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Abstract: Post-acidification is a common challenge for fermented dairy products, which can 

significantly reduce the shelf life. Herein, we developed metal nanoparticles based on chitosan and 

Mn(II) ions that can slow down post-acidification and stimulate the milk fermentation process. By 

systematic characterization and optimization using dynamic and electrophoretic light scattering, X-

ray diffraction, SEM, FTIR, and thermal analysis, we obtained nanoparticles with progressively 

decreasing zeta potential and sedimentation instability in aqueous medium. In addition, the 

obtained systems reduced the milk fermentation time, thereby demonstrating the effectiveness in 

accelerating the fermentation process by the gram-positive Streptococcus thermophilus bacterium. 

They also contributed to ~2 times longer shelf life of fermented milk products by inhibiting the 

undesirable post-acidification process. The study offers a promising approach to improving the 

quality and stability of fermented milk products. 

Keywords: chitosan; manganese(II); nanoparticles; shelf life; milk fermentation 

 

1. Introduction 

Post-acidification is an undesirable phenomenon in fermented milk products, characterized by 

acidification outside the optimal pH range due to the activity of microflora [1]. This process triggers 

an increase in the hydrophobic and electrostatic interactions between protein molecules, hence, 

leading to: (i) the enlargement and aggregation of casein particles and (ii) partial restructuring of the 

protein network within the product [2]. Consequently, post-acidification significantly reduces the 

shelf life of fermented dairy products. 

The literature outlines several fundamental methods to prevent post-acidification, including 

adjusting the temperature during fermentation [3,4], modifying the acidity of the environment 
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during fermentation [5], incorporating pre- and probiotics [6,7], and altering the composition of the 

packaging materials [8,9]. Due to the limitations of the individual methods, they are often applied in 

combination. Currently, the most promising approach involves the use of various additives that do 

not compromise the taste or structure of the final product. However, as this area of research is 

relatively new [1], the range of the thoroughly studied additives remains limited [10–12]. Among 

these, additives, based on natural polymers, hold promise. 

Chitosan, a natural amino polysaccharide, and its derivative systems are widely utilized in the 

food and biotechnological industries to mitigate post-acidification and extend the shelf life of 

fermented milk products [13–16]. Chitosan’s ability to form intermolecular complexes with milk 

proteins [17,18] plays a crucial role in the stabilization of the spatial protein network within milk [19]. 

This stabilization addresses a key issue in the milk protein network, i.e., the structural disruption 

caused by ongoing post-acidification. 

During the post-acidification, there is an increased growth of certain undesirable 

microorganisms, which are antagonized by lactic acid bacteria. The addition of pure chitosan 

enhances the activity of lactic acid bacteria, thereby slowing down the post-acidification process 

[20,21]. This increased activity of lactic acid bacteria suppresses the growth of spoilage-causing 

microflora. As highlighted in the literature [22], the incorporation of chitosan nanoparticles into milk 

and fermented dairy products (e.g., cheese and yogurt), significantly inhibits the growth of 

pathogenic microflora, such as E. coli and yeast, thereby mitigating the post-acidification scenario 

[23]. Furthermore, chitosan can be employed as a matrix for immobilized enzymes [24], capable of 

interacting with bifidobacteria, again leading to a decrease in acidity. 

Metal ions can also impact the post-acidification processes, as demonstrated in recent studies 

[25,26]. Salts of Cu(II), Fe(II), and Zn(II) have been shown to influence these processes effectively. 

Additionally, the incorporation of trace amounts of Ag(I) into milk packaging has been proven to 

slow down post-acidification and suppress the growth of undesirable microflora [27,28]. While 

compounds based on Cu(II) and Ag(I) have been extensively studied, the potential of Mn(II) and its 

derivatives remains underexplored. Among the suitable metals, Mn(II) holds significant research 

interest due to its role in biological processes. For instance, Mn(II) is a key component of enzyme 

catalysts involved in oxidation-reduction reactions and plays a critical role in fermentation processes 

[29–31]. The presence of Mn(II) ions in milk influences both the properties of the raw product and the 

activity of lactic acid bacteria [32,33]. Mn(II) inhibits the growth of yeast and mold, which are 

common contributors to the spoilage of fermented milk products. This antimicrobial effect is 

attributed to the absorption of small amounts of Mn(II) ions by the lactic acid bacteria, thereby 

enhancing their resistance to harmful molds and yeasts. Additionally, Mn(II) significantly increase 

the rate of milk fermentation. The addition of manganese salts is reported to reduce fermentation 

time by up to fivefold, thereby accelerating the production of fermented dairy products [34]. 

However, the literature currently lacks an evaluation of the effects of manganese salts and 

chitosan complexes with Mn(II) ions on both the fermentation and post-acidification processes. 

Herein, it is hypothesized that metal complexes based on chitosan and Mn(II) ions could effectively 

stimulate the milk fermentation process, thereby extending the shelf life of fermented dairy products. 

Additionally, it is proposed that these complexes have the potential to significantly slow down post-

acidification, offering a promising approach to improving the quality and stability of fermented milk 

products (Figure 1, A). 

To test this hypothesis, a series of metal-containing systems based on chitosan and Mn(II) in 

various molar ratios (1:2, 1:1, and 2:1) was prepared. Their structure and properties were 

characterized using several physicochemical methods, including dynamic and electrophoretic light 

scattering, IR spectroscopy, X-ray diffraction, and thermal analysis. Additionally, the enzymatic 

activity of the synthesized complexes and their impact on the production of colony-forming units 

(CFUs) by Streptococcus thermophilus in milk was evaluated. Finally, the effect of these metal 

complexes on the post-acidification process was also assessed. The detailed findings of this study are 

presented and discussed in the following sections. 
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Figure 1. The hypothesis and design of our study (A); Suspension (B) and pale porous cotton-like freeze-dried 

Chitosan + Mn2+ (1:1) complex (C). 

2. Materials and Methods 

Chitosan of viscosity-average molecular weight 200 kDa and degree of acetylation 8% was 

purchased from Bioprogress (Moscow, Russia). Manganese(II) chloride tetrahydrate was from 

Reachim. Other chemicals and solvents were also obtained from commercial sources and used as 

received without any further purification. 

The apparent hydrodynamic radii and the -potential of the nanoparticles in water were 

estimated at room temperature (about 25 C) by using a Photocor Compact-Z instrument (Russia) at 

 = 638 nm,  = 90° for radii (10 scans, each one for 10 s) and  = 20° for the -potential (3 scans, each 

one for 60 s). 

The pH was measured potentiometrically by using a PHS-3C device (China). 

Inductively coupled plasma-atomic emission spectroscopy measurements (ICP) were performed 

with a Leeman ICP-AES Prodigy XP spectrometer. 

The IR spectroscopy was recorded on a Shimadzu IRSpirit at a wavenumber range of between 

4000 to 400 cm−1. 

An X-ray diffraction analysis was carried out on a Dron-7 X-ray diffractometer, using a 2θ angle 

interval from 5 to 50 with scanning step ∆2θ = 0.02 and exposure of 3 s per point. Cu Kα radiation 

(Ni filter) was used, which was subsequently decomposed into the Kα1 and Kα2 components during 

the processing of the spectra. 

Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) were performed on 

the SDT Q600 by using a heating rate of 10 C/min in the temperature range from 30 C to 600 C. 

For the preparation of chitosan/Mn(II) complexes, chitosan (0.025 g) was dissolved in 25 mL of 

1% CH3COOH and stirred for 30 min with a mechanical stirrer. MnCl2×4H2O (0.1979 g) was dissolved 

in 5 mL of distilled water and stirred for 30 min to obtain a 0.2M solution. The Mn(II) salt solution 

was poured as a thin stream into the vigorously stirred solution of chitosan to obtain 1:2, 1:1, or 2:1 

mono-mol/mol polymer/Mn2+ ratio solutions, and the resulting mixtures were intensely stirred for 5 

min. The resultant suspensions were frozen and freeze-dried. 

A whole milk purchased from Neva-Milk Company was used for the milk experiments. 1000 

mL of the whole milk was poured into a flat-bottomed flask and 4.64 mg MnCl2×4H2O, 12.30 mg 

Chitosan + Mn2+ (1:2), 8.12 mg Chitosan + Mn2+ (1:1), or 6.13 mg Chitosan + Mn2+ (2:1) was added to the 

milk and stirred over 20 min under room temperature. Thus, different amounts of the samples to be 

tested which contain the same mass of Mn2+, i.e., 1.30 mg were added. The flasks were charged by 

Streptococcus thermophilus (St. thermophilus, 20 g per 1000 mL of the milk) and treated for 8 hours at 

42C for fermentation. For the pH monitoring, 50 mL of milk was taken at: 2, 3, 4, 5, 6, 7, and 8 hours 
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of the fermentation experiment. When the pH value decreased to 4.60, the fermentation was 

considered complete. The remaining fermented milk was immediately cooled to stop the 

fermentation process and was used in further experiments. 

For the post-acidification assessment, the cooled fermented milk was kept in a plastic, i.e., sterile 

plastic yogurt containers (1 portion was 85 mL) at 25C. pH and the number of colony-forming units 

(CFU) of St. thermophilus monitoring were determined every 24 hours for one week. For the 

determination of the CFU, 25 mL of fermented milk was poured into 200 mL of 0.15% peptone water. 

Tenfold dilutions were used for the inoculation on a nutrient medium (tryptone, sucrose, yeast 

extract, potassium hydrophosphate, pH = 6.8). Colonies were counted after the incubation of the 

inoculations at 37C for 24 hours. 

The statistical significance of differences between the samples was determined by a one-way 

analysis of variance (ANOVA) by using the JMP 5.0.1 software (SAS Campus Drive, Cary, NC, USA). 

The mean values, where appropriate, were compared by applying the Student’s t-test at a significance 

level of p < 0.05. 

3. Results and Discussion 

3.1. Synthesis of complexes 

For the synthesis of chitosan/manganese complexes, a high molecular weight chitosan (200 kDa) 

was used. Since high molecular weight chitosans are insoluble in water, a 1% acetic acid was used as 

a solvent for the synthetic procedures was used. As a source of the metal center (Mn2+ ions), a highly 

water-soluble manganese(II) chloride tetrahydrate was chosen. The polymer/Mn2+ ratio was 1:2, 1:1, 

or 2:1 mono-mol/mol. 

All resultant chitosan-based complexes (named Chitosan + Mn2+ (1:2), Chitosan + Mn2+ (1:1), and 

Chitosan + Mn2+ (2:1)), yielded transparent suspensions (Error! Reference source not found., B). After 

the freeze-drying process, the complexes appeared as fine pale porous cotton-like materials (Error! 

Reference source not found., C). The synthesized complexes are easily redispersed in water after the 

freeze-drying procedure. The resultant suspensions are stable for a month and then, they undergo a 

gradual coagulation process. The ICP analysis confirmed the quantitative content of manganese in 

the samples. 

3.2. Dynamic and electrophoretic light scattering studies 

The stability of the suspensions was largely determined by the size of dispersed microparticles 

and their zeta potential [35]. Generally, a decrease in the hydrodynamic diameter of microparticles 

results in an increase in the stability of their suspensions [36]. Zeta potential is an extremely important 

indicator of the stability of microparticles in a liquid medium. A high (ca. 25 mV and more) absolute 

value of the zeta potential determines increased stability of the colloidal system, i.e. micro-suspension 

[37]. 

Herein, the hydrodynamic diameter and zeta potential of the prepared chitosan-based 

complexes were evaluated immediately after synthesis, after redispersion, and during 150 days of 

suspension in the dark at 5°C. 

Analysis of the starting chitosan solution by dynamic light scattering, expectedly showed a 

rapidly changing pattern of polymodal size distribution with sharply-changing intensities and peak 

positions. This fact is not surprising and it is explained by changes in the sizes of macromolecular 

coils as a result of thermal motion due to pronounced segmental mobility, as well as molecular mass 

and compositional heterogeneity of chitosan [38]. 

Almost immediately after mixing the chitosan and Mn(II) salt solutions, the situation changed 

dramatically, viz: the unimodal size distribution with constancy of intensity and peak position was 

detected. These changes indicated the formation of chitosan-metal complexes. Thus, a few minutes 

after mixing, starting with chitosan and manganese chloride solutions, the reaction mixtures gave 

rise to microparticles with a hydrodynamic diameter of ca. 150 nm for Chitosan + Mn2+ 1:2, ca. 274 nm 
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for Chitosan + Mn2+ 1:1, and ca. 174 nm for Chitosan + Mn2+ 2:1 with unimodal size distribution. 

Scanning electron microscopy (see example in Error! Reference source not found.) confirmed the 

unimodal distribution and showed the spherical shape of the resultant microparticles. All formed 

microparticles had a relatively high positive zeta potential value. (ca. 20 mV for Chitosan + Mn2+ (1:2), 

ca. 30 mV for Chitosan + Mn2+ (1:1), and ca. 20 mV for Chitosan + Mn2+ (2:1)). After lyophilization, the 

prepared microparticles completely recover their size, shape and zeta potential within 30 min, and 

this indicated their high re-dispersibility. 

 

Figure 2. Scanning electron micrograph of the microparticles Chitosan + Mn2+ (1:2). 

The value of the hydrodynamic radius was relatively constant and fluctuated around 273±64 nm 

(Chitosan + Mn2+ (2:1)), 233±41 nm (Chitosan + Mn2+ (1:1)) и 261±63 nm (Chitosan + Mn2+ (1:2)) during 

the experiment (150 days, Error! Reference source not found., A). 

The zeta potential of the microparticles was more subjected to fluctuations than their sizes, the 

zeta potential of all microparticles of the complexes obtained, tended to change over time from 37 

mV (2 days) to 5 mV (150 days) for Chitosan + Mn2+ 2:1, from 35 mV (2 day) to 5 mV (150 day) for 

Chitosan + Mn2+ 1:1, and from 37 mV (2 day) to 5 mV (150 day) for Chitosan + Mn2+ 2:1 (Error! Reference 

source not found., B). 

A month after the start of the experiment, a gradual weakening in turbidity and coagulation as 

a result of the monotonous destabilization of the complexes due to a decrease in the aggregate 

stability of the particles was observed. The aggregate stability, in turn, decreased due to a decrease 

in the absolute value of the ζ-potential (Error! Reference source not found.). 

 

Figure 3. Hydrodynamic radii (A) and ζ-potentials (B) of the chitosan–Mn2+ systems (the relative standard 

deviation for all points was below 5%). 
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Table 1 summarizes the statistical and correlation analysis data for the components 

“hydrodynamic radius–time”, “ζ-potential–time” and “hydrodynamic radius–ζ-potential” over 150 

days of the experiment. 

Table 1. Statistical analysis of the characteristics of chitosan–metal systems. 

System 

Mean 

Hydrodynamic 

Radius ± 

Deviation, nm* 

Mean ζ- 

Potential ± 

Deviation, 

mV* 

Correlation 

Coefficient (r) 

Between 

Hydrodynamic 

Radius/Time 

Correlation 

Coefficient (r) 

Between ζ-

Potential/Time 

Correlation 

Coefficient (r) 

Between 

Hydrodynamic 

Radius/ζ 

Potential 

Chitosan + Mn2+ 

(2:1) 
273±64 18.8±11.5 -0.43 –0.77 0.53 

Chitosan + Mn2+ 

(1:1) 
233±41 23.0±9.1 -0.24 –0.91 0.42 

Chitosan + Mn2+ 

(1:2) 
261±63 14.1±9.4 0.00 –0.89 0.18 

The correlation coefficient 

between components 

r = 0 

r = 0 – ±0,35 

r = ±0,36 – 

±0,65 

r = ±0,66 – 

±0,99 

r = –1 or +1 

There is no dependence 

The dependence is weak 

The dependence is average 

The addiction is strong 

The addiction is functional 

* Mean value ± SD, n=3. 

Statistical and correlation analyses of experimental data showed that there is no relationship 

between the parameters: “hydrodynamic radius” and “time”, as well as the “hydrodynamic radius” 

and the “ζ-potential” for the microparticles of the synthesized complexes since the p-value is 

unreliable (p < 0.05) and poorly describes the nature of the relationship between these quantities. In 

addition, the correlation coefficients have a low value (r < 0.65). Statistically unreliable values of the 

correlation coefficient (crossed out in the table) at p < 0.05 for the obtained systems meant the absence 

of any statistically significant relationship between the parameters, which in turn also meant the 

impossibility for further mathematical processing and functional approximation. 

On the contrary, there was a clear statistical dependence between the parameters: “ζ-potential” 

and “time”. All the microparticles of the synthesized complexes are described by a medium-strong 

inverse dependence, which indicated a statistically reliable decrease in the value of the ζ-potential 

over the post acidification time. A strong correlation dependence (r = ±0.66 – ±0.99) presupposes the 

possibility of approximating the value of the ζ-potential from time by a mathematical function. 

The obtained results indicated that the synthesized systems were not in equilibrium. This can be 

explained by the rearrangements in the polymer chain of chitosan, for example, the processes of the 

gradual depolymerization of the macromolecule, reactions of a rare cross-linking, the partial 

oxidative destruction of chitosan, etc. The Mn(II) center, in turn, can also affect the stability of the 

polymer-metal systems (competitive interaction of the solvent molecules with the metal center, can 

change in the reactivity of the ligand [39]). 

The obtained systems are considered as potential extenders of the shelf life of products based on 

fermented milk (e.g. yogurts). The conventional shelf life of such products is between 7–10 days. The 

microparticles of the synthesized complexes were stable for at least a month, therefore, it is believed 

that they are appropriate for the intended purpose. However, since the complexes are non-

equilibrium systems, they should be produced as a lyophilizate and re-dispersed immediately, before 

use. 
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3.3. FTIR analysis 

FTIR spectroscopy was employed to further investigate the interactions between chitosan and 

the Mn(II) center in the complexes prepared. A set of previously published data [39–41] was used to 

identify the absorption bands in the spectra obtained (Error! Reference source not found.). The wave 

numbers of the absorption maxima are presented in Error! Reference source not found.. 

 

Figure 4. IR spectrum of chitosan and complexes with Mn2+. 

Table 2. Wave numbers of maxima (cm-1) of absorption bands of chitosan complexes with Mn2+. 

 Chitosan 
Chitosan in Acetic 

acid 

Chitosan + Mn2+ 

(2:1) 

Chitosan + Mn2+ 

(1:1) 

Chitosan + Mn2+ 

(1:2) 

C-H 893 893 899 899 897 

Cycle С–O–С 

Cycle –OH 

985, 1024, 

1059 
988, 1023, 1065 995, 1020, 1082 994, 1019, 1070 995, 1016, 1070 

νС–О 1150 1151 1152 1150 1150 

CH2 1320 1302, 1338 1304, 1344 1304, 1326 1299, 1324 

δO–H 1375 1378 1379 1384 1383 

δC–H 1419, 1454 1404 1415, 1451 1413, 1451 1413, 1453 

δN–H 1542, 1589 1548 1549 1545, 1579 1548 

νС=О 1649 1634 1624 1617 1616 

νС–H 2868, 2914 2877, 2924 2890, 2934 2894, 2934 2894, 2936 

νO–H + νN–H 3291, 3352 3185, 3267, 3356 3331 3218, 3343 3212, 3325 

The coordination of chitosan to the Mn(II) center did not cause any noticeable change in the 

positions of the characteristic bands due to the vibrations of the C–O–C bonds of the pyranose ring 

and the ring-bound O–H groups (∆ 10 cm-1). However, the interaction of chitosan with Mn2+ resulted 

in a noticeable shift of the C=O group vibration band (∆ 30 cm-1) and the vibration bands of the N–H 

and C–H bonds, and also the O–H bonds that are not bounded directly to the pyranose ring (∆ 5–15 

cm-1 for deformation vibrations, ∆ 50 cm-1 for stretching vibrations of the N–H, O–H bonds, and ∆ 20 

cm-1 for stretching vibrations of the C–H bonds). These results indicated that the coordination of 

chitosan to the Mn(II) center through the C=O, N–H, and not bounded directly to the pyranose ring 

O–H functional groups [42–44]. 

3.4. X-ray diffraction studies 
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The complexes were also characterized by the X-ray diffraction technique for structural analysis 

(powder diffraction). The diffraction patterns (Error! Reference source not found.) demonstrated the 

fact that the complexes, as well as the starting chitosan, were amorphous in nature. 

 

Figure 5. Diffractograms of chitosan and chitosan complexes with Mn2+. 

The diffraction patterns also showed a change in the peak profile of chitosan in the sample after 

dissolution in acetic acid when compared to the starting polymer. A shift in the main peak of chitosan 

was observed, indicating a rearrangement of the polymer structure because of the formation of 

chitosan acetate [45,46]. After the interaction of chitosan with Mn(II) chloride, no peaks in the 

diffraction patterns of the complexes were observed, corresponding to the original salt. Thus, the 

obtained chitosan/manganese systems were homophase. 

3.5. Differential thermal and thermogravimetric analysis 

Differential thermal and thermogravimetric analysis were employed to study the thermal 

stability of the sample complexes and to evaluate the effect of the introduction of Mn2+ ions into the 

polymer matrix. Thermograms of the synthesized complexes (Error! Reference source not found. and 

Error! Reference source not found.) showed that the decomposition of the chitosan moiety occurred 

in two main stages [47–50]. 

The first stage happened at a temperature of ~60°C and it was characterized by a mass loss of 

between 7% to 20%. This stage was accompanied by an endothermic effect due to the evaporation of 

water bound to the polymer matrix and/or coordinated to the Mn(II) center [51].  

Table 3. Thermograms of chitosan complexes with Mn2+. 

№ Sample 

Endoeffect 

(°С) – loss of 

absorbed 

water 

Weight 

Loss (%) of 

absorbed 

water 

Exoeffect (°С) – 

Thermal 

Destruction of 

the Polymer 

chain, cleavage 

of glycosidic 

bonds 

Exoeffect (°С) 

– 

decomposition 

of chitosan 

crosslinks 

Weight Loss 

(%) of thermal 

decomposition 

Total Mass 

Loss (%) 

1 Chitosan 76 7.09 329 489 91.79 98.88 

1’ 

Chitosan 

in acetic 

acid 

62 7.00 238, 294 453, 507 92.31 99.31 

2 
Chitosan + 

Mn2+ (2:1) 
65 13.14 284 387, 513 73.29 86.43 
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3 
Chitosan + 

Mn2+ (1:1) 
54 15.15 286 396, 420, 501 67.95 83.10 

4 
Chitosan + 

Mn2+ (1:2) 
78 19.75 285 403, 479 50.81 70.56 

 demonstrates a marked increase in water content in the complexes associated with an increase 

in manganese content. This was not surprising since the Mn(II) center prefers to coordinate to the so-

called hard Lewis ligands, primarily H2O. 

The second stage begun at ca. 225 °C and continued up to 580 °C. This stage resulted in a mass 

loss of ~92% for Chitosan, ~73.29% for Chitosan + Mn2+ (2:1), ~67.95% for Chitosan + Mn2+ (1:1), and 

~50.81% for Chitosan + Mn2+ (1:2). This was associated with the gradual destruction of the polymer 

chain and the burning of its decay products. The destruction of chitosan was manifested by the 

cleavage of glycosidic bonds, then the resulting oligomers decomposed with the subsequent 

formation of acetic, butyric acids, as well as lower fatty acids [48]. 

 

Figure 6. TGA curves of chitosan and chitosan–Mn2+. 
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Figure 7. DTA curves of chitosan and chitosan–Mn2+. 

Table 3. Thermograms of chitosan complexes with Mn2+. 

№ Sample 

Endoeffect 

(°С) – loss of 

absorbed 

water 

Weight 

Loss (%) of 

absorbed 

water 

Exoeffect (°С) – 

Thermal 

Destruction of 

the Polymer 

chain, cleavage 

of glycosidic 

bonds 

Exoeffect (°С) 

– 

decomposition 

of chitosan 

crosslinks 

Weight Loss 

(%) of thermal 

decomposition 

Total Mass 

Loss (%) 

1 Chitosan 76 7.09 329 489 91.79 98.88 

1’ 

Chitosan 

in acetic 

acid 

62 7.00 238, 294 453, 507 92.31 99.31 

2 
Chitosan + 

Mn2+ (2:1) 
65 13.14 284 387, 513 73.29 86.43 

3 
Chitosan + 

Mn2+ (1:1) 
54 15.15 286 396, 420, 501 67.95 83.10 

4 
Chitosan + 

Mn2+ (1:2) 
78 19.75 285 403, 479 50.81 70.56 

3.6. Fermentation kinetics and pH changes 

At the first stage, the effect of the obtained Chitosan–Mn2+ systems (Chitosan + Mn2+ (2:1), Chitosan 

+ Mn2+ (1:1) and Chitosan + Mn2+ (1:2)) on fermented milk pH changes and the fermentation kinetics 

were investigated. The effects of the synthesized systems with manganese chloride were compared. 

In the investigations, different masses of the tested samples containing the same amount (1.3 mg per 

1000 mL of milk) of Mn2+ cations were employed. In addition, a blank experiment which excluded 

the use of any additives were carried out. The rate and depth of pH changed dramatically depending 

on the type of additive used. The results of the experiment are shown in Error! Reference source not 

found.. The highest rate of the pH decrease was observed in the case of the control experiment, i.e. 

without any additives. Eight hours after the start of the fermentation experiment, the pH value 

reached 4.30. Mn(II) chloride caused the least acidification of milk in the same period of time (pH = 

5.21). According to their ability to reduce the pH of fermented milk, the Chitosan–Mn2+ systems were 

arranged in the following order: Chitosan + Mn2+ (1:2) (pH after 9 hours 4.74) < Chitosan + Mn2+ (1:1) 

(pH after 8 hours 4.45) < Chitosan + Mn2+ (2:1) (pH after 8 hours 4.37). Since the amount of Mn(II) was 

the same in all the tested systems, the observed effect was related to the amount of chitosan: the 

greatest acidification of fermented milk was caused by the Chitosan + Mn2+ (2:1) system that contained 

the largest amount of chitosan (Error! Reference source not found.). 
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Figure 8. pH changes of the milk under fermentation (the relative standard deviation for all points was 5–10%). 

A similar pattern for the milk fermentation time was observed. The fermentation time was 

considered to be achieved when the pH reached 4.60 [52,53]. The fermentation time was found to be 

inversely proportional to the fermentation rate. The shortest fermentation time (Error! Reference 

source not found.) was observed in the control experiment and in the case of using the Chitosan + 

Mn2+ (2:1) system (4 hours and 5 hours, respectively). Error! Reference source not found. displays the 

fact that the fermentation rate decreased with a decrease in the chitosan content in the system. For 

the Chitosan + Mn2+ (1:2) system and the manganese chloride, the fermentation time was more than 8 

hours. 

 

Figure 9. Fermentation time for the different systems studied (the relative standard deviation for all points was 

5–10%). 

3.7. Dynamics of CFU number changes during fermentation 

At the next stage, the ability of the additives to influence the number of colony-forming units 

(CFU) producing bacteria St. thermophilus in the fermented milk in comparison with the control 
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experiment (without any additives) was assessed. The initial number of CFU in milk was 3.93×106 

CFU/ml. Over 8 hours of the experiment, the maximum increase in the number of CFU was achieved 

in the case of the control experiment; the number of CFU/ml increased to 1.12×109. The use of Chitosan 

+ Mn2+ 2:1 for fermentation led to a similar result (1.04×106 CFU/ml). At the same time, the graphical 

dependence of lg CFU on time under the influence of the Chitosan + Mn2+ (2:1) system was close to 

that for the control experiment; even though the analysis of variance did not reveal any significant 

differences between the trends of these two curves (Error! Reference source not found.). Mn(II) 

chloride recorded a pronounced inhibitory effect on the growth of producing bacteria. Under the 

action of MnCl2, an increase in the CFU/ml value achieved was only up to 1.17×108, which was an 

order of magnitude less than in the case of the control experiment or Chitosan + Mn2+ (2:1) system was 

achieved. The other tested Chitosan–Mn2+ systems demonstrated intermediate positions. Their 

tendency to inhibit the growth of St. thermophilus in fermented milk increased with decreasing 

chitosan content. Thus, the results obtained were consistent with those for changing the pH and 

fermentation time: the tested additives with the highest chitosan content, not only caused the greatest 

souring of milk with the highest fermentation rate but also determined the highest growth rate of St. 

thermophilus. This result was consistent with the views that the fermentation kinetics was associated 

with the growth of St. thermophilus [54,55]. 

 

Figure 10. Changes in the number of CFU during fermentation (the relative standard deviation for all points was 

5–10%). 

3.8. Dynamics of changes in the number of CFU and pH of the fermented product during storage 

In the final stages of the experiments, the change in the pH and the number of CFU during the 

storage of fermented milk for 7 days monitored when conducting the experiments under 

thermostatted conditions at 25°C. The number of the CFU/ml, decreased during the experiment, but 

this trend was different for the tested samples, depending on the additive (Error! Reference source 

not found.). In the control experiment, the CFU/ml value decreased from ~109 to ~108.4, thereby 

demonstrating a pronounced and almost linear downward trend. Under the influence of the Chitosan 

+ Mn2+ (2:1) system, a less pronounced tendency to decrease in the number of producing bacteria was 

observed and the CFU value decreased only from ~109 to 108.7, with the main decrease observed in 

the first 3 days of the experiment, and subsequently, the level of the St. thermophilus remained 

relatively constant, with a tendency only to an insignificant monotonic decrease. In the case of the 
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other additives, the level of the bacteria decreased significantly, and this effect was most pronounced 

for the so-called “pure” manganese chloride. 

 

Figure 11. Monitoring St. thermophilus levels during storage (the relative standard deviation for all points was 

5–10%). 

The patterns of the pH changed in the fermented milk, during storage were similar (Error! 

Reference source not found.). In all cases, a decrease in pH despite a decrease in the number of 

bacteria was observed. This effect can be explained by the growth of other microorganisms that 

caused the so-called “post-acidification” of the fermented milk, as well as a cascade of side 

biochemical reactions [53]. 

 

Figure 12. Monitoring pH levels of milk during storage (the relative standard deviation for all points was 5–

10%). 
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A maximum post-acidification was observed in the control experiment. This resulted in the 

product becoming unsuitable on the 4th day of storage at 25 °C, since the pH of the product attained 

an undesirable value – below 4.4 [53,56,57]. The best result was achieved by using the Chitosan + Mn2+ 

(2:1) system as an additive; the pH level was almost the same with a slight, but insignificant tendency 

to decrease. Thus, the fermented milk retained its shelf life by almost 2 times longer when compared 

to the control when using the Chitosan + Mn2+ (2:1) system. 

4. Conclusions 

The results of this work can be considered from the following perspectives. 

1) Development and Characterization of Nanoparticles: 

The synthesis and fully characterization of nanoparticles based on chitosan and Mn(II) ions in 

various molar ratios: Chitosan + Mn²⁺ (1:2), Chitosan + Mn²⁺ (1:1), and Chitosan + Mn²⁺ (2:1) was 

successfully achieved; 

These nanoparticles exhibited microscale sizes and that their zeta potential in aqueous medium 

progressively decreased indicating sedimentation instability; 

XRD analysis confirmed that the nanoparticles were homophase systems. ICP analysis verified 

the quantitative manganese content, while IR spectroscopy and DTA-TG analysis demonstrated the 

coordination of Mn(II) to the chitosan matrix. 

2) Stimulation of Milk Fermentation: 

Among the tested systems, the Chitosan + Mn²⁺ (2:1) complex exhibited the ability to enhance the 

fermentation of the medium more effectively than the other ratios; 

Thus, this system significantly reduced the milk fermentation time, demonstrating its efficiency 

in promoting faster fermentation. 

3) Shelf-Life Assessment of Fermented Milk Products: 

Over a 7-day storage period, the Chitosan + Mn²⁺ (2:1) system exhibited the least pronounced 

decline in colony-forming units (CFUs) of Streptococcus thermophilus; 

The pH of the fermented milk products treated with this system remained nearly constant, with 

only a slight decrease, indicating enhanced stability; 

Using the Chitosan + Mn²⁺ (2:1) system nearly doubled the shelf life of fermented milk products 

compared to the control. 

Finally, the synthesized nanoparticles are promising candidates for further biological studies, 

both in vitro and in vivo. Ongoing research in our group aims to explore their broader biological 

applications and potential. 
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