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Synthesis of Stabilized Manganese-Containing Nanoparticles
with Bombyx mori Chitosan Macromolecules under In Situ Conditions

Manganese nanoparticles are highly reactive and tend to aggregate and oxidize, which limits their practical
application. Therefore, the aim of this study was to synthesize and stabilize Mn nanoparticles using Bombyx
mori chitosan as a natural biopolymer matrix under controlled in situ conditions and to investigate their struc-
tural and physicochemical properties. Samples containing Mn nanoparticles stabilized with chitosan in the
presence of reducing agents, with hydrodynamic dimensions of 118 nm (97 %) and 144 nm (96 %), were syn-
thesized under in situ conditions. The structural and morphological characteristics were studied using IR
spectroscopy, X-ray diffraction (XRD), dynamic light scattering (DLS), and electron microscopy. IR spectro-
scopic studies revealed local rearrangements within the repeating units of the chitosan polymer chain and in-
teractions between the —NH and —C=0 functional groups and manganese-containing nanoparticles. XRD
analysis confirmed the reduction of Mn?* ions. Morphological studies of chitosan-manganese films showed
the formation of 50 nm tetragonal and 90 nm spherical metal nanoparticles under the selected synthesis con-
ditions. The results confirm the stabilization of Mn nanoparticles with Bombyx mori chitosan by the chemi-
sorption method and demonstrate effective control of particle size and morphology. Further research should
focus on evaluating long-term stability, functional properties, and potential biomedical applications of the
synthesized nanocomposites.

Keywords: manganese nanoparticles, chitosan, Bombyx mori, nanocomposites, in situ synthesis, chemisorp-
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Introduction

Manganese (Mn) is an essential trace element for the body, providing enzyme activity, antioxidant
protection, and hormonal balance. The role of this element in the reproductive system has been the focus of
attention in recent years, and its effects can be positive or negative depending on the dose [1-3]. Manganese
plays a crucial role in antioxidant protection, particularly by stimulating the activity of superoxide dismutase
(Mn-SOD), which reduces oxidative stress in spermatozoa and oocytes [1, 4]. Additionally, Mn enhances
energy metabolism, particularly glycolysis, and promotes follicle development in granulosa and oocyte
cells [5, 6]. Manganese activates enzymes involved in the synthesis of cholesterol-based hormones
(testosterone, progesterone). In this way, it regulates the secretion of FSH (Follicle-Stimulating Hormone)
and LH (Luteinizing Hormone), thereby maintaining hormonal balance through the hypothalamic-pituitary-
ovarian axis [7, 8]. High doses of manganese reduce sperm count and motility, lower testosterone levels, and
can minimize ovarian mass by up to 25-30 % [8, 9]. These effects are dose-dependent and show a U-shaped
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dose-response relationship [10]. Manganese enhances the glycolysis pathway in granulosa cells, increasing
the expression of the enzymes GLUT4 (Glucose Transporter Type 4) and PFKL (Phosphofructokinase, Liver
Type) [5]. This activates the mTOR (mechanistic Target of Rapamycin) and PI3K/Akt (Phosphoinositide
3-Kinase / Protein Kinase B (Akt)) signaling cascades, which stimulate follicular development [10, 11].

In addition, it can also affect the ovulatory process through the IGF1 (Insulin-like Growth
Factor 1)/mTOR signaling cascade, kisspeptin expression, and gene regulation [12, 13]. Manganese is an
essential trace element for the reproductive system, and while it is beneficial at moderate doses, it can be
toxic at high doses. Recent studies have focused on uncovering the precise molecular mechanisms of these
effects, which could provide a solid basis for clinical studies [14]. The dual effects of manganese on
reproductive health and its high dose sensitivity highlight the need for its delivery in a bioavailable, stable,
and controlled form. In this regard, the synthesis of manganese in nanoparticle form is a crucial scientific
direction for the development of targeted therapeutic applications in the reproductive system, as it enhances
its bioavailability, tissue specificity, and pharmacokinetic properties.

The methods used to synthesize manganese nanoparticles determine the size, shape, degree of
crystallinity, and function of the particle. There are various methods for synthesizing manganese (Mn)
nanoparticles, each with its own advantages and disadvantages. One of the traditional methods, the co-
precipitation method, is simple, inexpensive, and allows for the obtaining of large quantities of nanoparticles;
however, it is difficult to precisely control the particle size, and the possibility of agglomeration is high [15].
Hydrothermal and solvothermal methods enable the formation of crystal structures under high temperatures
and pressures. In the hydrothermal method, water serves as the primary medium, whereas in the
solvothermal method, organic solvents are the primary medium. The advantages of this method are high
phase purity and easy control of shape and size [16, 17]. One of the modern methods, “green synthesis”,
converts Mn salts into nanoparticles using plant extracts (phytochemicals such as flavonoids and
polyphenols). 1t is also possible to oxidize Mn2* using microorganisms (some bacteria and fungi) to produce
bio-nanoparticles. The green synthesis method is environmentally friendly, convenient, and inexpensive;
however, the reaction time is long, and scaling up presents difficulties [18, 19]. Additionally, microwave and
ultrasonic (sonochemical) synthesis methods offer energy-efficient and rapid reaction conditions. In the
microwave method, the reaction is heated uniformly and quickly. In ultrasonic synthesis, the particles are
crushed due to the cavitation effect [20]. Today, manganese ferrite nanoparticles (MnFe,O,) are used in
magnetic materials (MRI), sensors, catalytic, and environmental purification technologies. Co-precipitation,
sol-gel, microwave, and “combined” methods are mainly used for their synthesis [21].

However, it should be noted that these methods have primarily synthesized nanoparticles of manganese
oxides, such as MnO, MnO,, a-MnO,, B-MnO,, and Mnz;O,. The synthesis of elemental manganese (Mn°)
nanoparticles remains a significant challenge and is relatively poorly understood in the scientific literature.
Several factors can be identified as the primary issues in the synthesis. Since manganese atoms show a high
affinity (oxophily) for oxygen, it isn’t easy to stably maintain and synthesize its elemental state (Mn°).

Manganese is rapidly oxidized upon exposure to air, forming oxide phases such as MnO, Mns0,, and
MnO, [22]. Even when synthesized in an inert environment, the formation of an oxidized layer is likely to
occur [23]. Potent reducing agents are required to obtain Mn from manganese salts. However, these
substances (e.g., NaBH,, H,, LiAlH,) are highly reactive, hazardous to handle, and difficult to control.
Additionally, even under these chemical reduction conditions, the particles are not completely reduced, and
mixed phases (Mn/MnQO and MnsQ,) are formed [24]. Synthesized manganese nanoparticles are prone to
agglomeration and lose their uniformity in size and shape. This negatively affects their catalytic, optical, and
magnetic properties [25]. Due to their high density, they are not stable in suspension in water or organic
media [26].

Most scientific research has focused on the study of the oxide forms of manganese (MnO, MnQO,,
Mn;0,), and not enough attention has been paid to elemental Mn particles. According to a literature review,
the number of articles on Mn° nanoparticles published over the last 10 years is minimal, and even those that
have been published have primarily been in the context of catalysis or nanocomposites [22, 27].

Recent studies have demonstrated that stable Mn nanoparticles can be synthesized under inert
atmospheres (Ar, N;) using microwave energy [23, 28]. Another promising approach is to protect manganese
particles from oxidation by coating them with organic ligands or polymers. For example, the use of
stabilizers based on oleyl amine, polyethylene glycol, or cellulose can ensure the stability of Mn in
air [25, 26]. Therefore, this work aims to synthesize stabilized Mn in the presence of Bombyx mori chitosan
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(CS), which has stabilizing properties, to overcome the problems associated with the oxidation susceptibility
and agglomeration of manganese nanoparticles.

Experimental

Chemicals and Materials

For the research work, Bombyx mori chitosan (molecular mass 41x10° Da; deacetylation degree 86 %),
MnCl,-4H,0 with a purity of > 99.0 % (Shanghai Aladdin Biochemical Technology Co., Ltd.), NaBH, with
a purity of 98 % (Sinopharm Chemical Reagent Co., Ltd.), and mild reducing agent C¢HgOs (Macklin
Biochemical Co., Ltd.) were used. All reagents were of “analytical grade” grade, with a purity of >99.0 %,
and were used without additional purification procedures. All solutions were prepared in deionized water.

Infrared Spectroscopy (FTIR) Analysis

IR spectroscopic analysis was performed on a Bruker INVENIO-S-S model (in the range of 400-
4000 cm ). The samples were prepared in the form of tablets in the presence of potassium bromide (KBr)
salt. FTIR spectra of chitosan and chitosan-stabilized Mn nanosystems were recorded for characterization of
their functional groups [29-31].

X-Ray Diffraction (XRD)

The phase composition and crystallinity of the samples were investigated using a DRON-3M X-ray
diffractometer under Co Ka radiation (U = 22 kV, | = 16 mA). The crystallite size was calculated using the
Debye-Scherrer equation (K = 0.9; B — FWHM; RD patterns were recorded using Co Ko radiation

(L =1.7902 A).). The degree of crystallization was determined by the ratio of the intensities of J (crystalline
peak) and J, (amorphous background) [32].

Atomic Force Microscopy (AFM)

The morphological characteristics of the samples were analyzed using atomic force microscopy
(Agilent 5500, USA). Silicon cantilevers (k~ 9.5 N/m; resonant frequency =~ 145 kHz) were used. The
scanning area was 15x15 pm® in the X and Y axes, and ~ approximately one pm in the Z axis. Images were
acquired at 22 °C in tapping mode. The average particle size and distribution were estimated by histogram
analysis.

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)

The surface morphology of the samples was studied using a JEOL JSM-IT210 scanning electron
microscope. The operating voltage ranged from 5 to 15 kV, and the working distance was =~ approximately
10.8 mm. Images at various scales were obtained using the InTouchScope software. Energy dispersive
spectroscopy (EDS) analyses were performed to determine the elemental composition. The content of carbon
(C), nitrogen (N), oxygen (O), and manganese (Mn) was noted; silicon (Si) peaks were explained by the
effect of the glass substrate (SiO5).

Synthesis of Mn Particles without Polymer Matrix (Control Experiment S-1, S-2)

In the control experiment (without chitosan), 20 ml of a 0.0012 mol/L solution of MnCl, was used. The
reaction was carried out at 30 °C with intensive stirring at 600 rpm. A 0.025 mol/L solution of NaBH, was
added dropwise to this system.

The main reduction reaction takes place in the following form [33, 34]:

MnCl, + 2NaBH, + 6H,0 — Mn(s) + 2NaCl + 2B(OH); + 7H,?1
In sample S-1, only NaBH, was used as a reducing agent.
In sample S-2, ascorbic acid (CsHgOg, 3.5%x10~° mol/L) was added together with NaBH, [33-38]:
MnCl, + NaBH, + C¢HgOg — Mn + NaCl + H, + B(OCHz)g +
+ (Mn-borate complex and similar by-products)

NaBH,, as a potent reducing agent, quickly reduces Mn?* ions to the Mn state. In contrast, ascorbic
acid, as a relatively mild reducing agent, controls the kinetics of particle growth, limits agglomeration, and
ensures the stability of the resulting suspension [39-41].
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Synthesis of Mn Nanoparticles under in situ Conditions (S-3, S-4)

In the in situ synthesis process, a chitosan solution (0.06 mol/L) was added to the reaction medium prior
to the commencement of the reaction. Then, a 0.0012 mol/L MnCl, solution was stirred at 30 °C and
600 rpm, and a 0.025 mol/L NaBH, solution was added dropwise. In sample S-3, only NaBH, was used as a
reducing agent. In sample S-4, ascorbic acid (3.5%10°> mol/L) was added along with NaBH,. The polycationic
nature of chitosan creates an electrostatic barrier around the particle core, thereby limiting the growth and
agglomeration of the core. Thus, chitosan enhances the colloidal stability of the suspension, ensures the
hydrophilicity of the resulting nanoparticles, and facilitates their uniform size distribution [42—44].
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Figure 1. Synthesis of CS-Mn nanoparticles under in situ conditions
Illustration created in BioRender. Ergashev, Q. (2026) https://BioRender.com/qy5h0tq

The chitosan/Mn suspensions obtained after synthesis were purified from excess ions and small
molecules by dialysis. For this purpose, a cellulose acetate membrane was used (nominal cutoff size
~500 nm). The dialysis process was carried out for 24 hours, with the dialysis water being replaced every
3to 4 hours. This effectively cleared the colloidal system of excess salts and reaction products [29].

Dynamic Light Scattering (DLS) Analysis

DLS determined the hydrodynamic size and distribution of the particles, and the analysis was
performed using a Photocor Compact spectrometer with a He-Ne laser source at a wavelength of 632.8 nm.
The samples were prepared in an aqueous medium and stored at a thermostated temperature of
25°C £ 0.1 °C. The sample concentration was maintained at 0.05 mg/mL, a low level designed to prevent
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aggregation. Each sample was measured for 3 minutes in at least three replicates. The particle size range was
determined to be between 1 nm and 100 pum. DLS analysis was primarily employed to evaluate the
hydrodynamic size distribution of nanoparticles and to assess the influence of chitosan on particle size
control.

Statistical Analysis

All experiments were repeated at least three times (n = 3), and the results are presented as mean +
standard deviation (SD). The Shapiro-Wilk test was used to test the hypothesis of normal distribution.
Differences between groups were tested by one-way ANOVA¥*; when significant differences were noted,
Tukey’s post hoc test was used. All calculations and graphs were performed using OriginPro 2023
(OriginLab, USA) and GraphPad Prism 9.0 (GraphPad Software, USA). The significance level in all
statistical tests was set at p < 0.05.

Results and Discussion

Hydrodynamic Sizes (DLS Analyses)

Dynamic light scattering (DLS) analysis of the chitosan solution (CS) showed a broad number-weighted
hydrodynamic size distribution with an average size in the range of approximately 3—-4 um, indicating a
polydisperse system with a dominant population in the micrometer range.
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Figure 2. Hydrodynamic radius distributions of manganese-containing particles obtained under control conditions with-
out polymer matrix (S-1, S-2) and by in situ synthesis in the presence of chitosan (S-3, S-4)

The results indicate that, in the control experiments performed in the absence of chitosan, DLS analysis
revealed apparent hydrodynamic sizes predominantly in the micrometer range. Specifically, the S-1 sample
exhibited a single broad population with an average hydrodynamic size of approximately 10-12 um. In con-
trast, the S-2 sample showed a dominant population with average hydrodynamic sizes in the range of 6-8 um
(Fig. 2). It should be emphasized that such micrometer-scale DLS signals are most likely associated with
pronounced particle aggregation and partial sedimentation occurring in the absence of a stabilizing polymer
matrix, rather than with the presence of stable primary nanoparticles. The strong reducing capability of
NaBH, promotes rapid reduction of Mn?* ions, resulting in uncontrolled nucleation and extensive aggrega-
tion. In contrast, the use of ascorbic acid as a weaker reducing agent (S-2) leads to slower nucleation, allow-
ing the transient formation of smaller species prior to aggregation, in agreement with previously reported
studies [45-47].

The hydrodynamic size distributions of manganese-containing particles obtained via in situ synthesis in
the presence of chitosan revealed a dominant nanoscale population. For both samples S-3 and S-4, the aver-
age hydrodynamic particle sizes were found to be in the range of approximately 300-500 nm (Fig. 2). In
comparison with the control experiments, this shift toward smaller and more uniform sizes indicates a mod-
erated nucleation—growth process. Such behavior reflects the stabilizing influence of chitosan on manganese-
containing particles formed under in situ synthesis conditions, leading to reduced aggregation and a more
controlled particle size distribution [38, 40-41, 46].

IR-Spectroscopic Analysis

In the IR spectrum of the original chitosan, characteristic absorption bands corresponding to the
macromolecule were observed. In particular, a broad band in the range of 3400-3450 cm " is characteristic of
stretching vibrations of the —OH and —NH, groups, which has a relatively broad appearance due to the strong
N-N bonds in chitosan molecules. The peaks at 29202930 cm™ and 2850 cm™ correspond to asymmetric
and symmetric C—H stretching vibrations of the —CH, and —CH groups. The peak in the range of
1650-1660 cm* (Amid 1) mainly refers to stretching vibrations of the C=0 bond. The peak in the region of
1560-1580 cm ™ is associated with deformation vibrations of the N—H bond (Amid II). The peaks at
1410-1430 cm™ and 1375 cm™ represent the stretching and bending vibrations of the —CH, and —CHj
groups, respectively. The band observed between 1150-1070 cm™ is assigned to asymmetric C-O-C
glycosidic stretching vibrations of chitosan (Fig. 3, 1) [42—44].

It is well established from the literature that, upon interaction with various metals and their oxides,
chitosan exhibits adsorption on its surface through its —OH and —NH, functional groups. This process is
mainly ensured by hydrogen bonds, electrostatic interactions, and polymer-matrix structure [45]. In the IR
spectrum of the S-3 composite formed by chitosan with manganese nanoparticles, shifts in the vibration
peaks of the amine and amide groups were observed at ~1544 cm™ — ~1636 cm* and ~1402 cm™* —
~1374 cm™ (Fig. 3, 2). This indicates the electrostatic interaction of —NH, and C-N groups with Mn
particles on the surface [43, 45]. In some cases, the amide I/11 peaks shifted from 1647 cm™ to ~1560 cm™,
indicating donor-acceptor interactions through the —C=0 and —NH, groups.
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Figure 3. IR spectrum of chitosan (1), S-3 (2), and S-4 (3) samples

The peaks in the range of 1155, 1073, and 1021 cm ™, characteristic of C-O—C glycosidic bonds, are
largely preserved. However, the decrease in intensity at 1258 cm™ may indicate the possibility of non-
covalent interactions of the Mn—OH or Mn—OH type through hydroxyl groups. These results are consistent
with the literature [47]. Additionally, the shift of the CH,/CH; vibration peaks from 1423 cm™ to 1383 cm™*
is attributed to local structural changes in the polymer environment. Although manganese NPs are not
oxidized, they exhibit metal-polymer surface interactions through weak but consistent peaks around
~560-600 cm™ in the IR spectrum [48, 49]. These peaks are due to the metal interacting with ~OH and
—NH, groups through surface activity.

The IR spectrum of the S-4 sample, shows shifts in the -N-H and —C=0 vibrational bands associated
with —NHz, C=0, and C-N (amide) groups, indicating the presence of intermolecular hydrogen bonding or
electrostatic interactions between chitosan and manganese species.The shift of the peaks belonging to the
CH3/CH; and C-O groups indicated that these structural units participate in the stabilization of the
nanoparticles within the matrix through peripheral adsorption (Fig. 3, 3) [50-52]. The new peak appearing at
895 cm ! can be interpreted as a local geometric rearrangement in the chitosan skeleton or a metal-hydroxyl
(Mn-OH) bond. Peaks in the range of 654-617-562 cm™ indicate the strength of Mn-O or
Mn—OH bonds, suggesting a “tunnel-like” arrangement of nanoparticles within chitosan. Although ascorbic
acid is involved in the formation, IR results indicate that it does not directly react chemically with chitosan,
but instead acts physically, i.e., as a passive stabilizer [50-54].

XRD Analysis

The phase structures of chitosan and its stabilized S-3 and S-4 samples were studied by X-ray
diffraction analysis. The crystalline structure of chitosan is in a semi-amorphous state, which shows two
prominent diffraction peaks: 26 = 10.49° (020) (amid I “-N-CO—-CH3;”) and 19.95° (110) (amid II “~NH;”)
(Fig. 4) [55-57].
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Figure 4. XRD patterns of chitosan (1), S-3 (2), and S-4 (3) samples

Manganese is a 3d-metal with various allotropic forms. Its main crystalline phases, a-Mn and B-Mn, are
distinguished by their atomic structure, thermodynamic stability, and X-ray diffraction characteristics. Based
on XRD analyses of these phases in the literature, the prominent diffraction peaks for a-Mn are located in the
following positions in Cu Ko light: 26 38.5°, 44.8°, 65.1°. These peaks correspond to the (220), (311), (400)
orientations, respectively [58]. The f-Mn phase is stable at high temperatures (T > 973 K) and has a cubic
(chiral) structure [59, 60]. The prominent simulated XRD peaks for the B-Mn phase are: 20 38.5°; 44.8°;
65.1°; 78°, 82° and these peaks are mainly associated with the (220), (311), and (400) bonds [61, 62].

The diffraction peaks and crystal parameters of the S-3 and S-4 samples, as determined by XRD
analysis, are presented in Table 1.

Table

Crystal parameters and crystal sizes of chitosan, S-3, and S-4 samples

No. | 20,° | d, A [(FWHM)B,°] (Size) L, A | Crystallinity, %
CS
1 10.49 8.43 2.54 3.28 38
2 19.95 4.44 1.98 4.3
Sample S-3
3 8.53 10.36 1.36 61
4 11.73 7.53 2.38 35.0
5 18.26 4.85 2.51 33.4 53
6 21.78 4.07 7.97 10.60
7 43.63 2.07 6.4 14.1
Sample S-4
8 8.49 10.41 1.91 435
9 11.58 7.64 2.37 35.1
10 18.48 4.79 2.5 34 48
11 21.94 4.04 7.49 11.28
12 43.40 2.08 5.3 16.9
13 60.5 1.52 9 11
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In the XRD pattern of sample S-3, 26 8.53°, 11.73°, 18.26°, and 21.78° are the peaks that are shifted
due to the interaction of chitosan with Mn nanoparticles. These peaks are due to structural rearrangement,
interaction of manganese nanoparticles with chitosan chains through electrostatic and hydrogen bonding, and
these interactions disrupt the ordered arrangement between chitosan molecules, causing a shift in the position
of the diffraction peaks [63]. Such peaks have also been observed in chitosan—metal oxide composites [64].
The 20 43.63° peak indicates that the Mn® metallic state is stable in the nanoparticles, which is mainly
reflected on the (111) crystal surface [65-67]. The composition of sample S-3 produced CS/Mn crystal types
consisting of a-Mn cubic (a — 5.218, b — 5.218, ¢ — 5.218 A), B-Mn cubic (a — 4.433, b — 4.433, ¢ —
4.433 A) and tetragonal structure (a — 10.784, b — 11.329, ¢ — 4.449 A) was determined to be.

In the XRD pattern of sample S-4, the peaks at 26 8.53° (020) and 11.73° (110) are shifts of the 10.49°
peak in pure chitosan. The peaks at 20 18.26° and 21.78° are shifts of the 19.95° peak in pure chitosan. The
reasons for these shifts have been explained above [63, 64]. Ascorbic acid changes the hydrogen bonds
between water molecules and hydroxyl groups in the chains, causing local disorder. It is also possible that
after these Mn nanoparticles enter the chitosan matrix, local disorders occur in the order of the molecular
chains, which leads to broadening and shifting of the peaks [68]. The peak at 20 43.63° (111) belongs to the
crystalline phase of metallic manganese (Mn). Ascorbic acid more effectively chemically reduced Mn?* ions
to the Mn state, and manganese nanoparticles were formed with a high degree of crystallinity. In addition, a
new 20 60.5° peak was formed in sample S-4. This peak was based on metal-carboxyl or metal-amine
bonds, and it was noted that a new crystal or quasi-crystalline structure was formed in the composite
structure, or that metal complexes of chitosan in the sources gave a peak around 26 = 60°. It was found that
the composition of sample S-4 was a-Mn cubic (a — 5.218, b — 5.218, ¢ — 5.218 A), p-Mn cubic (a —
4433, b — 4.433, ¢ — 4.433 A) and the formation of new crystal types of the CS-Mn system with a
tetragonal structure (a — 11.81, b — 7.860, ¢ — 4.072 A). The results obtained in the S-5 sample show that
ascorbic acid, as a reducing agent in the reaction, converts Mn?*" ions to the Mn state and interacts with
chitosan chains, changing their molecular order [69, 70].

It should be noted that the diffraction peak observed at 20 = 43° cannot be considered unambiguous
evidence of the presence of Mn alone, as this region may overlap with reflections of MnO, Mn30O,, or mixed
manganese-containing phases. Furthermore, IR spectroscopy does not allow a clear distinction to be made
between metallic manganese and its oxide compounds. Given the aqueous synthesis conditions and exposure
to air, partial oxidation of the surface of the Mn nanoparticles or the formation of mixed Mn/Mn,O,
nanostructures cannot be ruled out. Similar surface oxidation phenomena have been widely described for
manganese-containing nanoparticles synthesized in polymer matrices [63, 64, 68-70]. Therefore, the
resulting nanoparticles are more accurately described as manganese-containing nanoparticles, potentially
consisting of a metal core with an oxidized surface layer.

AFM Analysis

AFM analyses show that chitosan films often have a rough, granular or cross-linked morphology. This
is dependent on the molecular weight and degree of deacetylation of chitosan. For example, it has been
reported that a decrease in the molecular weight of chitosan leads to the formation of small blocks on the
surface and a decrease in crystallinity [71]. The surface morphology and particle distribution of chitosan
films were analyzed by atomic force microscopy (AFM). The results of 3D topography showed that the
surface of the chitosan film is not uniform, but is characterized by a globular morphology. The maximum
value of the vertical relief (Z-axis) is on average around 360 nm, which is associated with the predominantly
amorphous structure of the chitosan chains and the formation of surface defects (Fig. 5). Such rough surface
morphology has been noted in AFM studies as a characteristic of the natural polysaccharide nature of
chitosan [72, 73].

Histogram analysis revealed that the average particle size was 0.308 um and that they were mainly
distributed in the range of 0.154-0.462 um. These parameters indicate that the chitosan film is homogeneous
at the nanoscale and consists of globular structures. The presence of chitosan particles in nanometers can
enhance its sorption capacity and have a positive effect on the process of complex formation with metal ions,
the formation of nanostructures with various morphologies with metals [71-73]. It can be seen that the
particles with a relief pattern height of 200-200 nm on the surface formed a heterogeneous surface.

In order to fully study the morphological structure of the chitosan-Mn-based nanosystem, AFM images
were obtained. The AFM image of sample S-3 confirmed the XRD and SEM results and showed that it
consists of nanoparticles with a cubic and tetragonal structure. The formed nanoparticles formed
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agglomerates densely located and less than 1 pm in size. The particle distribution histogram with respect to
the surface is asymmetric, with nanoparticles distributed in the range from 10 nm to 110 nm, with an average
size of 50 nm accounting for 14 %. It can be seen that the distribution of Mn nanoparticles along the polymer
matrix on the surface of the film is not uniform on the uneven surface (Fig. 6).
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Figure. 5. AFM image (a, b), distribution histogram (c) and surface relief (d) of a Bombyx mori chitosan film
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Figure 6. AFM image (a, b), distribution histogram (c) and surface relief (d) of the film of sample S-3
(in the presence of NaBHy,)

In the AFM image of the S-4 sample, the NPs are more sparsely distributed in the chitosan matrix
compared to the S-3 sample, and the number of larger agglomerates is also less. The particle distribution
histogram with respect to the surface is also asymmetric in the S-4 sample, with the nanoparticles having
sizes in the shorter range from 50 to 100 nm, with an average of 40 % of the nanoparticles being 90 nm. The
film surface is smoother than that of the S-4 sample, but the distribution of Mn NPs along the chitosan
matrix is unevenly distributed (Fig. 7).
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Figure 7. AFM image (a, b), distribution histogram (c), and surface relief (d) of the film of sample S-4
(in the presence of NaBH,/C¢HgOg)

In general, the results of the AFM study indicate that the nature, amount, and presence of co-reducing
agents in the formation of manganese nanoparticles in a chitosan matrix affect the formation of different
morphologies. In particular, it was found that the reduction of Mn** in the presence of NaBH, resulted in
cubic, tetragonal, widely spaced, densely packed nanoparticles, while the reduction in the presence of
NaBH,/CsHgOg resulted in mainly spherical, short-spaced, granular nanoparticles.
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SEM Analysis

SEM examination of the chitosan matrix reveals a heterogeneous and non-uniform surface morphology
with the presence of porous structures in the resulting films. The observed structures are distributed on the
micron scale; however, it should be noted that SEM provides mainly qualitative information on the surface
morphology. Therefore, the observed porous structures are discussed in terms of morphological
heterogeneity rather than as a quantitative measure of porosity. Such surface characteristics are consistent
with the amorphous nature of chitosan and its tendency to form irregular, loosely packed structures upon
drying of the films (Fig. 8). Such morphological behavior has been widely described for chitosan-based
systems and is known to promote interactions with metal ions and contribute to the stabilization and
morphological control of nanoparticles [45, 52].

Figure 8. SEM image of the CS sample
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Figure 9. Energy dispersive spectroscopic (EDS) analysis of chitosan (a) and EDS element distribution map (b)
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According to the results of energy dispersive analysis, the chitosan sample was found to contain mainly
C, N, and O elements. The elemental composition analysis revealed a large proportion of Si (23 wt%) and
O (41 wt%), which is explained by the fact that the sample was tested on a SiO,-based glass substrate. It was
also confirmed that chitosan itself contains 27 wt% C and a small amount of N (Fig. 9).

According to the SEM results, it was found that the chitosan-stabilized Mn nanoparticles constituting
the S-3 sample were mainly formed in cubic and tetragonal shapes. Since the samples were observed in a
film state, the formed particles in it grew and agglomerated in certain areas. In general, the size of the
nanoparticles ranged from 100 nm to 800 nm (Fig. 10).

Figure 10. SEM micrographs of sample S-3: (a) 1 um scale bar; (b) 5 um scale bar

The formation of nanoparticles with different structures mainly depends on the reducing potential of the
reducing agents and the chemical nature of the reaction medium, which control the nucleation and growth
mechanisms of particles in a certain direction during the synthesis process. As a result, the formation of
nanoparticles with different morphology and crystal structure is observed in the nanosystems formed by the
chemical reduction reaction of Mn?" ions in the presence of NaBH, and NaBH./C¢HsOs in a chitosan
medium. The formation of the morphology of the S-3 sample affects the growth and formation of particles in
the process of chitosan as a matrix, but there is no additional antioxidant or complex-forming effect. As a
result, a low-energy and crystallized tetragonal crystal structure is formed [74].

The EDS mapping results of the S-3 sample show that the nanoparticles contain carbon (C),
nitrogen (N), oxygen (O) and manganese (Mn). This indicates a high level of salinity. The EDS spectrum of
the S-3 sample shows a carbon content of 10.17 wt.%, as well as a very small amount of nitrogen and
12.8 wt.% manganese (Fig. 11).
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Figure 11. Energy dispersive spectroscopic (EDS) analysis (a) and element distribution map (b) of sample S-3

SEM analysis of the S-4 sample showed that the nanoparticles were mainly spherical in shape, with the size
of the nanoparticles ranging from 500 to 750 nm (Fig. 12). In the S-4 sample (Mn?*/NaBH./C¢HsO¢/—CS), the
reaction with manganese ions complexed with chitosan controls the growth and aggregation of the particles.
Nanoparticles form predominantly spherical aggregated structures, energetically favorable due to their sym-
metrical geometry. The presence of ascorbic acid reduces excessive cross-linking during the interaction of
manganese compounds with chitosan, thereby promoting the formation of more compact and symmetrical
low-energy aggregates. However, the spherical formations observed in SEM images correspond to aggregat-
ed particles, not individual primary nanoparticles, and therefore cannot be considered direct evidence of the
shapes of individual particles. Accordingly, the effect of ascorbic acid is manifested primarily through its
influence on the reduction process and interparticle interactions that determine the aggregation behavior of
the system, rather than through the formation of clearly defined shapes of the primary nanoparticles [75, 76].

a — 5 D

Figure 12. SEM micrographs of sample S-4: (a) 1 um scale bar; (b) 5 um scale bar

The EDS mapping results of the S-4 sample indicate that the nanoparticles contain carbon (C),
nitrogen (N), oxygen (O), and manganese (Mn). The EDS spectrum of the S-4 sample shows a carbon
content of 13.7 wt.%, as well as a very small amount of nitrogen and 11.3 wt.% manganese (Fig. 13).
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Figure 13. Energy dispersive spectroscopic (EDS) analysis (a) and element distribution map (b) of sample S-4

The nanoparticle of manganese is currently poorly studied in the literature, and most studies have
focused on analyzing the nanostructures of its hybrid and composite forms. In particular, nanoparticles based
on manganese ferrite (MnFe,O4) with chitosan have formed spherical [77-79], hillock, rod and sheet
structures with ZnMn,0O, [77], patch-shaped structures with carbon nanofibers of Mn [80], spherical
structures with MnggZn, ,Fe,0O, with chitosan [81], and spherical structures with chitosan—Mn complexes in
liquid [82]. Manganese nanoparticles were present in various composites, including ferrite, metal, hybrid,
and complex forms, and were mainly observed in spherical, rod-shaped, or lamellar morphologies, with sizes
in the 10-150 nm range. In all cases, chitosan coating was found to be an important factor in improving
dispersion, reducing aggregation, and enhancing bioactivity.

Comparative Analysis

The general properties of manganese nanoparticles synthesized in the presence and absence of chitosan
were comparatively analyzed (Table 2). In the control samples synthesized in the absence of chitosan (S-1
and S-2), the particles exhibited a pronounced tendency toward aggregation. DLS analysis revealed that their
size distribution was predominantly in the micrometer range (6—12 um), while SEM images showed large
particles with irregular morphology. On the contrary, in the samples obtained in the presence of chitosan
(S-3, S-4), the hydrodynamic dimensions were determined in the range of 300-500 nm, and the morphology
was manifested in cubic and spherical shapes in SEM analysis, and dense and ordered particles in the range
of 50-100 nm were observed in AFM studies.
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Table 2

Composition and structural characteristics of manganese particles formed with and without chitosan

Mass | Mass EDS
0,
Ne Sample of Mn, | of CS, DLS SEM results AFM Mn (%) - Explanation
m m nm/pum results | Mn content:
g | ms 0.5-1.0 wi%
Rapid nuclea-
1 (cosn-t%ol) 132 | - (alo_rtzal:gclj) - - - tion and en-
ggreg largement
Ascorbic acid
2 S-2 132 | _ 6-8 um 7 B B controlled
(control) ' (aggregated) growth, but
large
S-3 Cubic, tetragonal, 100-800 12.8 % — | Colloidal sta-
3 (in situ) 1.32 60 | 300-500 nm nm (aggregates) 50+ 10 nm 0.128 g bility is high
Symmetric
- o,
4 S 132 | 60 |300-500nm| Spherical, 500-750 nm |90 £ 20 nm| 37~ | sphere mor-
(in situ) 0.113¢g
phology
Mn is spherical or cubic in
. . its pure state, while CS can
5 '\fen zli(r)(!,crjr?elﬁill 2n:5 3 50-300 | have spherical, cubic, rod- |20-250 nm 3 V\gg%igssA
q( daily) [83?] [23, 31] shaped, tetragonal, and [60, 67] 83]
y other morphologies;
10-800 [45, 52]
Note: DLS and AFM values are presented as average + standard deviation based on at least three independent measurements.
SEM data are given as size ranges due to aggregation effects. EDS values are semi-quantitative with an estimated instrumental error
of +£1 wt%.

According to EDS data, the mass fraction of manganese in the chitosan matrix is 11-13 %, which
corresponds to 0.113-0.128 g of Mn per gram of sample. These values are quite small in nanoscale when
compared with the recommended daily intake for humans (2-5 mg), and are of great importance from the
point of view of biological safety. Thus, the results presented in the table clearly demonstrate the
effectiveness of chitosan in stabilizing manganese nanoparticles and their morphological and
physicochemical advantages.

Conclusions

In conclusion, Manganese-containing nanoparticles were successfully synthesized in the presence of
Bombyx mori chitosan using NaBH, and NaBH,/CsHgOs as reducing systems under controlled in situ condi-
tions. Dynamic light scattering analysis demonstrated the formation of stable nanosystems with hydrodynam-
ic sizes of 118-144 nm and narrow dominant distributions (96-97 %), indicating effective stabilization by the
polymer matrix. IR spectroscopic analysis confirmed structural rearrangements within the chitosan frame-
work and the involvement of —-NH and —C=0 functional groups in nanoparticle binding, supporting a chemi-
sorption-based stabilization mechanism. X-ray diffraction results verified the reduction of Mn?* jons and re-
vealed the presence of crystalline phases, while also indicating partial oxidation during nanoparticle for-
mation.

SEM and AFM analyses showed well-dispersed metal nanoparticles embedded in the chitosan matrix,
with predominant sizes of approximately 50 nm (tetragonal) and 90 nm (spherical), confirming morphology
control under the selected synthesis parameters. Surface topology studies further demonstrated uniform par-
ticle distribution without large-scale aggregation. Overall, the combined structural and morphological anal-
yses confirm that chitosan effectively regulates nucleation, growth, and stabilization of manganese nanopar-
ticles. Thus, the resulting manganese-containing nanosystems are of interest for their application in veteri-
nary medicine.
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