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Introduction

Chitosan (CS) possesses growth-regulating and antimicrobial properties. To enhance its
growth-stimulating and antifungal effects, water-soluble complexes of chitosan with certain organic
acids such as ascorbic, citric, acetic, and hydrochloric acids are used [1-3]. Complexes chitosan
with hydrochloric acid (HCA) play a multifunctional role in the development of agricultural crops
and exhibit biological activity against bacteria [4-5]. Currently, there are many chitosan derivative-
based products available commercially as plant growth stimulators in agriculture. For example,
chitosan hydrochloride (CSHC) exhibits fungicidal, bactericidal, and elicitor properties in
protecting agricultural crops from diseases [5].

The use of new economically efficient and environmentally safe alternative chitosan
derivatives with hydrochloric acid in agriculture contributes to the reduction of synthetic pesticide
application. In study [5], an in vitro investigation was conducted to evaluate the antimicrobial and
antioxidant activity of chitosan hydrochloride (CSHC) at concentrations of 1 %, 0.5 %, 0.25 %, 0.1
%, 0.05 %, and 0.025 %. As a result, the mycelial growth of M. laxa and M. fructigena was
completely inhibited at HCCS concentrations of 1-0.25 %, while M. fructicola was inhibited at
concentrations of 1-0.5 %. At a CSHC concentration of 0.25 %, inhibition was observed for M.
fructicola, A. brassicicola, A. alternata, and B. cinerea, with inhibition zones of 93.99 %, 80.99%,
69.73 %, and 57.23 %, respectively.

The obtained results on antimicrobial activity indicate the potential for using chitosan
hydrochloride (CSHC) as a substitute for imported products and synthetic pesticides. It is well
known that synthetic pesticides, including fungicides, accumulate in the soil and pose a risk to the
health of animals and humans. In this regard, the application of chitosan hydrochloride against
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Fusarium graminearum has been shown to enhance germination rate, root development, and
improve the nitrogen balance index in durum wheat [6].

In study [7], the high efficacy and safety of the natural derivative chitosan hydrochloride
under in vitro and in vivo conditions were described. Its effectiveness against the Phytophthora
infestans culture was evaluated, revealing that a CSHC concentration of 0.2-0.4 % was optimal,
with an efficacy of 99.3 % under natural conditions. This result enables the broader use of chitosan
derivatives as safe substances that can reduce the pesticide load on the soil [7].

The significant antifungal potential of chitosan hydrochloride was demonstrated in study [8],
where excellent inhibitory effects were achieved against fungi from pathogenic and toxigenic
groups such as Aspergillus, Fusarium, and Penicillium. This is mainly attributed to the complex
biology of these pathogens, as well as their various infectious stages during pathogenesis. The initial
phase of tissue invasion and destruction typically occurs rapidly, accompanied by the release of
motile flagellated zoospores [9-10]. Some studies mention a more likely indirect secondary effect
of chitosan applied to plants, such as enhanced plant resistance through the activation of defense
mechanisms in the tissue, as well as the mechanical barrier formed by the polymer layer of chitosan
hydrochloride [10-11].

Water-soluble forms of chitosan hydrochloride and its low-molecular-weight derivatives are
obtained by hydrolyzing high-molecular-weight chitosan in a 1 M hydrochloric acid solution at
70 °C for 4 to 24 hours. The final products are precipitated using ethanol and dried under vacuum,
in accordance with the methods described by Inesa V.B. et al. [12, 13].

Overall, the review of the literature does not provide a clear understanding, as the influence
of the ratio of chitosan and hydrochloric acid components, as well as the concentration of these
components on the properties of the resulting chitosan hydrochlorides, has been insufficiently
studied. Therefore, the literature analysis revealed that the effect of synthesis conditions on the
complexation of chitosan with hydrochloric acid remains inadequately explored [5, 6, 12, 13].

The reduction in the use of plastic materials has become a significant impetus for the search
for biologically active alternatives. Currently, synthetic materials and cellulose-based materials are
used as packaging materials. Moreover, these materials degrade poorly and persist in the
environment for a long time. In this regard, chitosan has proven to be one of the best materials
among such biopolymers. Chitosan acetate films were compared with films produced by
conventional methods for packaging purposes. The films based on synthetic polymers showed
moderate barrier properties, while the chitosan acetate films demonstrated high barrier performance
[14]. Chitosan acetate and nanoacetate were obtained by the methods of sublimation and ionotropic
gelation. In the sublimation method, a chitosan solution in 2 % citric acid or 2.0 % acetic acid was
frozen at —27 °C for an extended period and then lyophilized for three days to produce microporous
films for packaging materials. To obtain chitosan acetate nanoparticles, a 0.5 % chitosan solution
in 1-2 % acetic acid with varying pH was titrated with a sodium tripolyphosphate solution at
concentrations of 0.25-0.5 % [15, 16].

It should be noted that the literature does not specify the influence of the acetic acid ratio on
the formation of chitosan acetate nanoparticles. In many experiments, a 0.5-2% acetic acid solution
is used as a solvent without considering the effect of component ratios on the formation of chitosan
acetate nanoparticles.

The aim of the present work is the synthesis and investigation of the structural properties of
chitosan hydrochloride and chitosan nanoacetate from Bombyx mori using XRD, AFM, IR, UV
spectroscopy methods, and the determination of their antimicrobial properties.

Methodology

In this study, chitosan (CS) from Bombyx mori (B.M.) with a molecular weight of 98 kDa and
a degree of deacetylation (DDA) of 84% was used, obtained from silkworm pupae. The degree of
deacetylation (DDA) of the initial chitosan was determined by the conductometric titration method
ina 0.1 N hydrochloric acid solvent using a Mettler Toledo instrument. In the synthesis of chitosan
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hydrochloride, the amount of chitosan was fixed at 0.5 g for all ratios, while the volume of 0.1 N
hydrochloric acid was varied between 30 and 7.5 ml according to the component ratio. Chitosan
hydrochloride was obtained by mixing deprotonated chitosan and 0.1 N hydrochloric acid in an
aqueous solution while varying the ratios of the initial components and the pH of the solution. The
reaction to form chitosan hydrochloride was carried out at 25 °C, with a synthesis duration of 60
minutes. Acetone (analytical grade) was used as the precipitant. The amount of hydrochloric acid
in the chitosan hydrochloride was determined by alkaline titration in the presence of
phenolphthalein indicator. The degree of hydrochloric acid binding was calculated based on the
ratio of (Mnci) experimental to (Mnc) theoretical.

The synthesis of chitosan nanoacetate was carried out using the ionotropic gelation
method by varying the ratio of chitosan and acetic acid components. For the synthesis of
chitosan nanoacetate, chitosan from Bombyx mori with a molecular weight of 98 kDa and a
degree of deacetylation of 84% was used. To prepare a 0.05 M solution of acetic acid, a 92%
concentrated solution of acetic acid was used. In the synthesis of chitosan nanoacetate, a constant
amount of 0.5 g of chitosan was used for all component ratios, while the volume of 0.05 M acetic
acid solution varied between 60 and 15 mL depending on the component ratio. The reaction was
carried out at a temperature of 25°C, and the synthesis duration was 60 minutes. A 0.5% aqueous
solution of sodium tripolyphosphate was used as a stabilizer and cross-linking agent. In the
synthesis of chitosan nanoacetate, 110 mL of a 0.5% aqueous solution of sodium tripolyphosphate
was used as a stabilizer. The resulting products were dried using lyophilization (on an Alpha
Christ device) at -48°C.

IR spectra were obtained using an “Inventio-S” FTIR spectrometer (“Bruker ”, Germany) in

the range of 500 to 4000 cm . X-ray diffraction (XRD) analysis of chitosan and its derivatives was
carried out using a Miniflex 600 X-ray diffractometer (“Rigaku”, Japan) with monochromatic
CuKo-radiation (wavelength A = 1.5418 A), at 40 kV and a current of 15 mA.
The samples were analyzed in powder form. Scanning was performed in the 20 range from 2° to
70°. UV spectroscopy was conducted using a Specord 210 spectrophotometer with the following
settings: spectral range 190-500 nm, slit width 1 nm, and scan rate 2 nm/s. Sample solutions were
prepared in 2% acetic acid.

To compare the antimicrobial properties of chitosan nanoacetate, the inhibition zone of
Fusarium oxysporum culture growth was determined in Petri dishes, cultivated on agar medium for
48 and 72 hours in a thermostat at 25 °C. The experiments were conducted in duplicate. To
determine the average antimicrobial properties of the initial components and chitosan nanoacetate
samples, the experiments were carried out in four replicates. The Mean (average value) was
calculated using Formula (1):

where:

Yx — the sum of all measured values
n — the number of measurements
The Standard Deviation (SD) was evaluated using Formula (2):

SD:‘/Z(X—Mean)Q 2]
n-1

where:
X — each individual value

Mean — the average (mean) value
SD — represents the dispersion of the data around the mean.
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Results and Discussion

The obtained results confirm that increasing the chitosan ratio in the reaction systems
enhances the degree of hydrochloric acid binding and the yield of the final products. It should be
noted that the highest degree of acid binding was observed at a component ratio of 3:1. Further
increases in chitosan concentration relative to hydrochloric acid lead to only slight changes in the
binding degree, solution pH, and product yield. This indicates that at a chitosan-to-hydrochloric
acid ratio of 3:1, a high level of saturation of chitosan's amino groups occurs through donor—

acceptor interactions with hydrochloric acid. The results are presented in Table 1.
Table 1
Dependence of HCI binding degree during the formation of chitosan hydrochloride on chitosan concentration (t =
30°C, t = 60 minutes). HCI concentration = 0.05 mol/L

Chitosan HCI concentration DB* Cl content in
concentration, ' ' Reaction pH CSHC, % Yield, %
AC, mol/L %
mol/L
0,05 0,021 41,0 1,90 8,02 78,0
0,10 0,032 64,0 4,95 7,48 84,2
0,15 0,040 79,0 5,90 6,01 88,5
0,20 0,038 76,0 6,10 4,15 89,6

“Degree of HCI binding

To study the structural properties of chitosan hydrochloride, ultraviolet (UV) spectroscopy
was used. The spectra of chitosan hydrochloride show absorptions associated with n—7* electronic
transitions at wavelengths of 220 and 350 nm. These electronic transitions may occur due to
unpaired electrons in the nitrogen amino groups and electrons in the double bonds of the acetamide
groups. In the UV spectra of chitosan hydrochloride, with an increasing ratio of hydrochloric acid,
a hyperchromic increase in absorption intensity around 240 nm is observed compared to the initial
chitosan spectrum, along with a bathochromic shift. This can be explained by the interaction of the
unpaired electron pairs of the amino groups in chitosan with hydrochloric acid (Fig. 1).
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The structural properties of the initial chitosan were studied using IR spectroscopy. The
obtained results show that the IR spectra of chitosan exhibit characteristic absorption bands for
acetamide, amino, and methylene groups at 1656, 1600 cm™, and 1420 cm™, respectively.
Additionally, absorption bands corresponding to hydroxyl groups were observed in the 3000-3400
cm™! region, which is in full agreement with the literature data [13]. In the IR spectra of the obtained
chitosan hydrochloride samples, a shift of the absorption bands characteristic of amino groups from
1600 to 1521 cm™ was detected. This may indicate the formation of a donor—acceptor bond
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involving the amino groups of the initial chitosan and the proton of hydrochloric acid. The other
absorption bands of chitosan hydrochloride correspond to the IR spectra of the initial chitosan. The
results are presented in Figure 2.
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To compare the structural properties of chitosan complexes with organic acids, X-ray
structural studies of chitosan hydrochloride were conducted at chitosan-to-hydrochloric acid ratios
of 1:1 and 4:1. For the initial chitosan, characteristic diffraction peaks of the chitosan Bombyx mori
crystalline structure were observed at 20 ~ 10.3°, 19.9°, and 26.6°, corresponding to the interplanar
spacings (001), (10-1), and (10-2), respectively. Upon formation of chitosan hydrochloride, a
decrease in the intensity of diffraction peaks was observed with an increasing hydrochloric acid
content in the complex.

A similar phenomenon is also observed in other chitosan complexes with organic acids. This
may be related to the loss of chitosan crystallinity due to interaction with hydrochloric acid, leading
to the formation of an amorphous structure. Nevertheless, slight shifts of the peaks toward higher
angles were recorded, which is likely associated with a decrease in interplanar distances within the
polymer lattice. For example, in the series: acetic acid — ascorbic acid — citric acid —
hydrochloric acid, as the acid dissociation constant increases, a transition in the crystal system of
the polymer’s unit cell occurs from monoclinic to tetragonal. The obtained results are presented in
Table 2 and Figure 3.

Table 2
XRD results of chitosan hydrochloride samples

XRD results of chitosan hydrochloride 1:1 XRD results of chitosan hydrochloride 4:1
20,° d A azb#canda,p,y=90° 20,° | d,A | a=b#canda,p,y=90°
orthorhombic crystal system tetragonal crystal system
119 7,42 020 12.1 6,3 101
19,0 4.60 101 19,2 4,26 102
24,8 3,52 031 21,0 3,39 121

Pirniyazov K.K. et al.

29



UJP (2025) Vol. 4, Issue 3, 25-36

Figure 3. XRD results of chitosan
hydrochloride at component ratios of 1:1
(curve 1) and 4:1 (curve 2)

The results confirm that with an increase in the hydrochloric acid content in chitosan
hydrochloride, an orthorhombic crystal system is established with varying unit cell parameters a, b,
and c. Additionally, with an increase in the chitosan ratio, a tetragonal structure is formed.

The results also confirm that increasing the acetic acid ratio in the reaction systems raises the acetic
acid content in chitosan nanoacetate from 7.5% to 22.7%. Compared to hydrochloric acid, the
molecular weight of acetic acid is 1.64 times higher, which explains why the acetic acid content is
somewhat higher in chitosan nanoacetate compared to chitosan hydrochloride.

It should be noted that during the formation of chitosan nanoacetate, the effect of component ratios
differs from the reactions forming chitosan hydrochloride, nanocitrate, and nanoascorbate.

For example, at an equivalent component ratio of chitosan to acetic acid of 1:1:0.5, titration
with a sodium tripolyphosphate solution establishes a neutral pH of 7.4, which makes the amino
groups of the chitosan macromolecules more reactive. The difference in the pH of the reaction
systems depends on the acid dissociation constant. For instance, the dissociation constant for acetic
acid is Ka = 1.74 x 107°. For comparison, the dissociation constants for ascorbic acid and
hydrochloric acid are Kia=9.12 x 107 and Ka=1 x 107, respectively. This means that hydrochloric
acid is stronger compared to acetic, citric, and ascorbic acids.

Therefore, under the same conditions, during the formation of chitosan hydrochloride, a pH
of 1.9 is established. Furthermore, under identical conditions, increasing the chitosan ratio (at
component ratios of 3:1:0.5 and 4:1:0.5) results in only slight changes in the yield of the final
products and the solution pH, which may indicate the influence of the weakly alkaline pH of the

reaction system. The obtained results are presented in Table 3.
Table 3
Dependence of acetic acid binding degree during the formation of chitosan nanoacetate on chitosan concentration (t
= 30°C, © = 60 min.). Acetic acid concentration 0.05 mol/L

Chitosan Reaction pH CH;COOH Yield
concentration, ACchscoon mol/L DB, % content % N, % % '
mol/L
0,05 0,043 86,0 7,40 22,7 3,96 82,1
0,10 0,040 81,5 8,02 12,4 4,78 84,6
0,15 0,042 83,9 8,44 8,9 5,19 90,7
0,20 0,045 89,2 8,50 7,5 5,44 89,3

The UV spectra of chitosan nanoacetate exhibit similar characteristics compared to the UV-
spectrum of chitosan hydrochloride. In both cases, increasing the acid component ratio leads to a
hyperchromic increase in the intensity of the absorption band, as well as a bathochromic shift of
the absorption band associated with n—n* electronic transitions at wavelengths of 220 and 300 nm.
These electronic transitions may occur due to unpaired electrons in the nitrogen amino groups and
the electrons of the double bond in the carboxyl groups of acetic acid (Fig. 4).
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Atomic force microscopy (AFM) results confirm that in the obtained chitosan nanoacetate
samples at a component ratio of chitosan: acetic acid: NaTPP = 1:1:0.5, nanoparticles ranging in
size from 50 to 300 nm are formed with uniform surface distribution. Additionally, with an increase
in the chitosan ratio, the particle size increases to approximately 400-500 nm (Fig. 5).
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Figure 5. Surface topography of chitosan nanoacetate nanoparticles at component ratios of
CS:CH;COOH:NaTPP — 1:1:0.5 (a); 2:1:0.5 (b); 3:1:0.5 (c); 4:1:0.5 (d)

In the IR spectra of the obtained chitosan nanoacetate samples, a new absorption band
was observed in the region of 1530 cm™, indicating the formation of a donor—acceptor bond
involving the amino groups of the initial chitosan and the acetate ions of acetic acid. These
absorption bands are not present in the IR spectrum of the initial chitosan. Moreover, as the
proportion of acetic acid in the chitosan nanoacetate increases, the intensity of the absorption band
in the 1530-1520 cm™ region also increases. Thus, the formation of nanoparticles complexes of
chitosan with organic acids such as ascorbic, citric, and acetic acids occurs due to donor—acceptor
interactions between the amino groups of chitosan and the acid residues of the corresponding acids.
The remaining absorption bands in the IR spectra of chitosan nanoacetate correspond to those of
the initial chitosan. The obtained results are shown in Figure 6.
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X-ray structural analysis was performed on the initial chitosan and its nanoderivatives with
acetic acid. During the formation of chitosan nanoacetate, a decrease in the intensity of the
reflections in the 20 =~ 10.3° region was observed. These reflections are associated with the
involvement of C-2 amino groups of chitosan in the formation of the crystalline unit cell [17]. The
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reduction in the intensity of these reflections may indicate the formation of chitosan—acetic acid

complexes through the NH: groups of the macromolecules (Fig. 7).

50000

Intensity, cps.

Na-z Xe-uk 41
5 —— X298 (DAY —
——— Ja-uk 1-1-Evaluation{ )iz uk

11

Na-Xz Xz-uk 2-1
Na-Xz Xz-uk 3-1

Figure 7. XRD results of chitosan nanoacetate
at component ratios of 2:1:0.5 (curve 1);
3:1:0.5 (curve 2); 4:1:0.5 (curve 3); initial
chitosan (curve 4); and 1:1:0.5 (curve 5).

The obtained results confirm that during the formation of chitosan nanoacetate, no change in
the crystal system occurs compared to that of the initial chitosan; that is, the monoclinic crystal
system is preserved, with a variation only in the f° angle of the unit cell (Tables 4-6).

For example, during the formation of chitosan nanoascorbate, a transition from a monoclinic
to an orthorhombic crystal system was observed, which may be related to differences in the acidity

of the acids.
Table 4
XRD results of chitosan nanoacetate (3:1:0.5)
20, ° d, A Size, A Height, cps a, Y =90°, p=113,9
monoclinic crystal system,
values of h, k, |
10,5 8,40 36,2 1262 100
20,3 4,39 39,3 11721 002
26,9 3,31 1110 1285 201
Table 5
XRD results of chitosan nanoacetate (4:1:0.5)
20,° d, A Size, A Height, cps a, 7 =90°, p=91,3
monoclinic crystal system,
values of h, k, |
10,34 8,32 34,8 1883 001
20,1 4,41 40,3 15471 101
26,6 3,29 124,0 1558 10-2
Table 6
XRD results of initial chitosan
20,° d A Size, A Height, cps a, ¥ =90°, p=95,0
monoclinic crystal system,
values of h, k, |
10,3 8,54 29,6 2518 001
19,7 4,46 25,9 10448 10-1
26,6 3,39 135,0 1418 10-2
35,8 2,52 43,0 674 10-3
40,3 2,23 21,6 458 111

For the study, Petri dishes were first prepared with artificial Czapek nutrient medium based
on agar-agar, which is optimal for pathogenic fungi [18]. The fungal culture was then evenly spread
over the solid agar medium using a spatula. Circular cuts were made in the center of each culture
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dish, and 0.2 mL of chitosan nanoderivative solution with acetic acid was added to each dish [19—
20]. Pure cultures of Fusarium oxysporum were obtained from the collection of the Institute of
Microbiology of the Academy of Sciences of the Republic of Uzbekistan and incubated in a
thermostat at 25 °C. The experiments were performed in triplicate. According to the established
method, the zones of inhibition caused by the samples were measured over a period of 48 hours

[21].

To compare the antimicrobial properties of chitosan nanoacetate, the inhibition zone of
Fusarium oxysporum growth was determined in Petri dishes cultivated on solidified agar medium
for 48 and 72 hours in an incubator at 25 °C. The experiments were carried out in duplicate. The
obtained results are presented in Table 7.

Effect of chitosan nanoacetate (CSNA) on the inhibition of Fusarium oxysporum growth

Ne Solutions Inhibition zone, mm Ad, mm
) 48 hours 72 hours
1 Initial chitosan
20+1
2 Acetic acid
22+5
3 CSNA 4:1
- 0,
o 29+2
CSNA 3:1
4 -0,1% 2542
CSNA 2:1
5 0,1 % 2242

The obtained results show that the growth and development of fungi of the genus Fusarium
oxysporum, cultivated on agar medium for 48 hours, were not observed around the mycelium cut.
All samples demonstrated antimicrobial properties. Moreover, after 72 hours, active mycelial
growth was recorded; however, when using a 0.1% solution of chitosan nanoacetate (component

ratio 4:1), a pronounced zone of growth inhibition was noted.

Pirniyazov K.K. et al.
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Thus, the structural characteristics of the initial components and chitosan nanoderivatives
with acetic acid were studied using various physical and physicochemical methods. It was
established that in the IR-spectra of chitosan nanoparticles with organic and inorganic acids, new
absorption bands appear in the region of 1510-1530 cm™, corresponding to the formation of donor-
acceptor bonds due to the interaction of chitosan amino groups with the acidic residues of the acids.
The particle sizes of the chitosan nanoderivatives were determined, and it was shown that with an
increase in the chitosan content in the system, the particle sizes increase from 100 nm to 400-500
nm, respectively.
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