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Abstract

N-succinylchitosan (N-SCS) was obtained by the reaction of chitosan derived from
Bombyx mori with succinic anhydride mixed at a 1:1 molar ratio in dimethyl sulfoxide for
24 hours at 22°C and pH 7. In order to increase the effectiveness of insecticidal properties,
N-succinylchitosan complexes with Co?* ions (N-CSC/Co?*) were further obtained.
The structural studies show that Co?* ions interact with the carboxyl groups of
N-succinylchitosan. The IR spectra of chitosan, N-SCS, and N-SCS/Co?* show
characteristic absorption bands at 1388, 1578, and 473 cm™, respectively. Absorption
bands characteristic of -NH-CO groups were also noticed at 1674 cm™. The
concentration dependence of the insecticidal activity of N-SCS/Co?* solutions was
studied, and it was found that a 1.0% solution exhibits 86.7% biological effectiveness
against termites. The presented results are helpful for the development of eco-friendly
insecticides based on natural polysaccharides.
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On the synthesis of N-succinylchitosan Bombyx mori complexes with cobalt(ll) ions and
their insecticidal properties against Anacanthotermes turkestanicus termites

1.  Introduction

Soluble modification of chitin, chitosan (CS), involves the addition of electron-donating
functional groups. These groups can undergo selective reactions within the monomer unit
or become ionised. CS is a partially deacetylated chitin derivative that consists of
glucosamine, which is structurally similar to glycosaminoglycan and its analogues [1-6].
However, due to the strong intermolecular hydrogen bonding, chitosan is poorly soluble
in physiological solvents [7]. This limitation restricts its wide application [8].

N-succinylchitosan (N-SCS) is a water-soluble derivative of chitosan. It is synthesised
by introducing succinyl groups into the NH> group of glucosamine units [9]. The solubility
of N-SCS in water is helpful in the development of various medical materials, including
3D implants for bone regeneration [10], drug delivery and protein delivery systems
[11-13]. N-SCS is also scientifically intriguing due to its polyampholyte properties, which
allow for control of the ratio of positive and negative charges [14]. Currently, N-SCS and
polysaccharides such as CS-alginate and CS-hyaluron are cross-linked with multivalent
metal ions to form biologically active hydrogels [15].

The interaction of d-metal ions with polysaccharides results in the formation of cross-
linked polymer structures, enabling the creation of highly biocompatible hydrogels
[16, 17]. Researchers have successfully produced biologically active polymer-metal
complexes using CS, N-SCS, and polyvalent metal ions such as Au®*, Cr?*, Ba%*, Fe®,
Ca?*, Zn%*, Cu®, and Pb?* [18—-24]. There is a need for the synthesis of new developments
that are non-toxic, biocompatible, and biodegradable. These goals can be achieved by
modifying the chemical nature of metal ions and controlling the properties of complexes.

To evaluate the biological activity of N-SCS, silver nanoparticles (9 - 34 nm in size)
were synthesised using N-SCS and Ag* ions. These nanoparticles exhibited significantly
higher antibacterial activity against gram-positive strains (B. subtilis ATCC 6633,
B. coagulans 429) [25]. Similarly, gold nanoparticles (N-SCS/Au) were synthesised using
N-SCS and HAUCI, salt. These nanoparticles demonstrated high biological efficiency
against pathogenic fungi, particularly Candida albicans [26, 27]. Furthermore,
preparations based on N-SCS/Zn/curcumin were studied for their effectiveness against
breast cancer cells (MDA-MB-231) as well as two types of bacteria (Staphylococcus
aureus and Escherichia coli) [28]. The authors used Azadirachta indica, extracted from
Indian Nastarini, as an insecticide in combination with CS. This extract contained
neurotoxic compounds commonly used in insect control, such as organophosphates and
carbamates. A mixture of Indian mustard extract and CS has proven to be effective against
insects [29].

The aim of this study is to obtain a water-soluble N-succinylchitosan cobalt
(N-SCS/Co?" polymer metal complex by chemically cross-linking N-SCS with Co?* ions,
and to investigate its physical, chemical, and biological properties.

2. Materials and Methods

2.1. Chemicals

Chitin was isolated from the silkworm Bombyx mori cocoon according to the laboratory
regulations developed at the Institute of Polymer Chemistry and Physics of the Academy
of Sciences of the Republic of Uzbekistan. Chitin isolation and its modification to chitosan
were carried out in the following order: extraction of oil, deproteinisation,
demineralisation, pigment bleaching, deacetylation of chitin, filtration, washing with
water to pH 7, and drying. CS with a molecular mass (MM) of 198 kDa and a degree of
deacetylation (DD) of 87% was used in the research. Succinic anhydride was obtained
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by dehydration of chemically pure succinic acid. DMSO, NaOH, HCI (chemically pure
for analysis), and bidistilled water were also used in the studies.

2.2.  Synthesis of N-SCS Bombyx mori

N-succinylchitosan samples were obtained according to a previously described method
[30]. Briefly, a 2% solution of chitosan in acetic acid was titrated with a 5% solution of
NaOH until complete polymer precipitation. The precipitate was then washed with
bidistilled water until pH 7 was reached and dried in a freeze-dryer at -50°C. In the next
stage, a 5% chitosan solution in dimethyl sulfoxide (DMSQ) was prepared and filtered.
1 g of succinic anhydride was added. The mixture was stirred for 24 h. Then the resulting
reaction mixture of pH 3.5 was titrated with 5% NaOH to pH 5, and the reaction was
continued under stirring (800 rpm) for 30 minutes. Next, the resulting dispersion was
adjusted to pH 10 - 12 until a light yellow solution of N-SCS was formed. The final product
was purified from low molecular weight components by dialysis for 72 hours and dried in
a freeze dryer.

2.3.  Synthesis of N-SCS/Co?" Samples

The N-succinylchitosan-cobalt (N-SCS/Co?") complex was obtained as follows: 20 ml of
a 3% N-SCS solution was prepared, filtered and stirred using a magnetic stirrer at 800 rpm
for 30 minutes. The N-SCS solution of pH 4.19 was titrated with a 0.5 M CoCl; solution
at a rate of 10 pl/s, and the titration was finished when a 1:1 molar ratio was reached. The
resulting N-SCS/Co?* complex was isolated by precipitation with acetone and dried in
a lyophilizer until a constant weight was achieved.

2.4. Methodology

2.4.1. DLS Measurement

Particle size was measured using dynamic light scattering (DLS) (Photokor, Russia).
The evaluated sizes ranged from fractions of a nm to 5 - 10 um. The laser power of the
analyser ranged from 2 to 35 mW. The automatic mode of the analyser was used during
measurements, processing, and results presentation.

2.4.2. Conductometric Titration

The DD of chitosan was determined by conductometric titration using a Mettler-Toledo
AG, Analytical CH-8603 device (Schwerzenbach, Switzerland) [31]. The DD value was
calculated using the formula:

_ Croon(V2-V)'M

DD @
m
where:
Cynaon — Molar concentration of NaOH solution;
V1, V2 —the volume of NaOH titrant [ml];
M — the relative molecular mass of a single elementary unit of chitosan [g/mol];

m —the weight of chitosan [g].

2.4.3. UV spectroscopic studies

UV spectroscopic studies were conducted using a SPECORD 210 (Germany)
spectrophotometer, with a scanning range of 190 to 1000 nm, a slit width of 1 nm, and
a scanning speed of nm per second. The accuracy of UV photometry was determined using
potassium dichromate, in accordance with Ph. Eur. guidelines, with an accuracy of + 0.01.
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2.4.4. Elemental Analysis

The nitrogen content in cold samples was determined using the Dumas method. In this
method, carbon dioxide is absorbed by an alkali solution, while the nitrogen is collected
in a nitrogen meter. The volume of released nitrogen is measured, and its content in the
substance is calculated using the formula [32]:

A-V-N

total — 100 (2)
where:
A —the mass of 1 ml of nitrogen at a given temperature and corrected pressure;
A% —the volume of nitrogen [ml];
N — correction factor for a given volume when calibrating a nitrogen meter [m];
G —the weight of sample [mg].

2.4.5. IR-Spectroscopy Analysis

The IR spectroscopic analysis of the starting components and resulting polysaccharides
(CoClp, N-SCS, and N-SCS/Co?*) was conducted using an IR Tracer-100 (FTIR)
spectrometer from BRUKER (Germany). The IR Tracer-100 offers a high signal-to-noise
ratio of 60,000:1, a resolution of 0.25 cm%, and the capability to operate in fast scanning
mode, with the ability to register up to 20 spectra per second.

2.4.6. X-ray Diffraction Analysis

X-ray diffraction studies were performed using an XRD-6100 apparatus (Shimadzu,
Japan). The diffraction patterns were recorded and controlled by a computer. The
XRD-6100 apparatus utilised CuKo. radiation with a Ni-filter, operating at a current mode
and tube voltage of 30 mA and 30 kV, respectively. The constant detector rotation speed
was set at 4°/min with a scanning angle range of 4 to 80°, using a step of 0.02°
(/26 coupling).

2.4.7. Atomic Force Microscopy (AFM)

The morphology of the film samples was examined using an AFM Agilent 5500 (USA)
microscope at 22°C. Silicon cantilevers with a stiffness of 9.5 N/m and a frequency of
145 kHz were employed. The maximum scanning area in X and Y directions was
15 x 15 pm?, while the Z direction was 1 um. The samples were dried using
a lyophilisation ALPHA 1-2 LD plus device at a temperature range from —50 to -55°C
and a 0.3 - 0.5 mbar pressure.

2.4.8. Thermal Analysis

Thermal analysis was performed using a synchronous STA PT1600 (LINSEIS, Germany)
thermal analyser. The measurements were conducted in an air atmosphere with a heating
rate of 10°/min, in a temperature range from 22° to 800°C. The initial mass of the samples
was 19.2 mg.

2.4.9. X-ray Fluorescence Method

The content of cobalt(ll) ions and ash was determined using the X-ray fluorescence
method. A high-performance, energy-dispersive X-ray fluorescence spectrometer (Rigaku
NEX CG EDXRF Analyser, set-9022 19 000 0, Rigaku Corporation, Japan) was applied.
Before measurement, liquid samples were poured into special cuvettes and covered, while
solid or powdered samples were ground and placed into a special cuvette.
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The device automatically emits X-rays, reads fluorescent rays, and collects spectral
data, displaying the resulting table and graphic spectra at the end of the analysis. The mass
fraction (mass, %) with the analytical error (+ 0.1 value) is provided for each element.

2.4.10.Study of Insecticidal Properties of Samples

Laboratory tests were conducted at the Institute of Zoology of the Academy of Sciences
of the Republic of Uzbekistan. The experiments used termites from the ‘Jush ota’ region
of the Kushrabat district in the Samarkand region. According to the methodology, filter
paper, serving as food for the termites, impregnated with the preparation, was placed in
sterilised Petri dishes, with 20 working termites placed on each dish. Filter paper soaked
in bidistilled water was applied as a control. The dishes were then stored in a dark place,
and the number of live, paralysed, and dead termites was assessed. The remaining termites
were fed with distilled water for 7 - 10 days. The experiment was repeated five times.
The percentage of mortality was calculated using the Abbott formula, taking into account
the percentage of mortality in the control group:

C= AA—B- 100% 3
where:
C —the biological efficiency [%];
A —the density (number) of the population before exposure;
B —the density (number) of the population after exposure.

3. Results and Discussion
The N-SCS/Co?* sample was synthesised based on the procedure described in sections
2.2 and 2.3 according to the scheme in Figure 1.

Chitosan

N-succinylchitosan cobalt

I

! ll
2 / \ T

filtration lyophilization N-SCS/Co?*

oY
e

Figure 1.  Synthesis sequence of N-SCS/Co?* sample departure.
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The physicochemical properties of the initial CS and N-SCS samples, as well as their
N-SCS/Co?* derivatives are summarised in Table 1.

Table 1. Some physicochemical characteristics of CS and its derivatives.

Sample pH Niotal Co** content DD Ash content Mra
[%] [%o] [%o] [%]

CS 7 8.50 - 87.0 0.89 2.68

N-SCS 7 6.15 - 45.5 0.91 3.30

N-SCS/Co?* 7 5.50 5.83 46.0 6.16 441

It was found that the concentration of amino groups in chitosan derivatives decreases,
which indicates that the reaction proceeds via —NH. groups of chitosan. The results
of conductometric titration revealed that the Nt and —NH2 group percentages in N-SCS
and N-SCS/Co?* were lower by 2.35 - 2.39% and 30 - 41%, respectively, compared to the
source chitosan.

The significant increase in ash content in the N-SCS/Co?* sample, almost twice that
of the original CS and N-SCS, can be attributed to the presence of metal ions.

3.1. DLS Analysis

The determination of particle size of CS, CoCl,, N-SCS, and N-SCS/Co?* in solution was
performed using a DLS analyser [33, 34]. The obtained results are presented in Figure 2.
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Figure 2.  Histogram of particle size distribution of (a) N-SCS/Co?*, (b) N-SCS, (c) CS,
and (d) CoCl; solutions.

The particle size distribution results indicate that the average hydrodynamic radius
of particles in the chitosan solution ranges from 2 to 22 um. The presence of H-H bonds
in the CS macromolecule, its pH-selective solubility, and the chitosan chain's rigidity
contribute to the formation of agglomerates in solution. The range is partially reduced to
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the nanoscale after modification. 3.1% of N-SCS particles exhibit a hydrodynamic radius
of 230 nm, while 29% of N-SCS particles were observed to be 3.3 um in size.
The hydrodynamic radius of the main fraction of N-SCS particles (67.7%) is
approximately 5.0-108 A, twice as high as the original CS size. This increase in particle
size may be attributed to the degree of polydispersity of the particles due to agglomeration
caused by H-H bonds and electrostatic interactions between monomer units.

The particle size in the CoCl; salt solution is monodisperse, with a hydrodynamic
radius of 6.4-10* A. Approximately 93.1% of N-SCS/Co?* particles in the solution have
a hydrodynamic radius of 2.2-10* A. The Co%" ion may be involved in the formation of
N-SCS/Co?* by connecting two N-SCS molecules through the carboxyl (-COOH) groups
via a mutual donor-acceptor bond. Therefore, the hydrodynamic radius of N-SCS/Co?*
particles is observed to be higher than N-SCS.

3.2.  UV-Spectroscopy Studies

The results of the UV-spectroscopic studies reveal absorptions in the 216 nm and 238 nm
regions for CS (Figure 3). In the N-SCS sample, there is a decrease in the absorption
intensity at 235 nm and a slight broadening of the absorption region. The reaction of CS
with succinic anhydride leads to shifts of the bands in the absorption spectra, indicating
the interaction between the amine groups of CS and the carboxyl groups (-COOH) of
succinic anhydride, resulting in the formation of covalent bonds.

%
@
®)
©

200 300 400 300 600 700 300

A nm

Figure 3. UV spectra of (a) CS, (b) N-SCS, (c) N-SCS/Co?*, and (d) CoCl..

In the UV spectrum of solutions containing CoCl, in N-SCS/Co?* salt, broad absorption
bands typical of Co?* ions can be observed in the 410 - 550 nm range. The absorption at
ca. 480 nm indicates the formation of a donor-acceptor bond between the second carboxyl
groups (-COOH) of N-SCS and Co?* ions [35].
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3.3.  IR-Spectroscopy Analysis

IR spectroscopic studies were conducted to observe the structural changes in the initial
components after modification (Figure 4). The results show that the IR spectrum of CS
exhibited wide absorption valence vibration at 3400 cm™, corresponding to the vibrations
of —-OH and —NH, groups. Moreover, other characteristic bands were also noticed:
1662 cm? (vc-o, amide 1), 1572 cm™ (vc=o, vcn and 8n-w, amide 1), 3421 cm? (So-n),
1374 cm (6c|—|3), and 1162 cm (Vc,o,c).

Transmittance, [%]

T OH

OH

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber cm!

Figure 4. IR spectra of (a) CS, (b) N-SCS, (c) N-SCS/Co?*, and (d) CoCl,.

When comparing the CS and N-SCS spectra, it is observed that the absorption bands
at 1557 cm? (vn-n, amide 11) and 1604 cm? (vcn, amide II1) increase in intensity.
Additionally, at the 1674 cm* band, a small shoulder is observed, indicating the chemical
reaction between succinate anhydride and the —NH, groups of chitosan, resulting in the
formation of a -NH-CO groups [36, 37]. In the IR spectrum of N-SCS/Co?, the
absorption band at 473 cm™ is typical for Co?* ions. It was also observed that the band
characteristic of the vibrations of the -NH—CO group became less intense and was shifted
to 1694 cmt. The broad absorption characteristic of ~OH groups is clearly visible at
3400 cmt. Another significant observation is the disappearance of the peak at 1556 cm'?
and the increase in the intensity of absorption bands at 1578 cm™ (vn_u, amide I1),
indicating the formation of the N-SCS/Co?* compound [38-42].

3.4. X-ray Structural Studies

Based on the X-ray diffractograms of N-SCS/Co?*, N-SCS, CS, and CoCl, samples
(Figure 5), it can be observed that CS exhibits two characteristic peaks. First, a strong peak
at 20 = 20° and second, a weak peak at 20 = 10° [43, 44]. In the diffractogram of the
N-SCS sample, the peak at 10° disappears, and there is a decrease in the intensity of the
peak at 20°. This decrease in intensity can be attributed to the changes in the CS molecular
structure and the formation of an -NH,—CO bond between the hydroxyl and amino groups
[45]. Thus, the obtained results indicate the successful succinylation of CS.
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Figure 5. X-ray diffraction patterns of (a) N-SCS/Co?*, (b) N-SCS, (c) CS, and

(d) CoCl,.

In the case of N-SCS/Co%, the intensity of peaks at 20 = 20° and 20 = 10° increases.
The appearance of a new peak at 20 = 26° suggests the formation of mutual donor-acceptor
bonds between Co?* ions and carboxyl (-COOH) groups of N-SCS. As for CoCl,, the
diffraction pattern shows peaks at 20 = 16°, 19°, 31°, 32°, 38°, 50°, and 57°, which
correspond to the monoclinic cobalt [46, 47].

3.5.  AFM Analysis

The surface of the N-SCS and N-SCS/Co?* films was analysed using the AFM method

[48, 49]. As can be seen in Figures 6 and 7, the morphology of both films revealed an

uneven surface, with the presence of spherical and non-spherical particles of various sizes.
The AFM analysis of the N-SCS films showed particles ranging in size from 2.98 to

11.9 um, with an average size of 5.97 um (Figure 6), while for N-SCS/Co?"* films, the

particle size ranged from 3.28 to 164 um, with an average size of 5.97 um (Figure 7).

3.6. Thermal Analysis
Figure 8 shows the DSC thermograms of CS, N-SCS and N-SCS/Co?* samples.
The temperature limits at which thermal and thermooxidative degradation start are
essential in evaluation, as they lead to the release of low-molecular compounds.

In the DSC thermogram, the sample moisture loss is represented by an endothermic
peak at 98°C. Exothermic peaks at 130 and 254°C in the thermogram of chitosan indicate
degradation of this polymer (Figure 8b).
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Figure 6. N-SCS film (a) AFM image, (b) particle size distribution, and (c) the surface
roughness profile.
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Figure7. N-SCS/Co?* film (a) AFM image, (b) particle size distribution, and (c) the
surface roughness profile.
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Figure 8. Differential scanning calorimetry thermograms of (a) N-SCS/Co?*, (b) CS,
and (c) N-SCS.

For the N-SCS sample, water evaporation occurs at 102°C, while the exothermic peak at
258°C reflects the decomposition of the polymer. Moreover, a new exothermic peak at
531°C was observed, possibly resulting from breaking the covalent bond between the C=0
group of succinic anhydride and the -NH, groups of chitosan.

The water evaporation from the N-SCS/Co?* sample is indicated by the endothermic
peak at 122°C, while an exothermic peak at 277°C signifies the decomposition of the
polymer. The presence of new exothermic peaks at 425 and 513°C can be attributed to the
breaking of the covalent bond between the C=0 group of succinic anhydride and the
—NH, groups of chitosan, as well as the breaking of the bond between the Co?* ions
attached to the second C=0 group in succinic anhydride [50].

TG thermogram with derivative DTG curve of CS, N-SCS, and N-SCS/Co?* polymeric
samples (Figures 9 and 10) revealed that weight loss occurred in multiple stages.

In particular, 4.87% mass loss of chitosan in temperatures of up to 201.2°C results
from the evaporation of water absorbed and bound to the polymer and solvent desorption
(Table 2). At temperatures ranging from 201 to 302°C, 41.7% weight loss, resulting from
polymer degradation, is observed. Within higher temperatures, from 302 to 596°C, further
mass decrease of 47.15% is noted. This weight loss indicates the dissociation of functional
groups, i.e., —-CH, and -CH-OH [51]. The next stage occurs at a temperature range of
596 - 800°C, indicating the evaporation of residual degradation volatile products.

In the TGA and DTA curves of N-SCS (Figures 9 and 10), three distinct temperature
ranges representing different thermal events and particular weight losses are seen. The
first range, up to 222°C (Table 2), shows a 15.89% weight loss resulting from the
evaporation of water. Next, the decomposition process takes place between 222°C and
342°C, resulting in a decrease in mass of 39.91%. This process can be attributed to the
degradation of —CH, and —CH—OH groups in CS. The last temperature range, from 343°C
to 615°C, shows a further 33.8% mass decrease and is attributed to the decomposition of
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the —CH groups, which are formed from the C=0 group of succinic anhydride and the
—NH: groups of chitosan [52-54].

The initial weight loss of the N-SCS/Co?* sample is caused by the water evaporation,
and possibly, the decomposition of low molecular organic substances. This step occurs up
to 221°C and refers to Am of 16.76% (Table 2). The second thermal event occurs from
221 to 281°C. During this stage, oxidation reactions lead to the degradation of —CH> and
—CH-OH groups, causing a weight change of 31.68%. The third thermal event occurs in
a 282 -596°C temperature range, and the 31.93% weight loss is attributed to the
fragmentation of the —CH groups and the breaking of the bond between the Co?* ions
attached to the —COO" group in succinic acid [55].
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Figure 9. TG thermograms of (a) N-SCS/Co?*, (b) CS, and (c) N-SCS.
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Table 2. TG thermal analysis results of CS, N-SCS, and N-SCS/Co?* samples.

Thermal Parameter Sample

event CS N-SCS N-SCS/Co?
15t thermal AT [°C] room - 201.2 room - 100 room - 173
event (|OW Tmax [OC] 42 91.2 159.1
temperature Viex  [%/min] 0.17 1.81 1.72
range) Am %] 4.87 15.89 16.76
ond thermal AT [°C] 201.2 - 313 100 - 338.6 173 - 341
event (average | Tmax [°C] 252 248 252
temperature Vmax  [%/min] 5.26 5.02 6.43
range) Am %] 41.07 39.91 31.68
3 thermal AT [°C] 313- 603 405 - 611 341 - 603
event (high Tmax [°C] 531 622 560
temperature Vmax  [%/min] 2.28 1.08 6.19
range) Am  [%] 47.15 33.8 31.93

mass residue [%] 6.91 104 19.63

Note. AT — temperature range, Tmax — temperature at maximum rate of weight 10sS, Vmax — maximum
rate of weight loss at Tmax, Am — weight loss

It was also noted that in the second thermal event, the maximum rate of weight loss of the
N-SCS/Co?* sample is significantly higher (Vmax = 6.43 %/min) compared to CS
(Vmax = 5.26 %/min) and N-SCS (Vmax = 5.02 %/min). This variation results from the
differences in the degradation process. In the case of N-SCS/Co?*, it refers to the breaking
of the bond between the —CH groups and the Co?* ions attached to the second (-COOH)
group in succinic acid, which is observed in N-SCS [56, 57].

The overall physicochemical analyses allow us to propose the following mechanism
of the N-SCS/Co?* synthesis (Figure 11).

STEP1
CH, OH CH, OH
NN Se.
H;C o+ o- H S—0—-t=25°C, 30 min
N S—0) + —ONOH ( OH H
H3C/ H
IN—H H-NH
H |
?
+
CH;—S™=—CH
3 H 3

Figure 11. Mechanism of N-SCS/Co?* formation.
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Figure 11. (continued) Mechanism of N-SCS/Co?* formation.

3.7.  Insecticidal Properties

The insecticidal activity of the N-SCS/Co?* was evaluated by testing the samples on
termite Anacanthotermes turkestanicus larvae. The insecticidal properties were
determined by calculating the percentage of mortality using Abbott's formula and
comparing it to the mortality in the control group [58-60]. The insecticidal efficiency of
the chitosan derivative solution was analysed at different concentrations (Figure 12).

Figure 12. The impact of various concentrations of N-SCS/Co?* solutions: (a) 0.25%,
(b) 0.5%, and (c) 1.0%, on termites.
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It was found that on the third day of the experiment, for the trial where termites were fed
with filter paper soaked in the 0.25% N-SCS/Co?* solution, the mortality rate reached 7.5%
(Figure 13a). On the 5" day, the mortality rate increased to 12.5%, and on the seventh day,
the mortality rate reached 73.3%. When the concentration was doubled to 0.5%
(Figure 13b), the termites’ mortality was 11.0%, 57.0%, and 80.0% on the 3¢, 51", and 7™
day. Finally, when termites were exposed to a 1.0% N-SCS/Co?* solution (Figure 13c),
a mortality of 15.0% was observed on the third day of feeding, followed by 62.5% on the
5t day. On the seventh day, a mortality of 86.7% was recorded, indicating the highest
effectiveness of the drug. In contrast, when a 1.0% N-SCS solution was taken as a feed,
the maximum 74% mortality was found on the seventh day (Figure 13d). The higher
efficiency of N-SCS/Co?* samples is due to the paralysing effect of Co?* ions on the
nervous system and their pheromone properties [61].

Efficiency, %
w
3

(=]

3 4 5 6 7
affected day
Figure 13. The insecticidal efficiency of N-SCS/Co?* solutions of different
concentrations, (a) 0.25%, (b) 0.5%, and (d) 1.0%, and of (c) 1.0% N-SCS
solution.

To confirm the biological properties of the N-SCS/Co?* solution, its effect on mulberry
silkworm B. mori larvae was investigated (Figure 14). Experiments were performed
according to the previously developed methodology [62].

The experiment demonstrated that N-SCS/Co?* solutions of varying concentrations do
not harm beneficial insects. Additionally, mulberry silkworms did not experience any
mortality, indicating that the drug is environmentally safe. More specifically, 20 mulberry
silkworms, which had completed the first dormancy period, were placed in separate
containers and exposed to solutions of N-SCS/Co?* of 0.25%, 0.5%, and 1% concentration
for 14 days. The silkworms were monitored until they entered the cocooning stage, and
no deaths were observed during this period.

The chronic toxicity of the drug was studied using mathematical modelling methods.
The threshold and ineffective doses of N-SCS/Co?" were established as 30.0 and 6.0
mg/kg, respectively. Moreover, the calculated permissible daily N-SCS/Co?* dose (PDD)
was 7.2 mg/person/day or 0.12 mg/kg.
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Figure 14. The effects of different concentrations of N-SCS/Co?* solutions on Bombyx
mori larvae: (a) 0.25%, (b) 0.5% and (c) 1.0%.

In literature, the acute toxicity of the N-SCS/Co?* drug was established. Experiments were
conducted on white rats. Doses from 5000 to 13000 mg/kg were studied. No animal deaths
were noted in any of the experimental groups. It was not possible to calculate the accurate
average drug lethal dose, but it was stated that the lethal dose of the drug was
> 5000 mg/kg. The drug was thus classified as toxic class IV (low-toxic compounds) [63].

4.  Conclusions

To conclude, this study focuses on the synthesis of water-soluble N-SCS samples with the
addition of cobalt(l1) ions. The elemental analysis revealed that the original CS sample is
characterised by a higher nitrogen content than the N-SCS and N-SCS/Co?* samples, with
a difference of 2.35% and 2.39%. The presence of Co?* ions was also confirmed in
N-SCS after modification. The physicochemical properties of the synthesised samples
were further investigated. The IR spectrum of N-SCS/Co?*showed an absorption peak at
473 cm, while the UV spectrum displayed an absorption peak at 480 nm, providing
evidence for the N-succinylchitosan modification with cobalt(ll) ions. Additionally, the
N-SCS/Co?* diffraction pattern showed the presence of peaks characteristics to the
polymer matrix, i.e., at 26 = 20° and 10°. The new peak at 20 = 26° can be explained by
the formation of a mutual donor-acceptor bond between the carboxyl groups of N-SCS
and Co?* ions.

When studying the insecticidal properties of N-SCS/Co?* solutions at concentrations
of 0.25, 0.5, and 1.0%, it was found that the 1% solution exhibited the highest biological
effectiveness against termites. N-SCS/Co?* compound holds promise as a potential
environmentally friendly agrochemical agent for the effective control of termites, which
are known to cause significant damage in agriculture.
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