succinic
acid, which does not have antimicrobial activity, was
used for dissolution.

The antibacterial activity of chitosan samples was
evaluated based on their ability to suppress the growth of
bacterial cultures that cause crop diseases: Bacilus poly-
myxa (Prazmowski 1880) Mace 1989, which causes bac-
terial rot of potato tubers, Pseudomonas syringae pv
tomato, which causes tomato spotting,; and Erwinia caro-
tovora (syn. Pectobacterium carotovorum), which causes
“black leg,” diseases of potatoes and other plants.

The test cultures were obtained from the collec-
tions of type cultures of the All-Russia Research Insti-
tute of Agricultural Microbiology and the laboratory
of the micro-biomethod of the All-Russia Institute for
Plant Protection (Russia). The antimicrobial activity
of chitosan samples was assessed via diffusion into
agar (the well method) of a solution of the test com-
pound [31]. The method is based on a comparison of
the inhibition of the growth of a test microorganism by
the test chitosan solution with respect to the control
(distilled water) and determination of the biological
activity by the zone of growth inhibition of the test
microorganism (the radius of the zone of inhibition of
the growth of the test organism in mm).

Potato-glucose agar cooled to 45°C was poured
into sterile Petri dishes. After solidification, 0.2 mL of
a suspension of the tested bacteria with a titer of
106 cfu/mL_was applied to the agar surface. After the
seeding of the agar, the dishes were left for 1—2 h to
absorb the inoculum. Then, holes 6 mm in diameter
were made on the agar surface with a sterile drill. A
solution of the test samples (0.2 mL) at a concentra-
tion of 0.2% and a standard solution were simultane-
ously added to the wells of each dish. A 0.1% solution
of succinic acid served as a standard. The cups were
left for 1—2 h at room temperature and then placed in
a thermostat and kept at 25°C for 48 h. The zones of
inhibition of growth of the test strain of microorgan-
isms in mm (radius) were measured for each working
solution.
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Table 1. Antifungal and antibacterial activity of samples of chitosan and their corresponding complexes with copper (con-

centration 0.2%)

Mycelium growth inhibition Diameter of the zone of no growth
for 5 days, % of test cultures, mm
Sample gram (—) gram (+)
F oxysporum | S. sclerotiorum
P. syringae E. carotovora | B. polymyxa
Chit-5 79.6 82.2 0.80 1.5 1.5
Chit-10 83.1 83.3 1.0 1.5 1.5
Chit-50 82.3 82.2 1.5 1.8 1.7
Chit-150 79.1 66.6 0.5 0.7 0.7
Chit-5 + Cu 85.7 83.3 2.5 2.0 1.8
Chit-10 + Cu 87.5 86.6 2.0 2.0 1.5
Chit-50 + Cu 87.5 83.5 3.0 3.3 3.5
Chit-150 + Cu 85.0 78.9 2.5 3.0 2.5
0.1% aqueous solution of succinic acid 0 0 0 0 0
NSR*(R < 0.05) 2.2 2.0 0.05 0.1 0.15
* NSR, the smallest significant difference for comparing average values at R < 0.05.
The antifungal activity of preparations was studied RESULTS AND DISCUSSION

with the method of agar blocks [32]. For the test cul-
tures, we used Fusarium oxysporum (Schlecht.) f. sp.
lycopersici (Sacc.), which causes Fusarium wilt of
tomato, Slerotinia sclerotiorum, which causes white rot
in cucumbers, tomatoes, and other crops, and Coch-
liobolus sativus (S. Ito & Kurib.) Drechsler ex Dastu,
the causative agent of dark-brown wheat blotch. When
testing with the block method, solutions of the test sam-
ples of chitosan and copper complexes based on it were
added to the warm agar Czapek medium, the final con-
centration in the medium was calculated. After solidifi-
cation of the medium, agar blocks of a 7-day test cul-
ture were placed on its surface and cut out with a sterile
cork drill. The Petri dishes were then placed in a ther-
mostat at 22—25°C. Fungistatic activity was assessed
by the diameter of growth suppression of the test cul-
ture on the fifth day of cultivation. Cups with Czapek’s
medium without test substances served as controls.

The effect of chitosan samples on the germination of
C. sativus conidia was also carried out in a drop (200 uL)
on glass slides in the dark at 22°C in a humid chamber
for 24, 48 and 72 h. An ascomycete spore suspension
(0.1 mL, 10%) was added to 0.1 mL of a 0.05% sample
solution. The germination of conidia was assessed via
microscopy of at least 100—200 spores in the experi-
mental variant and in the control (in water). The ger-
mination frequency was expressed as a percentage of
the total number of spores examined in the control and
experiment [33].

All experiments were performed in triplicate, and the
data obtained were processed with descriptive statistics
methods (based on standard errors of means =SEM).
The least significant difference (LSD) was used to com-
pare means at R < 0.05.
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It is known that, due to the presence of functional
groups, chitosan is a good chelating agent and easily
forms complexes with metal ions with variable valence
[34]. As a rule, spectral methods are used to prove the
formation and confirm the structure of chitosan—
metal complexes [35].

It was previously shown [28] that, as a result of
coordination between the metal (Cu) and amine
groups of chitosan, the IR spectra shifted the absorp-
tion maxima of stretching and bending vibrations of
NH bonds towards low frequencies and a maximum
appeared at 1560 cm~! due to the bending vibrations of
NH bonds in the amine groups of chitosan bound to
the metal. Based on these data, the structure of chi-
tosan-metal complexes was proposed, which was sub-
sequently confirmed by other researchers [6].

The copper content in the complexes, which was
calculated at the absorption maximum at 551 nm, was
10 + 1%. This corresponds to the molar ratio of cop-
per : chitosan—I1 : 4.

It is known that the mechanism of chitosan action
on microorganisms is associated with violation of the
integrity of the outer membrane [5, 10].

Due to the different structures of bacterial cell
walls, gram-negative (P. syringae, E. carotovora) and
one gram positive (B. polymyxa) bacteria were taken to
test the direct antibacterial activity.

Table 1 shows the experimental data on the anti-
fungal and antibacterial activities of chitosan and cop-
per complexes derived from them.

It should be noted that, when studying the antibac-
terial and antifungal activity of chitosan, most
researchers use 0.2% hydrochloric or acetic acid as a
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Table 2. Influence of the concentration of chitosan with a
molecular weight of 5 kDa (Chit-5) on the germination of
C. sativus conidia for 2 and 3 days

Quantity germinated conidia
Chitosan C. sativus, %
concentration, %
2 days 3 days

Control (no chitosan) 85 100

0.02 60 80

0.05 55 80

0.1 45 85

0.2 15 70

0.5 10 65
NSR (R<0.05) 3.2 3.5

solvent [36], which have antimicrobial activity of their
own. In this work, to dissolve chitosan samples, we
used an aqueous solution of succinic acid, which does
not affect the linear growth of test cultures (Table 1).
It was shown that all chitosan samples had high anti-
fungal activity; they inhibited the growth of fungal
mycelium. F oxysporum by 79.1—83.1%, and S. sclero-
tiorum by 66.6—83.3%. For example, on the fifth day
of cultivation, the antifungal activity of chitosans with
an MW of 5—50 kDa practically did not change in rela-
tion to the mushroom S. sclerotiorum. Upon an
increase in the chitosan MW to 150 kDa, it decreased
to 66.6%. As expected, the copper complexes of chi-
tosans had a higher degree of inhibition of fungal
mycelium growth as compared to chitosans.

Table 1 shows that all samples of chitosan with a
MW from 5 to 150 kDa had antibacterial activity, both
against gram-positive and gram-negative bacteria.

POPOVA et al.

The strain Pseudomonas syringae was less sensitive to
chitosan action, which is most likely due to its charac-
teristics.

A model experiment to assess the effect of chitosan
Chit-5 on the germination of C. sativus conidia
showed that a 50% inhibitory effect was achieved at a
concentration of 0.05% on the second day and it grad-
ually increased with increases in the polymer concen-
tration (Table 2).

Table 3 presents the results of the evaluation of the
antifungal activity of chitosan with different MWs in
relation to C. sativus. The following trend was noted:
the antifungal activity increased as the MW decreased.
The increase in antifungal activity with increases in
the sample concentration is natural. For example, the
radial growth of C. sativus was suppressed from 58.7 to
68.6% on the fifth day of incubation with an increase
in the concentration of Chit-5 chitosan from 0.05 to
0.1%. At a lower concentration (0.02%), chitosan
could inhibit only 48.0% of the radial growth of fungal
mycelium on day 5 of incubation.

The introduction of copper with the formation of
the complex significantly increased the biocidal activ-
ity as compared to the activity of the original chitosan,
which is associated with an increase in the positive
charge of chitosan in the presence of metal ions. In
addition, this increased the ability of the polycation to
be adsorbed on the negatively charged surface of the
microbial cell. The results presented in Table 3 show
that the copper complexes of chitosan, regardless of
the initial characteristics, showed high antifungal
activity, inhibiting the growth of fungal mycelium.
C. sativus by 85.8—88.6% at a concentration of 0.1%.
The increased antifungal activity of the complexes was
preserved when they were used at lower concentra-
tions. At a concentration of 0.02—0.1%, the biocidal

Table 3. Effect of the concentration of chitosan samples (%) and the corresponding copper complexes on the suppression
of mycelial Growth on day 5 and the germination of C. sativus conidia for 2 days

Mycelial growth suppression, % Nun;ie;:jge;n:)r;{ictsﬁt(rzglrl idia,
, 70
Sample sample concentration, %
0.1 0.05 0.02 0.05
Chit-5 68.6 58.7 48.0 70
Chit-10 71.1 55.0 46.2 75
Chit-50 64.3 47.5 43.7 70
Chit-150 61.1 45.3 40.0 70
Chit-5 + Cu 88.6 84.0 70.0 10
Chit-10 + Cu 86.1 83.0 71.1 7
Chit-50 + Cu 85.8 85.2 73.7
Chit-150 + Cu 88.0 86.0 75.0 5
NSR (R <0.05) 2.3 1.8 2.0 4.6

*100% control.
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Table 4. Action of chitosan and their copper complexes on the germination of C. sativus conidia (sample concentration

0.05%)
Number of germinated C. sativus conidia, %
Sample
1 day 2 days 3 days
Control 60 90 100
Chit-5 10 60 70
Chit-10 15 70 75
Chit-50 10 65 70
Chit-150 15 60 70
Chit-5+ Cu 0 0 10
Chit-10+ Cu 0 0
Chit-50+ Cu 0 0
Chit-150+ Cu 0 0
NSR (R <0.05) 1.5 2.8 3.3

activity of the complexes practically did not depend on
the MW of the initial chitosan. The same pattern was
revealed in an experiment to assess the effect of the test
samples (0.05%) on the germination of conidia of the
fungus C. sativus.

It was found that, for samples of chitosan at a con-
centration of 0.05%, the difference in the inhibition
of germination of C. sativus conidia was determined
by the exposure time but not by the MW value of the
polymer (Table 4). At the same time, the data in
Table 4 show that the copper complex based on chi-
tosan Chit-5 completely suppressed the germination
of conidia of the fungus C. sativus within 2 days and led
to a significant decrease in the number of germinated
ascomycete spores (up to 10%) as compared with the
control (100%) on the third day of incubation.

The original data from these studies made it possi-
ble to identify general patterns in the manifestation of
the biological activity of chitosans with different MWs
but with the same DD (85%), as well as their copper
complexes, on all test objects. Thus, an increase in
MW from 5 to 50 kDa led to an increase in antimicrobial
and antibacterial activities, which was followed by a ten-
dency to decrease. The inclusion of copper in chitosan
with the formation of a chelate complex (Chit + Cu)
contributed to an increase in biological activity,
regardless of the MW value and the type of microor-
ganism. This opens up the potential for the successful
use of complexes of chitosan with copper in agricul-
tural practice against a wide range of plant pathogens.
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