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Vitaliy V. Khutoryanskiy  

University of Reading, Reading, UK 

Preface to the Special Issue “Advanced Polymers and Nanomaterials  

for Drug Delivery and Other Biomedical Applications” 

 

Guest Editor of the Special Issue “Advanced Polymers and 

Nanomaterials for Drug Delivery and Other Biomedical Applications” is 

Professor Vitaliy V. Khutoryanskiy.  

 

Vitaliy V. Khutoryanskiy is Professor of Formulation Science at the Univer-

sity of Reading, United Kingdom. His research interests focus on polymers, 

biomaterials, and drug delivery systems, particularly mucoadhesive materials 

and other advanced systems for biomedical applications. E-mail: 

v.khutoryanskiy@reading.ac.uk; https://orcid.org/0000-0002-7221-2630 

 

 

Water-soluble polymers and their crosslinked hydrogel counterparts are increasingly used in biomedical 

technologies owing to their distinctive physicochemical properties. These materials not only improve drug 

delivery but also provide important functions for addressing medical challenges. They can also serve as plat-

forms for the design of nanomaterials with tailored properties for a wide range of biomedical applications. In 

this context, the Special Issue “Advanced Polymers and Nanomaterials for Drug Delivery and Other Bio-

medical Applications” brings together 10 original research papers from experts in Iraq, Kazakhstan, Russia, 

and Uzbekistan. 

In the opening article of this Special Issue, researchers from the Institute of Polymer Chemistry and 

Physics in Tashkent, Uzbekistan, focus on chitosan, a naturally derived polysaccharide well known for its 

biocompatibility, biodegradability, low toxicity, mucoadhesive properties, and ability to coordinate metal 

ions through its amino and hydroxyl groups. These distinctive features make chitosan an especially attractive 

material for biomedical applications, including drug delivery systems, wound dressings, tissue engineering 

scaffolds, and nanocomposite design. While chitosan is most commonly obtained by deacetylation of chitin 

from crustacean shells, this study highlights a more unusual and regionally distinctive source: Bombyx mori 

(silkworm). Using chitosan derived from Bombyx mori, the authors investigate the in situ synthesis of man-

ganese-containing nanoparticles and demonstrate that the chemisorption method enables effective control 

over nanoparticle size and morphology. Their findings show how this silkworm-derived biopolymer can act 

as a stabilizing matrix for metal-containing nanostructures, opening new opportunities for the development 

of biocompatible nanocomposites and their future applications in biomedical engineering. 

Another important study from the Institute of Polymer Chemistry and Physics (Tashkent, Uzbekistan) 

describes the development of chitosan–caffeine nanocapsules via a self-assembly approach. By using 

https://doi.org/10.31489/2959-0663/1-26-0
mailto:v.khutoryanskiy@reading.ac.uk
https://orcid.org/0000-0002-7221-2630
https://orcid.org/0000-0002-7221-2630
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Bombyx mori chitosan as the shell material, the researchers obtained stable nanostructures with high encap-

sulation yields, further underscoring the value of this distinctive silkworm-derived polysaccharide for the 

preparation of advanced nanocarriers and other functional biomedical systems. 

The theme of chitosan-based materials is further developed in a study from Buketov Karaganda Nation-

al Research University (Kazakhstan), which focuses on mucoadhesive chitosan nanoparticles for the delivery 

of the anti-tuberculosis drug rifampicin. Using a central composite design to optimise the formulation, the 

authors show that ionotropic gelation can be successfully employed to produce spherical nanoparticles with 

high drug loading and favourable drug release profiles, highlighting the promise of these systems for muco-

sal drug delivery applications. 

Despite the unique properties of chitosan itself, there is sometimes a need to chemically modify this bi-

opolymer, imparting new properties to the resulting products. In this regard, the next article in this special 

issue, from the Institute of Polymer Chemistry and Physics (Tashkent, Uzbekistan), reports the synthesis of 

chitosan sulfate from Bombyx mori chitosan. They demonstrate how the degree of sulfation, controlled by 

reaction temperature, directly influences the polymer’s structural amorphization and hydrophilicity. With this 

polymer, they investigate the anticoagulant activity of the chitosan derivative.  

Beyond chitosan, a number of cellulose-derived polysaccharides are also water-soluble. One such ex-

ample is hydroxypropyl cellulose, which is widely used in pharmaceutical formulations. In their article, re-

searchers from Kazan State Medical University (Russia) exploited the ability of hydroxypropyl cellulose to 

interact with lightly crosslinked poly(acrylic acid) in mixed systems and designed floating tablets for 

gastroretentive drug delivery. Sodium bicarbonate was incorporated into these formulations, and the tablets 

were loaded with acyclovir. The authors reported the in situ formation of hydrogen-bonded interpolymer 

complexes during tablet swelling in the acidic environment of the stomach. 

Polymeric hydrogels continue to play an important role in a wide range of biomedical applications, in-

cluding contact lens materials, wound dressings, drug delivery systems, and tissue engineering scaffolds. Re-

searchers from the Department of Organic Chemistry and Polymers at Buketov Karaganda National Re-

search University (Kazakhstan) present a study on pH- and temperature-sensitive hydrogels based on 

poly(ethylene glycol)maleate. Their investigation shows how external physicochemical factors influence the 

behaviour of these terpolymers, which exhibit a remarkably high swelling capacity and a porous network 

structure. 

The second part of this special issue was devoted to nanomaterials for drug delivery and biomedical ap-

plications, and several papers explored different classes of such materials. Among them, researchers from the 

University of Sulaimani (Iraq) reported the development of solid lipid nanoparticles (SLNs) for oral drug 

delivery. Their study compared itraconazole-loaded SLNs prepared with different solid lipids, including 

myristic and stearic acids. The findings demonstrated that both lipid chain length and surfactant type, such as 

Pluronic F127 and Tween 80, play an important role in enhancing the solubility of poorly water-soluble anti-

fungal agents and achieving controlled drug release under varying pH conditions. 

A collaborative study by researchers from several Russian institutions, including Surgut State University 

and the Moscow Aviation Institute, investigates the design of biocompatible goethite (α-FeOOH) nanoparticles. 

The authors present the first comprehensive analysis of how different iron precursors and alkaline media affect 

the transformation of ferrihydrite into phase-pure goethite. Through the use of advanced characterisation tech-

niques, including 
57
Fe Mössbauer spectroscopy and electron microscopy, this work demonstrates the promise of 

iron-based nanomaterials as stable and safe platforms for biomedical and technological applications. 

Further highlighting the importance of precise control over magnetic nanomaterials, researchers from 

the Moscow Aviation Institute and the Federal Research Center of Problems of Chemical Physics and Me-

dicinal Chemistry (Russia) investigate how the size and magnetization of magnetite (Fe3O4) nanoparticles 

can be tuned. Their study systematically explores the effects of temperature and solvent ratios on nanoparti-

cle stoichiometry and the rheological behaviour of ferrofluids. By revealing a clear relationship between the 

magnetic induction gradient and nanoparticle capture efficiency in flow-through systems, this work offers 

valuable guidance for the optimisation of magnetic fluids for magnetotargeting and other advanced biomedi-

cal applications. 

Metal–organic frameworks (MOFs) are a versatile class of porous nanomaterials constructed from met-

al centres and organic linkers, and their scientific significance was recently underscored by the 2025 Nobel 

Prize in Chemistry, awarded for the development of metal–organic frameworks. Bringing the Special Issue 

to a close, a study by researchers from the Moscow Aviation Institute and the Sklifosovsky Research Insti-

tute for Emergency Medicine (Russia) emphasises the crucial influence of processing methods on the func-
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tional properties of nanomaterials. Their work on magnetic MOF nanoparticles demonstrates that even rou-

tine procedures, such as mechanical grinding and ultrasonication, may trigger substantial structural changes, 

including variations in magnetite stoichiometry and MOF stability. 

In summary, this Special Issue presents an excellent variety of examples demonstrating the applications 

of polymeric and nanomaterials in drug delivery and biomedicine. The papers collectively showcase the ver-

satility of these systems and underline the importance of rational material design in achieving improved ther-

apeutic performance and broader biomedical functionality. Taken together, they emphasise the continuing 

impact of advanced materials research on the development of next-generation pharmaceutical and biomedi-

cal technologies. 
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*

, Noira R. Vokhidova , Sayyora Sh. Rashidova   

Institute of Polymer Chemistry and Physics, Tashkent, Uzbekistan 

(*Corresponding author’s e-mail: kandiyor_ergashev@yahoo.com) 

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=O functional groups and manganese-containing nanoparticles. XRD 

analysis confirmed the reduction of Mn2+ 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-

tion, biopolymers, nanoparticle stabilization, particle morphology, size control 

 

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 

https://doi.org/10.31489/2959-0663/1-26-1
mailto:kandiyor_ergashev@yahoo.com
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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). It 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 (MnFe2O4) 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, MnO2, α-MnO2, β-MnO2, and Mn3O4. The synthesis of elemental manganese (Mn⁰) 
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 (Mn⁰). 
Manganese is rapidly oxidized upon exposure to air, forming oxide phases such as MnO, Mn3O4, and 

MnO2 [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., NaBH4, H2, LiAlH4) 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/MnO and Mn3O4) 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, MnO2, 

Mn3O4), and not enough attention has been paid to elemental Mn particles. According to a literature review, 

the number of articles on Mn⁰ 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, N₂) 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 41×10
3
 Da; deacetylation degree 86 %), 

MnCl2·4H2O with a purity of ≥ 99.0 % (Shanghai Aladdin Biochemical Technology Co., Ltd.), NaBH₄ with 

a purity of 98 % (Sinopharm Chemical Reagent Co., Ltd.), and mild reducing agent C6H8O6 (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
–1

). 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 Kα radiation (U = 22 kV, I = 16 mA). The crystallite size was calculated using the 

Debye-Scherrer equation (K = 0.9; β — FWHM; RD patterns were recorded using Co Kα radiation 

(λ = 1.7902 Å).). The degree of crystallization was determined by the ratio of the intensities of J (crystalline 

peak) and Jₐ (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 15×15 μm
2
 in the X and Y axes, and ≈ approximately one μm 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 (SiO₂). 

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 MnCl₂ was used. The 

reaction was carried out at 30 °C with intensive stirring at 600 rpm. A 0.025 mol/L solution of NaBH4 was 

added dropwise to this system. 

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

 MnCl2 + 2NaBH4 + 6H2O → Mn(s) + 2NaCl + 2B(OH)3 + 7H2↑ 

In sample S-1, only NaBH4 was used as a reducing agent. 

In sample S-2, ascorbic acid (C6H8O6, 3.5×10
–5

 mol/L) was added together with NaBH4 [33–38]: 

 MnCl2 + NaBH4 + C6H8O6 → Mn + NaCl + H2 + B(OCH2)3 +  

  + (Mn-borate complex and similar by-products) 

NaBH4, as a potent reducing agent, quickly reduces Mn
2+

 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]. 



Synthesis of Stabilized Manganese-Containing Nanoparticles … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 11 

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 MnCl2 solution was stirred at 30 °C and 

600 rpm, and a 0.025 mol/L NaBH4 solution was added dropwise. In sample S-3, only NaBH4 was used as a 

reducing agent. In sample S-4, ascorbic acid (3.5×10
–5

 mol/L) was added along with NaBH4. 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]. 

 

 
а) Synthesis of СS-Mn nanoparticles in the presence of NaBH4 reducing agent under in situ conditions 

 
b) Synthesis of СS-Mn nanoparticles in the presence of NaBН4/C6H8O6 reducing agent under in situ conditions 

Figure 1. Synthesis of СS-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 

3 to 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 

https://biorender.com/qy5h0tq
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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 μm. 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 μm, 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 μm. In con-

trast, the S-2 sample showed a dominant population with average hydrodynamic sizes in the range of 6–8 μm 

(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 

NaBH4 promotes rapid reduction of Mn
2+

 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
–1

 is characteristic of 

stretching vibrations of the –OH and –NH2 groups, which has a relatively broad appearance due to the strong 

N–N bonds in chitosan molecules. The peaks at 2920–2930 cm
–1

 and 2850 cm
–1

 correspond to asymmetric 

and symmetric C–H stretching vibrations of the –CH2 and –CH groups. The peak in the range of  

1650–1660 cm
–1

 (Amid I) mainly refers to stretching vibrations of the C=O bond. The peak in the region of 

1560–1580 cm
–1

 is associated with deformation vibrations of the N–H bond (Amid II). The peaks at  

1410–1430 cm
–1

 and 1375 cm
–1

 represent the stretching and bending vibrations of the –CH2 and –CH3 

groups, respectively. The band observed between 1150–1070 cm
–1

 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 –NH2 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
–1

 → ∼1636 cm
–1

 and ∼1402 cm
–1

 → 

∼1374 cm
–1

 (Fig. 3, 2). This indicates the electrostatic interaction of –NH2 and C–N groups with Mn 

particles on the surface [43, 45]. In some cases, the amide I/II peaks shifted from 1647 cm
–1

 to ∼1560 cm
–1

, 

indicating donor-acceptor interactions through the –C=O and –NH2 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
–1

, characteristic of C–O–C glycosidic bonds, are 

largely preserved. However, the decrease in intensity at 1258 cm
–1

 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 CH2/CH3 vibration peaks from 1423 cm
–1

 to 1383 cm
–1

 

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
–1

 in the IR spectrum [48, 49]. These peaks are due to the metal interacting with –OH and  

–NH₂ groups through surface activity. 

The IR spectrum of the S-4 sample, shows shifts in the –N–H and –C=O vibrational bands associated 

with –NH2, C=O, 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/CH2 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
–1

 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
–1

 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: 2θ = 10.49° (020) (amid I “–N–CO–CH₃”) and 19.95° (110) (amid II “–NH₂”) 
(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, α-Mn and β-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 α-Mn are located in the 

following positions in Cu Kα light: 2θ 38.5°, 44.8°, 65.1°. These peaks correspond to the (220), (311), (400) 

orientations, respectively [58]. The β-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 β-Mn phase are: 2θ 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. 

T a b l e  1  

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

No. 2θ, ° d, Å (FWHM) β, ° (Size) L, Å Сrystallinity, % 

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 

53 

4 11.73 7.53 2.38 35.0 

5 18.26 4.85 2.51 33.4 

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 43.5 

48 

9 11.58 7.64 2.37 35.1 

10 18.48 4.79 2.5 34 

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, 2θ 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 2θ 43.63° peak indicates that the Mn⁰ 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 α-Mn cubic (a — 5.218, b — 5.218, c — 5.218 Å), β-Mn cubic (a — 4.433, b — 4.433, c — 

4.433 Å) and tetragonal structure (a — 10.784, b — 11.329, c — 4.449 Å) was determined to be. 

In the XRD pattern of sample S-4, the peaks at 2θ 8.53° (020) and 11.73° (110) are shifts of the 10.49° 

peak in pure chitosan. The peaks at 2θ 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 2θ 43.63° (111) belongs to the 

crystalline phase of metallic manganese (Mn). Ascorbic acid more effectively chemically reduced Mn
2+

 ions 

to the Mn state, and manganese nanoparticles were formed with a high degree of crystallinity. In addition, a 

new 2θ 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 2θ ≈ 60°. It was found that 

the composition of sample S-4 was α-Mn cubic (a — 5.218, b — 5.218, c — 5.218 Å), β-Mn cubic (a — 

4.433, b — 4.433, c — 4.433 Å) and the formation of new crystal types of the CS-Mn system with a 

tetragonal structure (a — 11.81, b — 7.860, c — 4.072 Å). The results obtained in the S-5 sample show that 

ascorbic acid, as a reducing agent in the reaction, converts Mn
2+

 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 2θ ≈ 43° cannot be considered unambiguous 

evidence of the presence of Mn alone, as this region may overlap with reflections of MnO, Mn3O4, 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/MnxOy 

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 μm and that they were mainly 

distributed in the range of 0.154–0.462 μm. 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 100–200 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 µm 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). 

 

  а 

b с 

  d 

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 NaBH4) 

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 NaBH4/C6H8O6) 

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
2+

 in the presence of NaBH4 resulted in 

cubic, tetragonal, widely spaced, densely packed nanoparticles, while the reduction in the presence of 

NaBH4/C6H8O6 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 СS sample 

  a 

  b 

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 SiO2-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). 

 

 a      b 

Figure 10. SEM micrographs of sample S-3: (a) 1 µm scale bar; (b) 5 µm 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
2+

 ions in the presence of NaBH4 and NaBH4/C6H8O6 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). 

 

   a 
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   b 

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 (Мn
2+

/NaBH4/C6H8O6/–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       b 

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

   b 

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 (MnFe2O4) with chitosan have formed spherical [77–79], hillock, rod and sheet 

structures with ZnMn2O4 [77], patch-shaped structures with carbon nanofibers of Mn [80], spherical 

structures with Mn0.8Zn0.2Fe2O4 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 μm), 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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T a b l e  2  

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

№ Sample 

Mass 

of Mn, 

mg 

Mass 

of CS, 

mg 

DLS  

nm/μm 
SEM results 

AFM  

results 

EDS  

Mn (%) → 

Mn content:  

0.5–1.0 wt% 

Explanation 

1 
S-1 

(control) 
1.32 – 

10–12 μm 

(aggregated) 
– – – 

Rapid nuclea-

tion and en-

largement 

2 
S-2 

(control) 
1.32 – 

6–8 μm 

(aggregated) 
– – – 

Ascorbic acid 

controlled 

growth, but 

large 

3 
S-3 

(in situ) 
1.32 60 300–500 nm 

Cubic, tetragonal, 100–800 

nm (aggregates) 
50 ± 10 nm 

12.8 % → 

0.128 g 

Colloidal sta-

bility is high 

4 
S-4 

(in situ) 
1.32 60 300–500 nm Spherical, 500–750 nm 90 ± 20 nm 

11.3 % → 

0.113 g 

Symmetric 

sphere mor-

phology 

5 

Mn biological 

requirement 

(daily) 

2–5 

mg 

[83] 

– 
50–300 

[23, 31] 

Mn is spherical or cubic in 

its pure state, while CS can 

have spherical, cubic, rod-

shaped, tetragonal, and 

other morphologies; 

10–800 [45, 52] 

20–250 nm 

[60, 67] 
– 

WHO/EFSA 

standards 

[83] 

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 NaBH4 and NaBH4/C6H8O6 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=O functional groups in nanoparticle binding, supporting a chemi-

sorption-based stabilization mechanism. X-ray diffraction results verified the reduction of Mn
2+

 ions 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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Bombyx mori Chitosan–Caffeine Nanocapsules:  

Formation, Structural Features, and Physicochemical Properties 

This study aimed to engineer Bombyx mori chitosan–caffeine nanocapsules via a self-assembly approach and 

to comprehensively characterize their structural architecture, physicochemical properties, and release kinetics 

under precisely controlled pH conditions. Chitosan–caffeine nanocapsules were synthesized in aqueous me-

dium at low temperature under controlled acidic conditions (pH 3.2 and 4.5), achieving yields of 91–94 %. 

Their physicochemical properties were analyzed using UV and FTIR spectroscopy, X-ray diffraction, scan-

ning electron microscopy, and transmission electron microscopy. The results showed that hydrogen bonding 

and electrostatic interactions between the protonated amino groups of chitosan and the carbonyl groups of 

caffeine promoted the formation of spherical and oval nanostructures with diameters in the range of  

100–400 nm. Spectroscopic analysis confirmed the intermolecular interactions responsible for encapsulation, 

while X-ray diffraction indicated a decrease in caffeine crystallinity after incorporation into the polymer ma-

trix. SEM and TEM micrographs demonstrated efficient encapsulation of caffeine within the chitosan matrix 

and confirmed the formation of stable core–shell nanostructures. Release profile analysis showed that approx-

imately 20 % of the total caffeine content was released from the chitosan nanocapsules over the monitored 

period, confirming their controlled release behavior. These chitosan-caffeine nanocapsules hold potential for 

future use in the development of drugs with prolonged release properties. 

Keywords: chitosan, Bombyx mori, caffeine, nanoparticles, self-assembly, drug delivery systems, core–shell 

structures, controlled release 

 

Introduction 

Caffeine (CF, C8H10N4O2) is a biologically active compound widely used in pharmaceutical, 

nutraceutical, and cosmetic formulations due to its stimulant, antioxidant, and anti-inflammatory proper-

ties [1, 2]. However, its practical application is often limited by volatility, formulation-dependent solubility, 

local irritancy at elevated concentrations, and rapid diffusion in biological media. These factors are particu-

larly critical in applications where stabilization and controlled release are required, such as topical, oral, and 

mucosal delivery systems [1–4]. 

Encapsulation into nanoscale carriers has been shown to improve caffeine stability, mask bitterness, and 

modulate release behavior [1–4]. Alongside polymeric nanoparticles and liposomal systems, supramolecular 

approaches based on cyclodextrins and calixarenes have also been reported to enhance caffeine performance 

through host–guest interactions [5, 6]. Nevertheless, multicomponent supramolecular systems often involve 

overlapping interaction mechanisms, which complicates the interpretation of structure–property relationships 

and limits systematic optimization [7, 8]. 

Chitosan (CS), a cationic polysaccharide obtained by deacetylation of chitin, is an attractive carrier ow-

ing to its biocompatibility, biodegradability, mucoadhesive properties, and suitability for controlled drug de-

livery [9–13]. Despite these advantages, chitosan-based systems face important challenges, including 

pH-dependent solubility, aggregation under physiological ionic strength, and limited retention of small, wa-

ter-soluble molecules such as caffeine [14–17]. Various preparation techniques have been proposed, includ-

ing ionic gelation, emulsification–crosslinking, and self-assembly, each yielding distinct structural and re-

lease characteristics [16, 18–23]. 

In the self-assembly approach, chitosan macromolecules interact with drug molecules under defined pH 

and ionic conditions, leading to the formation of nanocapsules in which the polymer constitutes the sur-

rounding shell. Compared with other encapsulation techniques, self-assembly offers several advantages for 

chitosan–caffeine systems. The process is simple and environmentally friendly, as it does not require chemi-

cal crosslinkers or elevated temperatures, thereby preserving the chemical integrity and bioactivity of caf-

https://doi.org/10.31489/2959-0663/1-26-2
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feine. The resulting nanocapsules are stabilized by natural intermolecular interactions, which promote struc-

tural stability and effective drug retention. In addition, the intrinsic affinity between chitosan and caffeine 

facilitates efficient drug loading, while modulation of formulation parameters enables control over capsule 

size and structural organization. Owing to these features, self-assembly is a suitable approach for the fabrica-

tion of chitosan–caffeine nanocapsules [20–22]. 

Chitosan–caffeine nanocapsules represent a promising platform for pharmaceutical delivery, and their 

modular nature allows the potential incorporation of additional bioactive components, such as vitamins, min-

erals, or polyphenols, to develop multifunctional systems [19–21]. Despite numerous studies on caffeine en-

capsulation using liposomes, nanoliposomes, and simple polymeric carriers, and reports showing that chi-

tosan coating improves liposomal stability and mucoadhesion [23–28], several key limitations remain. Many 

studies rely on a single encapsulation strategy, such as chitosan-coated nanoliposomes or basic ionic-gelation 

particles, without systematically examining the influence of self-assembly parameters—particularly pH and 

chitosan-to-caffeine ratio—on caffeine stabilization. Furthermore, controlled-release claims are often not 

supported by detailed in vitro release analysis, and the physicochemical mechanisms governing the interac-

tion of weakly basic molecules like caffeine with chitosan matrices are still insufficiently clarified. In addi-

tion, co-encapsulation of caffeine with other bioactive compounds in chitosan nanocapsules has been only 

rarely investigated with validated stability and release performance [29–37]. 

Based on the above, the aim of this study is to obtain nanocapsules based on chitosan Bombyx mori and 

caffeine by the “self-assembly” technique, as well as to study their morphology, physicochemical, and pro-

longed properties. 

Experimental 

Bombyx mori chitosan (CS) with a molecular mass (MM) of 84,000 and a deacetylation degree (DD) of 

86 % was used, synthesized in laboratory conditions. Caffeine (CF) was purchased from China (CAS: 58-08-

2). Additionally, 0.1 % analytical standard HCl and tetrahydrofuran (C4H8O) were used as the solvents. All 

the above, the reagents were AR grade. 

Preparation of Chitosan-Caffeine Nanocapsules. To obtain chitosan-caffeine nanocapsules, a 1.0 % 

(w/v) solution of Bombyx mori chitosan in 0.1 N HCl and a 0.25 % (w/v) solution of CF in C4H8O were pre-

pared. A homogeneous solution of chitosan was obtained at 25 ± 1 °C and continuous stirring at 500 rpm for 

≈ 6 h. A 1 % (w/v) solution of caffeine in tetrahydrofuran (THF, C4H8O) was prepared for 50 min with vig-

orous stirring at 400 rpm. Nanocapsules were obtained at 35 ± 1 °C, 600 rpm for 1.5 h, and the mass ratios of 

the components were CS : CF = 1:0.3 and CS : CF = 1:0.03, respectively. The pH of the reaction mixture 

was adjusted to pH 3.2 ± 0.1 and pH 4.5 ± 0.1 using 0.1 N NaOH. Nanocapsule formation was induced by 

slowly adding 0.1 M Na2SO4 solution at a rate of 1 mL min
–1

, which served as an ionic cross-linking and 

precipitating agent. 

The suspension was then kept for 16 hours at 20 °C to achieve structural stabilization of the 

nanocapsules. The final product was separated by centrifugation for 10 min at 2000 rpm. The resulting pow-

der was then repeatedly washed with bidistilled water to pH 7 and freeze-dried at –50 °C and 0.03 mbar 

(Christ Alpha 1-4 LDplus) for 24 hours to constant weight. All experiments were performed in triplicate to 

ensure reproducibility. Selected synthesis parameters, such as polymer concentration, mass ratio, pH, tem-

perature, and stirring time, were optimized through preliminary screening to achieve encapsulation efficiency 

and obtain monodisperse nanoparticles. The results are presented in Table 1. 

T a b l e  1  

Effect of pH and mass ratios of the initial reaction components  

on the production of CS-CF nanocapsules. τ = 1.5 h; v = 600 rpm 

No Designation in the text Samples, mass ratio pH Reaction yield, % 

1 Sample 1 CS-CF=1:0.3 3.2 91 

2 Sample 2 CS-CF=1:0.3 4.5 94 

3 Sample 3 CS-CF=1:0.03 4.5 92 

 

Dynamic Light Scattering (DLS) Method. The size and distribution of particles in solutions were deter-

mined by dynamic light scattering (DLS) using a Photocor Compact-Z analyzer (Photocor Ltd., Moscow, 

Russia) equipped with a helium-neon laser operating at λ = 632.8 nm and 90° angle. The test solutions were 
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maintained at a thermostatted temperature of 25 ± 0.1 °C. The sample concentration was maintained at 

0.05 mg/mL to minimize aggregation effects. Each measurement was performed for 3 minutes and repeated 

at least three times. 

UV-Spectroscopic Studies. Measurements were performed on a SPECORD 210 spectrophotometer 

(Analytik Jena AG, Germany) in the wavelength range of 190–1000 nm with a 1 nm step and a scan rate of 

2 nm/s. The accuracy of UV photometry was studied using potassium dichromate in accordance with the re-

quirements of the European Pharmacopoeia, with an error of ±0.01. UV–Vis spectra were recorded in a 

quartz cuvette with an optical path length of 1 cm. Solutions of the studied samples were prepared in 2 % 

acetic acid, where the concentration was 0.002 mol/L. The pH of the reaction system was determined using a 

“pH-150”. 

Fourier Transform Infrared (FTIR) spectroscopy in the range of 400–4000 cm
–1

 using a Bruker 

INVENIO-S spectrophotometer (Bruker Optik GmbH, Ettlingen, Germany) was used to study the structure 

of the samples. Samples were prepared as tablets containing potassium bromide (150–250 mg KBr), and the 

solid sample (1.5–2 mg) was finely ground using a porcelain mortar. The sample mixture was placed in a 

mold and maintained under vacuum conditions, then pressed under a pressure of 7×10
8
 Pa for 2 minutes. 

X-Ray Diffraction (XRD) analysis of the samples was performed on a DRON-3M (“Burevestnik”, 

St. Petersburg, Russia) X-ray diffractometer using monochromatic Co Kα radiation at 16 mA and 22 kV. 

Powdered samples were used for the study. The degree of crystallization (DC) of the samples was calculated 

by evaluating the intensity of the maximum diffraction curve based on the following formula: 

 
 

 
a

c a

I I i K
DC

I I i

 



, 

where, Ic and Ia are the intensities characteristic of the crystalline and amorphous regions, respectively [38]. 

Scanning Electron Microscope (SEM, JSM-IT 210, JEOL, Japan) was used to study the film morpholo-

gy. During measurements, the accelerating voltage (EHT—Extra High Tension) was applied in the range of 

5 kV to 15 kV, and the working distance was 10.8 mm. Images at various scales were obtained using 

InTouch Scope software. Energy dispersive spectroscopy (EDS) was used to determine the elemental com-

position of the synthesized samples, obtaining both spectra and elemental mapping images. 

Transmission Electron Microscope (TEM, Talos F-200i from Thermo Fisher Scientific, USA)—a high-

resolution TEM was used to determine nanoparticle sizes and film morphology. The voltage range was 20–

200 kV. TEM images were obtained using samples deposited on standard carbon-coated copper grids. 

In vitro Release Profile of Caffeine from Chitosan Nanocapsules (UV–Vis Spectroscopic Determina-

tion). The release profile of caffeine from chitosan nanocapsules was investigated using UV–

spectrophotometry under in vitro conditions. CS-CF nanocapsules were prepared and suspended in an aque-

ous medium, and their release behavior was monitored over a specified period [39–45]. Release measure-

ments were performed using a UV-Vis spectrophotometer with quartz cuvettes (optical path length of 1 cm). 

Absorption spectra were recorded in the wavelength range of 230–310 nm at selected time intervals (0, 900, 

1800, 3600, 5400, 7200, and 9000 s). The analytical wavelength was set at the maximum of λ = 242 ± 2 nm, 

which corresponds to the characteristic absorption band of caffeine. At each time point, the average absorb-

ance value was recorded on the display. To correct for background absorption, control spectra of a chitosan 

solution in 0.1 N HCl in the absence of caffeine were recorded under the same conditions. Corrected values 

were obtained by subtracting the control spectra from the spectra of the CS-СF sample, ensuring that the 

measured intensity reflects only caffeine release. 

The corrected absorbance values at each time point were normalized to the value at the final time point 

(9000 s), which was defined as 100 % release. The cumulative release percentage (%R) was calculated using 

the following equation: 

 % ( ) 100t blank

final blank

A A
R t

A A


 


, 

At is the absorbance at time t, Ablank is the absorbance of the blank solution, and Afinal is the absorbance at the 

final time point (9000 s). 

The release data were further analyzed using standard kinetic models. The Higuchi model was applied 

to evaluate diffusion-controlled release (Mt/M∞ = kHt), and the Korsmeyer–Peppas model (Mt/M∞ = k·t
n
) was 

used to determine the release exponent n. An exponent value close to 0.5 indicates Fickian diffusion, while 
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higher values suggest anomalous (non-Fickian) transport. Regression fitting was performed to estimate kinet-

ic parameters and interpret the release mechanism [39–45]. 

According to the Higuchi model, the release is proportional to the square root of time (t), which serves 

as the diffusion controller. The results deviate from the model at the initial points due to the “burst”, but in 

the range of 1800–5400 s, they fit the Higuchi line relatively well. Also, according to the Korsmeyer–Peppas 

model, Mt/M∞ ≈ k·t
n
. If n ≈ 0.5 → Fick diffusion; if n > 0.5 → anomalous (erosion + diffusion) mechanism. 

Accordingly, n is approximately in the range of 0.45–0.55, which indicates diffusion-controlled  

release [39-40]. 

For statistical analysis of the experimental results, particle size and encapsulation efficiency measure-

ments were performed in triplicate, and the results are expressed as mean ± standard deviation (SD). The sta-

tistical significance of differences between groups was assessed using a one-way analysis of variance 

(ANOVA) followed by a Tukey post-hoc test to determine pairwise differences between the different formu-

lations. A significance level of p < 0.05 was considered statistically significant. This approach ensures the 

reliability and reproducibility of the obtained results, as is widely reported in nanomaterials and pharmaceu-

tical research [46, 47]. 

Results and Discussion 

Hydrodynamic Sizes of Chitosan–caffeine Samples 

A suspension of the obtained CS-CF samples was prepared, and the hydrodynamic particle sizes were 

studied using DLS (Fig. 1). 

 

 

 

Figure 1. Hydrodynamic diameters and particle size distribution  

for samples of sample 1 (1), sample 2 (2), and sample 3 (3) 
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For samples 1 and 2, the predominant size range corresponded to average hydrodynamic diameters of 

400–600 nm, while the histogram for sample 3 demonstrated comparatively larger particles with average siz-

es in the range of 500–700 nm. Overall, the results in Figure 1 demonstrate that the CS-CF samples exhibit a 

high degree of size polydispersity, ranging from approximately 20 nm to 1.5 μm. The polydispersity index 

(PDI) values ((Standard Deviation/Mean)²) are 0.580 for sample 1, 0.604 for sample 2, and 0.477 for sam-

ple 3 [48]. It appears that the formation of nanoparticles under the selected conditions for producing chi-

tosan–caffeine nanocapsules is regulated by self-assembly mechanisms. That is, nanostructures are formed 

through electrostatic interactions between the protonated amino groups of chitosan and the polar regions of 

caffeine, supplemented by hydrogen bonds between the –NH groups of chitosan, as well as the C=O and het-

erocyclic –N atoms of caffeine. These non-covalent interactions promote the cooperative association of 

components, suppress the crystallization of caffeine, and stabilize the nanoscale structures. 

UV-Spectroscopy 

In spite of chitosan lacking a chromophore with high absorbance, its UV spectrum shows an absorption 

peak corresponding to π→π transitions in the range with a maximum at λ = 198–204 nm. In addition, a broad 

absorption band at λ = 280–310 nm is due to electronic transitions associated with amine and amide groups, 

as well as electronic transitions of conjugated structures (n→π*) [49]. In caffeine, the absorption band ob-

served around 205 nm can be attributed to π→π* transitions associated with the conjugated ring system and 

carbonyl groups, while the band near 272 nm corresponds to n→π* transitions of the carbonyl moieties [50]. 

The expansion at 280–294 nm has been shown to be a result of their interaction with other mole-

cules (Fig. 2) [51]. 

 

 

Figure 2. UV-spectra samples of chitosan (1); sample 1 (2); sample 2 (3); sample 3 (4), and caffeine samples (5) 

The UV spectra of the chitosan–caffeine samples show the interaction of chitosan macromolecules with 

caffeine. The caffeine peak at λ = 266–273 nm is slightly shifted toward lower wavelengths, indicating the 

encapsulation of caffeine through the formation of hydrogen bonds (–NH3
+
 … O=C) between the protonated 

form of the amino groups of chitosan (–NH3
+
) and the carbonyl groups of caffeine (C=O) [52]. Such a bond 

partially “strains” the π-electron system of caffeine, and the energy required for electron transfer increases, 

which leads to a shift of λmax toward shorter wavelengths. It is evident that an additional absorption band at 

304 nm appears in the spectrum of sample 2, which is explained by the presence of conjugated structures in 

the chitosan molecule [53-54]. Thus, the UV analysis confirms the encapsulation of caffeine in the chitosan 

matrix. 
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FTIR Spectroscopy 

The IR spectrum of chitosan exhibits a broad absorption band at 3400–3200 cm
–1

, which is associated 

with the stretching vibrations of hydroxyl (OH) and amino (NH) groups. The absorption band at 2920–

2850 cm
–1

 corresponds to the stretching vibrations of CH in the aliphatic groups (CH, CH2, CH3) of chitosan. 

Vibrations in the absorption band at 1650–1600 cm
–1

 are very important and are related to the complex struc-

ture; in particular, the absorption band at 1600 cm
–1

 is characteristic of the stretching vibrations of the prima-

ry amine (NH2). Stretching vibrations corresponding to C–N bonds were also observed at 1420 cm
–1

, and 

deformation vibrations of –CH groups at 1380 cm
–1

. The absorption band at 1150–1000 cm
–1

 is the “saccha-

ride” absorption band, which corresponds to the stretching vibrations of glycosidic bonds. The absorption 

bands at 1070 cm
–1

 and 1030 cm
–1

 are characteristic of the C=O bond, and the absorption band at 1150 cm
–1

 

is characteristic of the C–O–C bridge (Fig. 3, 1) [21, 49]. 

 

 

Figure 3. IR spectra of samples: chitosan (1), caffeine (2), and sample 2 (3) 

The IR spectrum of caffeine displays CH stretching vibrations at 2950–2850 cm
–1

, which are character-

istic of the methyl groups attached to the nitrogen atoms in caffeine. These absorption bands are typically 

recorded in the spectrum of caffeine and are used to confirm the presence of methyl groups. The absorption 

bands at 1700 cm
–1

 and ~1650 cm
–1

 characterize C=O stretching vibrations of the carbonyl groups. Caffeine 

has two carbonyl groups, the exact position of which can vary slightly depending on the crystal form or envi-

ronment. These carbonyl bands are considered the “fingerprint” of caffeine and are important for its identifi-

cation. In addition, the absorption band in the 1550 cm
–1

 region is attributed to vibrations of the –C=N 

groups of the imidazole ring. The absorption bands at 1480 cm
–1

 and ~1450 cm
–1

 are characterized by C=C 

stretching vibrations of the aromatic ring and –CH bending vibrations of the methyl groups [55]. These peaks 

indicate the presence of a heterocyclic ring system in caffeine. The stretching vibrations at 1235 cm
–1

 are 

associated with –C=N bonds connecting the methyl groups to the nitrogen atoms in the ring. The region be-

low 1200 cm
–1

 contains complex vibrations associated with –CN and C=O stretching, as well as ring defor-

mations [56] (Fig. 3, 2). 

The IR spectrum of sample 2 of CS-CF nanocapsules shows a broadening of the vibrational range of 

3400–3200 cm
–1

, characteristic of the –OH and –NH groups. The change in the width and intensity of this 

band indicates the interaction of chitosan with caffeine through their hydroxyl and amino groups. Also, a 

shift of the intense absorption band of the stretching vibrations of the amide I and amide II bonds of chitosan 

at 1640–1540 cm
–1

 is possibly associated with the interaction of caffeine with chitosan through hydrogen 
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bonds. Furthermore, due to a decrease in the intensity of the characteristic peaks of caffeine in CS-CF, it is 

assumed that under the chosen synthesis conditions, caffeine is encapsulated by chitosan [56–58] (Fig. 3, 3). 

X-Ray Diffraction Patterns 

X-ray diffraction study of the structure of caffeine reveals a high degree of crystallinity, which is re-

flected in its diffraction pattern by intense peaks at 2θ 11.79°; 12.43°; 20.88°; 23.66°; 24.01°; 26.14°; 26.38°; 

26.79°; 27.02°; 28.35°; 29.49°; 30.26°; 36.36°; 38.06°; 39.01° and 39.58°, as well as other weak crystalline 

peaks (Fig. 4) [58, 59]. The size of caffeine single crystals at the indicated 2θ angles varied from 2 to 50 nm, 

averaging 25 nm. X-ray diffraction analysis of chitosan reveals that the polysaccharide has a semicrystalline 

structure. A weak diffraction peak at 2θ ≈ 10.4° indicates partial ordering of the chitosan chains, while a 

more pronounced peak at 2θ ≈ 19.95° is characteristic of the hydrated crystalline form of chitosan 

(MM 84 kDa; DD 86 %) (Fig. 4; line 3). These features are due to intra- and intermolecular hydrogen bonds 

in the polymer structure. The intensity and width of these peaks depend on factors such as the chitosan 

source, the degree of deacetylation, and processing conditions [60]. 

 

 

Figure 4. X-ray diffraction patterns of the sample 1 (1), sample 2 (2), and chitosan (3) 

The X-ray diffraction patterns of the CS-CF nanocapsule samples differ significantly from those of the 

original CS and CF (Fig. 4; lines 1 and 2). It emerged that in the CS-CF samples, a shift in the characteristic 

crystalline peaks of CF at 2θ 11.8°, 18.7°, 23.1°, 35.8°, and 43.7° was observed, and the intensity of the 

characteristic peak associated with the semicrystalline structure of chitosan decreased, although it became 

broader. This behavior indicates a partial disruption of the semicrystalline structure of chitosan caused by its 

interaction with caffeine. The incorporation of caffeine molecules into the CS macromolecule disrupts the 

inter- and intramolecular hydrogen bonds between the chitosan chains, which leads to a decrease in 

crystallinity rather than to a complete destruction of the structure. At the same time, X-ray diffraction data 

indicate that the interaction is predominantly localized at the phase boundary, where the surface region of the 

caffeine core interacts with the surrounding chitosan shell, while some caffeine may retain residual crystal-

line order within the capsule. Shifts in the crystal peaks at 2θ further indicate interaction between caffeine 

and chitosan at the molecular level. The parameters of the crystalline unit cell of chitosan and nanocapsules 

were also calculated and are presented in Table 2. 
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T a b l e  2  

Crystal cell parameters of CS and CS-CF nanocapsules  

No. 2θ, ° d, Å (FWHM) β, ° (Size) L, nm 

Chitosan 

1 10.49 8.43 2.54 3.28 

2 19.95 4.44 1.98 4.3 

CS-CF Sample 1 

3 11.89 7.44 1.41 5.93 

4 18.73 4.735 2.02 4.17 

5 23.17 4.01 2.9 3 

6 35.82 2.505 0.75 11.7 

7 43.75 2.067 1.3 6. 8 

CS-CF Sample 2 

8 11.92 7.42 1.62 5.13 

9 18.96 4.677 1.43 5.9 

10 23.17 4.01 2.9 2.9 

11 35.23 2.545 3.3 2.6 

12 44.5 2.03 3.6 2.5 

 

The sample 2 nanocapsules showed that it has a monoclinic type crystal structure: a — 7.211 Å, b — 

2.806 Å, c — 9.305 Å; α — 90º, β — 90º, γ — 90º. Thus, the monoclinic structure provides insights into the 

stability of the nanocapsules, which is important for their application in drug delivery. 

Scanning Electron Microscope (SEM) Results 

A SEM image of chitosan demonstrates that it has a generally porous, loose structure with numerous ir-

regularities and channels. A scale estimate shows that the large particles have a diameter of approximately 1–

5 μm. Within these structures, the presence of smaller structures, possibly in the range of 100–300 nm, can 

be predicted (Fig. 5). The particles are round or oval in shape, indicating possible self-assembly. Some areas 

appear as denser aggregates, which may indicate partial agglomeration of the particles. On the whole, the 

structure appears well-distributed, without large clumps, indicating a stable distribution of the compo-

nents [61, 62]. 

 

        
 a  b 

Figure 5. SEM micrographs of the surface morphology of chitosan: a — ×10 μm; b — ×2 μm 

SEM micrographs reveal elongated, needle-like structures (Fig. 6), which are characteristic of crystal-

line caffeine morphology reported in previous studies [63]. 
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 a  b 

Figure 6. SEM micrographs of the surface morphology of caffeine: a — ×20 μm; b — ×10 μm 

Figures 7–9 show the SEM micrographs obtained according to Table 1. The results indicate that the 

morphology of the nanocapsules depends significantly on the pH of the synthesis and the ratio of chitosan to 

caffeine. From Figure 7, it is evident that the morphology of sample 1 CS-CF formed particles of different 

sizes, approximately from 224 nm to 448 nm, within which spherical nanoparticles can be distinguished, in-

dicating a controlled self-assembly and encapsulation process. The spherical morphology is typical of chi-

tosan-based nanocarriers formed through ionic gelation or polyelectrolyte complexation, and similar features 

have been noted for caffeine-loaded chitosan nanocapsules [2, 21]. 

 

      
 a  b 

Figure 7. SEM micrographs of the surface morphology of sample 1: a — ×5 μm; b — ×2 μm 

      
 a  b 

Figure 8. SEM micrographs of the surface morphology of sample 2: a —×5 μm; b — ×2 μm 
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 a  b 

Figure 9. SEM micrographs of the surface morphology of sample 3: a — ×5 μm; b — ×1 μm 

It should be emphasized that pH adjustment changes the degree of protonation of chitosan and thus con-

trols the balance between intermolecular attraction and repulsion. After particle formation, the residual posi-

tive surface charge of chitosan creates electrostatic repulsion between particles, limiting uncontrolled aggre-

gation and ensuring the formation of stable, self-assembling spherical nanocapsules. 

As evidenced by Figure 8, the surface morphology of sample 2 nanocapsules is similar to that of sam-

ple 1. Particle size varies: for example, one is approximately 365 nm long, while another is approximately 

224 nm, and some are even larger, reaching 448 nm. Surface area (S) and height (H) measurements were 

taken, indicating the three-dimensional characteristics of the particles. 

Results from surface morphology studies of sample 3 show that the largest particles are approximately 

120 nm and 116 nm in size (Fig. 9). Smaller particles, approximately 71 nm and 28.4 nm in size, are also 

present. It is noteworthy that the particles have different sizes and shapes, which may indicate their complex 

morphology. The difference in size may indicate the presence of aggregates or individual nanoparticles. 

Thus, it was demonstrated that the resulting nanocapsules have a distinctive surface morphology com-

pared to the original components. It was found that encapsulating caffeine with chitosan macromolecules 

results in particles that differ from chitosan and caffeine in both size and shape. 

Transmission Electron Microscope (TEM) Results 

TEM images of nanocapsules—sample 1 and sample 2 show the presence of capsule-shaped particles 

with overall dimensions of approximately 215 nm (Fig. 10). In both cases, these particles are surrounded by 

a shell with a characteristic thickness in the range of approximately 150–200 nm, indicating the formation of 

well-developed capsule structures. The similarity of the characteristic dimensions confirms the reproducibil-

ity of nanocapsule size under different synthesis conditions, while variations in shell thickness reflect differ-

ences in the degree of chitosan precipitation and structural compaction. 

 

           
 a  b 

Figure 10. TEM images of sample 1 (a) and sample 2 (b) 
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The microphotograph of sample 3 shows nanostructures. In the center and left are two particles, 120 nm 

and 116 nm in size, respectively. Smaller particles extending from them are 71 nm, 51.3 nm, and 28.4 nm. 

Overall, the images show nanostructures with the expected particle sizes (Fig. 11a). Figure 11b shows a par-

ticle with a length of 81 nm, likely corresponding to a small region or thickness of part of the structure. 

107 nm is another measured dimension, possibly the length or width of a particular part. 264 nm and 265 nm 

are two very similar dimensions that may indicate the width or extent of different parts of the object. The 

overall scale of the image is 200 nm, indicating that all measurements refer to tiny structures, likely on the 

micro- or nanoscale (Fig. 11b). 

 

            
 a  b 

Figure 11. TEM images of chitosan-caffeine sample 3 

The results of SEM and TEM studies confirm the formation of predominantly spherical and oval chi-

tosan-caffeine nanocapsules. SEM micrographs revealed well-dispersed nanoparticles with a smooth surface 

and minimal agglomeration, indicating a uniform morphology. TEM images further demonstrate that caf-

feine was effectively encapsulated within the chitosan matrix, forming core-shell nanostructures with a clear 

contrast between the polymer shell and the encapsulated core. These results confirm the efficient encapsula-

tion and stable morphology of the synthesized nanocapsules [2, 21]. 

Controlled Release of Caffeine 

Controlled release of caffeine is essential for increasing the bioavailability of drugs and reducing side 

effects. The results obtained show that at 900 s, λ ≈ 242 nm, A = 1.455 (maximum); thereafter, the peak in-

tensity decreased and stabilized in the range of A = 1.12–1.21 from 3600 to 9000 s. The spectral shift: λpeak 

gradually shifted from 242 nm → 236 nm. This hypsochromic shift indicates that the microenvironment sur-

rounding caffeine (pH, interaction with the polymer) is changing (Fig. 12). 

 

 

Figure 12. Dependence of the percentage of caffeine release from chitosan nanocapsules on time 
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Figure 12 manifests that the relatively high intensity in the initial stages of prolongation compared to 

the final stage indicates that the majority of the caffeine is quickly released from the capsule at 900 s of the 

process. In other words, a “burst” release is observed. This is explained by the rapid diffusion of caffeine 

molecules near the surface. Subsequently, the caffeine within the matrix is gradually released, providing a 

prolonged release phase. Comparison of the obtained results reveals a shift in the λ peaks and an initial high 

intensity of chitosan capsules in the matrix-solvent medium. This is due to the fact that she protonated amino 

groups of chitosan interact with caffeine molecules through ionic and hydrogen bonds. Over time, these 

bonds weaken, and the caffeine is released. Therefore, an initial rapid release (burst) occurs, followed by a 

slow release phase controlled by diffusion. A biphasic release profile is advantageous in pharmaceuticals, 

since the first phase provides a rapid therapeutic effect, while the second phase maintains a stable concentra-

tion over an extended period (Fig. 12) [64–67]. In conclusion, the release of caffeine from chitosan-caffeine 

nanocapsules is a two-stage process: Rapid release (~900 s) and diffusion-controlled extended release (1800–

9000 s) are observed. The shift in the λ peak confirms the change in the caffeine microenvironment within 

the chitosan matrix. The kinetic analysis is consistent with the Higuchi and Korsmeyer–Peppas models, indi-

cating that the release occurs predominantly through Fickian diffusion. This profile confirms the potential of 

chitosan-caffeine nanocapsules as a drug delivery system with rapid and extended release. 

Conclusions 

The study demonstrated that the formation of chitosan–caffeine nanocapsules is strongly influenced by 

both the pH of the reaction medium and the mass ratio of the components. Under the selected conditions 

(pH 3.2 and 4.5), the reaction yields reached 91–94 %, confirming the efficiency of the applied synthesis ap-

proach. DLS analysis revealed hydrodynamic particle sizes predominantly in the 400–700 nm range with 

polydispersity indices of 0.477–0.604, indicating the formation of heterogeneous but stable nanoscale disper-

sions. UV–Vis spectroscopy showed a hypsochromic shift of the characteristic caffeine absorption band, 

confirming intermolecular interactions within the polymer matrix. FTIR spectra demonstrated broadening 

and shifts in the –OH/–NH and amide regions, supporting the formation of hydrogen bonding between chi-

tosan and caffeine. XRD patterns indicated a decrease in the crystallinity of caffeine after encapsulation, re-

flecting disruption of its ordered structure within the composite system. SEM micrographs revealed predom-

inantly spherical and oval particles with average sizes of approximately 220–450 nm for samples synthesized 

at higher caffeine ratios and 30–120 nm for the lower-ratio system. TEM analysis further confirmed discrete 

nanocapsules with characteristic dimensions around 200–400 nm, supporting the formation of structurally 

organized polymer–drug assemblies distinct from the initial components. The release profile showed that the 

cumulative percentage of caffeine released from chitosan nanocapsules reached approximately 20 % over the 

monitored time period. These results collectively confirm the successful formation of chitosan–caffeine 

nanocapsules and substantiate their potential for controlled drug delivery applications. 
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Rifampicin Loaded Chitosan-Based Nanoparticles:  

Optimization, Characterization, and Mucoadhesion 

One of the important problems in modern pharmaceutical technology is the development of effective and safe 

drug delivery systems. In this regard, the development of nanostructures that deliver drugs in a targeted man-

ner and increase their bioavailability is of particular importance. Biodegradable polymers form the basis of 

such systems. Among natural polysaccharides, chitosan deserves special attention. Colloidal particles made 

from chitosan, especially nanoparticle-based systems, increase the solubility of drugs and enable their effec-

tive delivery through the mucosal layer. This study aimed to prepare chitosan nanoparticles loaded with an 

anti-tuberculosis drug (rifampicin) using the ionotropic gelation method. A central composite design (CCD) 

was used to study the effects of chitosan concentration, rifampicin concentration, medium pH, and ethanol 

volume on particle size, polydispersity, and nanoparticle yield. The optimized nanoparticles were spherical in 

shape with an average particle size of 386±9 nm and a polydispersity index of 0.259±0.025. The rifampicin 

loading and nanoparticle yield of the optimized nanoparticles were 20 % and 71 %, respectively. The pro-

duced nanoparticles were analyzed using thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC), and the results showed no interaction between the drug and the polymer. Drug release 

from the polymer matrix was studied at different pH values stimulating the gastrointestinal tract. The 

mucoadhesive activity of rifampicin-loaded chitosan nanoparticles was investigated through the interaction 

with mucin in acetate buffer solution (pH 5.5) and phosphate buffer solution (pH 6.8). The results showed 

higher mucoadhesive activity in an acetate buffer solution. 

Keywords: drug delivery, rifampicin, bioavailability, nanoparticles, chitosan, tuberculosis, anti-tuberculosis 

drugs, ionic gelation, mucoadhesion, mucin 

 

Introduction 

Tuberculosis represents a significant threat to global health, ranking as the second leading cause of 

death from infectious diseases after human immunodeficiency virus (HIV). Approximately 10 million people 

worldwide are diagnosed with tuberculosis annually, and this figure has been increasing since 2020 [1]. 

Among several anti-tuberculosis drugs, rifampicin (RIF) is considered one of the most effective and plays an 

important role in short-term therapy. Rifampicin is a model anti-tuberculosis drug with good chemical and 

physical properties. However, it also has limitations, such as low bioavailability, drug resistance, low perme-

ability through cell membranes, insufficient access to the infected areas, and degradation before reaching its 

destination [2]. Therefore, it is advisable to develop an alternative delivery system for rifampicin and a 

method for its implementation. The situation is complicated by the fact that each year more than 15 % of pa-

tients are found to have multiple drug resistance or resistance to rifampicin [3] due to non-compliance with 

the dosage regimen by the patient. The use of natural polymer carriers is a promising solution to these prob-

lems. Delivering drugs using nanoscale carriers can increase their bioavailability and significantly prolong 

the effect of the drug. This is especially important when resistance to anti-tuberculosis drugs develops. 

Previously, several polymers were used to manufacture nanoparticles for delivery through the lungs, in-

cluding polylactide, polylactide-co-glycolide, albumin, chitosan, and alginates [3–6]. The natural polymer 

chitosan, containing β-(1 → 4)-linked D-glucosamine and N-acetyl-D-glucosamine, is widely used due to its 

biological solubility, biocompatibility, ability to bind to the mucous membrane (depending on the positive 

charge in an aqueous environment), low toxicity, and antimicrobial activity [7–10]. In addition, chitosan has 

high adhesion, enabling it to bind effectively with alveolar macrophages and helps achieve the goal. 

Colloidal particles made from chitosan, especially in the form of nanoparticles, increase the solubility 

of drugs and enable their effective delivery through the mucous layer [11–13]. The large surface area of col-
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loidal particles and their special physicochemical properties allow them to be used as carriers for drugs, ad-

sorbents, and biomaterials [14, 15]. However, the process of producing chitosan colloidal particles depends 

on a number of factors and requires certain conditions. The correct selection of parameters for this process 

directly affects the properties (size, shape and stability) of the resulting particles. Modern mathematical and 

statistical methods are used to determine the optimal conditions. One of them is the central composite design 

(CCD) method. This method allows describing multifactorial systems, determining the relationship between 

variables, and developing a mathematical model. Its advantage is that it allows obtaining extensive data from 

a limited number of experiments, which saves time and resources. 

In this work, the process was optimized using the central composite design method to produce rifampic-

in-loaded chitosan colloidal particles (CS-RIF) by a modified ionotropic gelation method. Although rifam-

picin-loaded chitosan nanoparticles have previously been obtained using ionotropic gelation and optimized 

using statistical design methods, limitations related to the low solubility of rifampicin and poor control over 

nanoparticle size and loading efficiency remain insufficiently addressed. In this study, ethanol is introduced 

as an additional formulation factor in a modified ionotropic gelation process and systematically optimized 

using a central composite design. The inclusion of ethanol improves the solubility of rifampicin and pro-

motes the formation of nanoparticles with reduced size and a narrower size distribution. Chitosan concentra-

tion, rifampicin concentration, pH of the medium, and ethanol volume were selected as factors influencing 

the particle size and polydispersity index (PDI) of the CS-RIF nanoparticles. The aim of this study is to de-

velop rifampicin-loaded chitosan nanoparticles and to investigate their physicochemical characteristics, drug 

release kinetics, and mucoadhesive properties. 

Experimental 

Materials 

The following reagents were used in the experiment: low molecular-weight chitosan, rifampicin, sodi-

um tripolyphosphate (TPP), Sodium Acetate Anhydrous (>99 %) and porcine gastric mucin Type II from 

Sigma-Aldrich (Germany), ethanol 90 % (Dosfarm, Kazakhstan) and acetic acid (Scat Company, Kazakh-

stan). 

Purification of Chitosan 

To purify chitosan, we used the method reported by Yang et al [16]. For this purpose, 0.3 g of chitosan 

was weighed and stirred until completely dissolved in 30 mL of 0.1 M hydrochloric acid (HCl) solution. The 

solution was continuously stirred in an orbital shaker-incubator at 40 °C overnight. Then the solution was 

filtered and centrifuged at 10,000 g for 1 hour, and the supernatant was collected. 0.5 M NaOH solution was 

added dropwise to the supernatant until the pH was reached 10 and a white precipitate appeared. The mixture 

was centrifuged at 5,000 g for 30 minutes. The supernatant was removed, and the chitosan precipitate re-

mained at the bottom of the tubes. Distilled water was added to the tubes, and the mixture was centrifuged at 

5,000 g for 10 minutes. The chitosan precipitate was placed in a Petri dish and dried by lyophilization for  

4-5 hours. 

Preparation of CS-RIF Nanoparticles 

Nanoparticles based on chitosan and rifampicin were synthesized using the ionotropic gelation method 

with some modifications [17, 18]. Purified chitosan (0.4 g) was dissolved in 0.05 % acetic acid (40 mL) and 

continuously stirred in an orbital shaker-incubator at 40 °C overnight. The resulting chitosan solution was 

adjusted to the required pH (4, 5 or 6). The chitosan solution was mixed with deionized water to produce a 

CS solution with a concentration of 2.5, 5 or 7.5 mg/mL. Rifampicin was dissolved in a 0.15 % DMSO solu-

tion to obtain a concentration of 0.25, 0.5 or 0.75 mg/ mL. The resulting drug solution was added to the CS 

solution and stirred for 10 minutes. To the CS-RIF solution, 4, 6 or 8 mL of 90 % ethanol was added 

dropwise at a rate of 1 mL/min. Finally, 0.5 % sodium tripolyphosphate (TPP) was added dropwise at a 

CS:TPP ratio of 3:1, and the resulting mixture was stirred at room temperature for 6 hours. Next, the nano-

particles were separated using a centrifuge (Eppendorf 5420, Hamburg, Germany) at 15,000 rpm for 30 

minutes. The nanoparticles were purified with distilled water three times by centrifugation. A schematic rep-

resentation of the method for producing nanoparticles is shown in Figure 1. 
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Figure 1. Schematic illustration of production CS-RIF nanoparticles by ionic gelation method 

Central Composite Design for Nanoparticle Optimization 

Optimization of CS-RIF nanoparticle production was performed using a central composite design with 

various factors, including chitosan concentration, rifampicin concentration, medium pH, and ethanol content. 

Design Expert® software (version 13, Stat-Ease, Minneapolis, Minnesota, USA) was used to create a CCD 

matrix of four factors with three levels each (Table 1). 

T a b l e  1  

Experimental factors for CS-RIF nanoparticle synthesis and corresponding levels 

Independent Variable 

Variable Level 

Low 

–1 

Center 

0 

High 

1 

Concentration of CS, mg/mL 2.5 5 7.5 

Concentration of RIF, mg/mL 0.25 0.5 0.75 

рН 4 5 6 

Ethanol volume, mL 4 6 8 

 

Determination of Particle Size, Polydispersity and ζ-potential of CS-RIF nanoparticles 

The nanoparticle size distribution and polydispersity index were measured using Zetasizer Nano S90 

(Malvern Instruments Ltd., Malvern, UK) by Dynamic Light Scattering (DLS). For the size analysis of CS-

RIF nanoparticles, 5–8 drops of nanoparticles suspension were added to 1.5–2 mL of distilled water. The 

measurements of the samples were conducted at 25 °C while using a 90° scattering angle for detection. 

Evaluation of Drug Loading Efficiency and Nanoparticles’ Yield 

For spectrophotometric measurements of nanoparticle solutions loaded with a drug substance, RIF solu-

tions were prepared at various concentrations as reference values. Measurements were performed using a UV 

spectrophotometer (Shimadzu UV-1800 dual-beam scanning spectrophotometer, Japan). The absorbance of 

the samples was measured at a wavelength of 470 nm (λ) against a 0.15 % DMSO solution. 

To determine the yield, the nanoparticles were left to dry for several days and their mass was measured. 

The loading efficiency of drug and nanoparticles yield were calculated using the following formulas: 

https://biorender.com/ieb2gof
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  
Total mass of   mass of free 

Loading efficiency  , % 100 %
Mass of  

RIF RIF
LE

NPs


   

  
Mass of  

Nanoparticles yield  % 100 %
Total mass of   mass of   mass of  

NPs

RIF CS TPP
 

 
 

In Vitro Drug Release from CS-RIF nanoparticles 

The kinetics of rifampicin release from the polymer matrix were determined by the dialysis dilute HCl 

or in phosphate-saline buffer at 37 °C in three different environments (0.2 M HCl with pH 1.2, 0.1 M phos-

phate buffer with pH 6.8 and 7.4). For this purpose, 24 mg drug-loaded nanoparticles were dispersed in 3 mL 

phosphate buffer and treated with ultrasound for 10 minutes. The resulting dispersion was transferred to a 

dialysis membrane (MwCO: 8,000–14,000 D). The membrane was fixed on both sides with clamps, placed 

in a container with 14 mL dilute HCl or phosphate-saline buffer and placed in a thermostat at 37 °C. The 

amount of drug released from the polymer nanoparticles was determined by UV spectroscopy (wavelength 

λ = 470 nm), and the degree of release was calculated using the following formula: 

  
Mass of released 

Drug release % 100 %
Mass of total   in nanoparticles

RIF

RIF
   

Thermogravimetry and Differential Scanning Calorimetry Analysis of CS-RIF nanoparticles 

Thermogravimetric and differential scanning calorimetric studies were performed using a LabSYS evo 

TGA/DTA/DSC analyzer (Setaram, Caluire, France). Measurements were performed in the temperature 

range from 30 °C to 915 °C. The samples were placed in aluminium oxide crucibles and heated at a con-

trolled rate of 10 °C/min. The analysis was carried out in a nitrogen atmosphere at a constant gas flow rate of 

30 mL/min. 

Infrared Spectroscopic Analysis of CS-RIF nanoparticles 

The characteristics of the produced nanoparticles and rifampicin samples were studied using IR spec-

troscopy with an FSM 1202 spectrometer (Infraspek Ltd., Russia). The potassium bromide pellet method was 

used to record Fourier transform infrared (FTIR) spectra. The spectra were recorded in the wavenumber 

range from 4000 to 400 cm
–1

. 

Study of the Mucoadhesive Properties of CS-RIF Nanoparticles 

To study the mucoadhesive properties, the turbidimetric method with a Hach 21000AN laboratory 

turbidimeter (Hach Company, USA) was used [19–21]. To assess the effect of the medium on the 

mucoadhesive properties, two different buffer solutions were used: an acetate buffer solution (pH 5.5) and a 

phosphate buffer solution (pH 6.8). In each buffer medium, 0.0015 g of mucin was dissolved and the initial 

optical density was measured at 255 nm. Then 0.0195 g of rifampicin-loaded chitosan nanoparticles were 

added to the same solution. The solution was incubated at 37 °C and the optical density was measured for 

4 hours to study the dynamics of the mucoadhesive effect. The interaction of mucin with CS-RIF nanoparti-

cles was calculated using the following equation: 

   sample initial

sample

Absorbance   Absorbance 
Mucin binding efficiency  %   100 %

Absorbance 


  . 

Statistical Analysis 

All experiments were carried out at least three times. The results are reported as means with standard 

deviations. To analyze independent groups, a one-way analysis of variance was applied using Minitab19 

software. The effect of the suggested experiments on the responses was analyzed using Design Expert soft-

ware to generate the main effects of various factors regardless of each other, and then an analysis of variance 

(ANOVA) was performed to determine statistically significant factors. The optimal experimental conditions 

were identified by selecting the function. 

Results and Discussion 

There are various methods for producing chitosan-based nanoparticles, including ionotropic gelation, 

nanoparticle deposition, and emulsification-based methods [22–26]. Among them, ionotropic gelation is one 
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of the most commonly used methods due to the use of mild reagents, a simple preparation process, and ease 

of controlling the size of the nanoparticles. In this method, ionic mixing occurs between the protonated ami-

no groups of chitosan and the negatively charged groups of polyanion (sodium tripolyphosphate), thus form-

ing nanoparticles [27]. Using a previously developed technique [17, 18], chitosan nanoparticles loaded with 

rifampicin were produced at the initial stage. The particle size of CS-RIF NPs and their polydispersity are 

not good enough (diameter more than 823±11 nm, PDI 0.742±0.049), which limits their potential use as drug 

delivery systems in the body. Thus, it is necessary to optimize the method specifically for producing chi-

tosan-rifampicin nanoparticles, taking into account the properties and solubility of the active substance. The 

novelty of this work is the addition of ethanol during the production of CS-RIF nanoparticles. Ethanol plays 

several roles in the creation of nanoparticles by ionotropic gelation method. Ethanol increases the solubility of 

rifampicin, thereby improving the drug loading efficiency in the polymer matrix. It also reduces interfacial ten-

sion in particle-particle interactions, thus preventing nanoparticle aggregation [28–30]. Therefore, ethanol acts 

not only as a co-solvent, but also as a key factor in regulating nanoparticle size and drug loading efficiency. 

The aim of this study is to optimize the parameters for producing rifampicin-loaded chitosan-based na-

noparticles. To achieve this goal, key factors such as chitosan concentration, rifampicin concentration, medi-

um pH and ethanol volume were analyzed. In addition, the physicochemical properties, drug release from the 

polymer matrix at different pH values, and mucoadhesive properties of the produced CS-RIF nanoparticles 

were studied. 

The central composite design method was used to optimize the above parameters. This optimization 

method allows the interactions of a large number of variables to be determined by conducting a limited num-

ber of experiments. Previously, the CCD method has demonstrated good results in optimizing the synthesis 

of nanoparticles for the delivery of antituberculosis drugs [3, 31]. To optimize the parameters of CS-RIF na-

noparticles, 17 experiments were conducted. Table 2 shows the structure of the orthogonal matrix and the 

results of measuring the size and polydispersity of the particles, as well as the rifampicin loading efficiency 

and nanoparticle yield. 

T a b l e  2  

Formulations of CS-RIF nanoparticles using central composite design and their evaluation parameters 

Nanoparticles 
[CS], 

mg/mL 

[RIF], 

mg/mL 
рН 

Ethanol 

volume, mL 
Size, nm PDI LE, % 

NPs yield, 

% 

NP 1 5 0.5 5 4 426±8 0.264±0.024 33±9 88±8 

NP 2 7.5 0.75 4 4 563±4 0.751±0.122 38±8 20±4 

NP 3 2.5 0.75 6 8 461±10 0.226±0.004 49±2 12±7 

NP 4 5 0.75 5 6 427±9 0.247±0.014 36±8 94±9 

NP 5 2.5 0.75 4 8 575±9 0.236±0.022 41±3 6±4 

NP 6 5 0.5 5 6 491±13 0.233±0.030 20±8 28±3 

NP 7 5 0.5 4 6 507±5 0.275±0.039 29±2 5±5 

NP 8 7.5 0.25 4 8 528±7 0.527±0.049 36±2 4±2 

NP 9 2.5 0.5 5 6 376±6 0.242±0.021 31±8 90±6 

NP 10 7.5 0.25 6 8 315±9 0.307±0.137 37±4 54±6 

NP 11 5 0.5 5 8 493±13 0.257±0.016 15±4 68±1 

NP 12 2.5 0.25 6 4 347±2 0.264±0.004 40±8 17±4 

NP 13 7.5 0.5 5 6 238±5 0.233±0.028 28±3 54±3 

NP 14 2.5 0.25 4 4 425±8 0.364±0.061 38±8 11±3 

NP 15 5 0.25 5 6 440±8 0.258±0.011 27±2 75±1 

NP 16 7.5 0.75 6 4 371±15 0.434±0.262 45±2 93±8 

NP 17 5 0.5 6 6 664±6 0.317±0.048 35±6 91±5 
Results are shown as mean ± standard deviation (n = 3) 

 

According to the results obtained (Table 2), depending on the synthesis conditions, CS-RIF nanoparti-

cles with diameters ranging from 238±5 to 664±6 nm can be produced, with polydispersity also varying sig-

nificantly from 0.226±0.004 to 0.751±0.122. The smallest particle size was in sample NP13 (238±5 nm) with 

a chitosan concentration of 7.5 mg/mL, rifampicin concentration of 0.5 mg/mL, pH of 5, and ethanol volume 

of 6 mL. The drug loading and nanoparticle yield values are also significant parameters, ranging from 

15±4 % to 49±2 % and from 4±2 % to 93±8 %, respectively. 
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To determine the applicability and significance of the mathematical model for evaluating particle size, 

polydispersity, and NP yield, the analysis of variance (ANOVA) was used (Table 3). 

T a b l e  3  

ANOVA results for particle size, polydispersity, and low-frequency yield 

Response Source Sum of Squares 
Degree  

of Freedom 
Mean Square F-value p-value 

Size 

Model 27906.25 3 9302.08 0.8261 0.5027 

A — Concentration of CS 2859.48 1 2859.48 0.2539 0.6228 

B — Concentration of RIF 11710.08 1 11710.08 1.04 0.3272 

C — рН 19377.60 1 19377.60 1.72 0.2123 

D — Ethanol volume 5669.16 1 5669.16 0.5034 0.4905 

Residual 1.464E+05 13 11260.77 
  

Cor Total 1.743E+05 16 
   

PDI 

Model 0.1487 3 0.0496 4.20 0.0278 

A — Concentration of CS 0.0846 1 0.0846 7.16 0.0190 

B — Concentration of RIF 0.0030 1 0.0030 0.2413 0.6321 

C — рН 0.0366 1 0.0366 3.10 0.1019 

D — Ethanol volume 0.0275 1 0.0275 2.32 0.1513 

Residual 0.1536 13 0.0118   

Cor Total 0.3023 16    

NPs yield 

Model 6476.16 3 2158.72 1.93 0.1740 

A — Concentration of CS 792.10 1 792.10 0.7096 0.4148 

B — Concentration of RIF 432.96 1 432.96 0.3690 0.5549 

C — рН 4946.18 1 4946.18 4.43 0.0553 

D — Ethanol volume 737.88 1 737.88 0.6610 0.4308 

Residual 14511.93 13 1116.30   

Cor Total 20988.08 16    

 

The ANOVA results showed that the size of the nanoparticles did not significantly depend on the inves-

tigated factors, indicating a possible influence of nonlinear effects or interactions. At the same time, the PDI 

index significantly depended on the chitosan concentration (p = 0.0190), confirming its key role in the for-

mation of homogeneous particles. The model was statistically non-significant for nanoparticle yield, but pH 

showed a near-significant to significant effect (p = 0.0553), indicating its potential importance for further 

optimization. For PDI, the predicted R² value meaning which was equal to 0.0325, is not in reasonable 

agreement with the adjusted R
2
 value (0.3747) and a similar discrepancy is observed for nanoparticles yield, 

where the predicted R
2
 of 0.1108 is not as close to the adjusted R

2
 of 0.4643. Nevertheless, the Adequate 

Precision for both responses (for PDI 7.8 and for nanoparticles yield 5.9) indicates an adequate signal and 

this model can be used to navigate the design space. 

The model developed based on CCD for evaluating particle size, polydispersity and NP yield is pre-

sented below. In these formulas: A is the chitosan concentration, B is the rifampicin concentration, C is the 

pH, and D is ethanol. 

 Size = +449.94 – 16.91A + 34.22B – 44.02C + 23.81D 

 PDI = +0.3197 + 0.0920A + 0.0174B – 0.0605C – 0.0524D 

 NPs yield = +48.05 + 8.90A + 6.58B + 22.24C – 8.59D 

The resulting regression equations showed that the size of nanoparticles depends most on pH, while 

polydispersity increases with increasing chitosan concentration and decreases with pH optimization and eth-

anol addition. The yield of nanoparticles is determined mainly by the pH value and, to a lesser extent, by the 

chitosan concentration. Thus, regulating the acidity of the medium is a key factor both for controlling parti-

cle size and uniformity as well as increasing their yield. 

The influence of various factors on nanoparticle size, polydispersity, and NP yield is illustrated using a 

three-dimensional (3D) diagram (Figures 2–4). 

Three-dimensional response diagrams show the influence of independent factors on the average size of 

nanoparticles (Figure 2). On the surface reflecting the combined effect of chitosan and rifampicin concentra-
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tions, it can be seen that changes in these parameters have virtually no significant effect on particle size. 

These graphs are consistent with the results of the analysis of variance (ANOVA), where these factors did 

not show statistical significance. In contrast, the diagram in Figure 2b, reflecting the influence of pH and 

ethanol volume, shows more pronounced dynamics. With an increase in pH, there is a tendency for particle 

size to decrease, which is explained by a reduction in the degree of protonation of chitosan amino groups 

and, as a result, a decrease in electrostatic repulsion between polymer chains and a reduction in their degree 

of hydration [32]. Analysis of the response surface shows a slight increase in the size of chitosan nanoparti-

cles at higher ethanol volumes (from 426 to 473 nm), although the ANOVA results (p = 0.4905) indicate low 

statistical significance. This suggests that ethanol is not a major independent factor. But it may indirectly 

influence nanoparticle formation by altering the polarity of the medium and modulating the effect of pH or 

chitosan concentration. 

 

      
 a b 

Figure 2. Three-dimensional (3D) response surface diagrams of the impact of independent factors  

on average particle size: (a) CS concentration – RIF concentration; (b) pH – Ethanol volume 

Figure 3 shows 3D diagrams of the influence of independent variables on the polydispersity of the 

obtained particles. Graph 3a shows that chitosan concentration has a significant influence on PDI, as 

mentioned in the ANOVA analysis. As the chitosan concentration increases, the polydispersity increases 

from 0.228 to 0.406. 

 

      
 a b 

Figure 3. Three-dimensional (3D) response surface diagrams of the impact of independent factors on PDI:  

(a) CS concentration – RIF concentration; (b) pH – Ethanol volume 
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The response surface diagrams in Figure 4 show that the yield of nanoparticles increases at high pH, 

while an increase in ethanol volume leads to a decrease in yield. This dependence is explained by a decrease 

in the solubility of chitosan and partial destabilization of the ionic cross-linking process in the presence of 

ethanol. Although the model is not statistically significant (p = 0.174), the observed trend indicates that 

maintaining a moderate pH value and minimum ethanol content promotes more efficient nanoparticle for-

mation. 

 

      
 a b 

Figure 4. Three-dimensional (3D) response surface diagrams of the impact of independent factors  

on nanoparticles yield: (a) CS concentration – RIF concentration; (b) pH – Ethanol volume 

After ANOVA analysis, parameters for computer optimization were selected using the Design Expert 

program. Table 4 shows the criteria used for optimization to obtain CS-RIF nanoparticles with minimum size 

and maximum yield. 

T a b l e  4  

Limitations on independent variables and outcomes for optimization production CS-RIF nanoparticles 

Name Goal Lower Limit Upper Limit 

A: CS concentration is in range –1 1 

B: RIF concentration is equal to 0 –1 1 

C: рН is equal to 1 –1 1 

D: Ethanol volume is in range –1 1 

Size minimize 238.2 663.8 

PDI minimize 0.226 0.751 

NPs yield maximize 4 94.9 

 

The program suggested the following parameters as optimal conditions: chitosan concentration 

3.7 mg/mL, rifampicin concentration 0.46 mg/mL, ethanol volume 4 mL, pH value 6.0. Thus, using the rec-

ommended program parameters, rifampicin-loaded nanoparticles were synthesized. The characteristics of the 

produced chitosan nanoparticles were close to the values suggested by the program (Table 5). Consequently, 

the CCD method is effective for optimizing the synthesis process of CS-RIF nanoparticles (Figure 5). 

T a b l e  5  

Predicted and experimental results for CS-RIF nanoparticles 

 Size, nm PDI Yield, % 

Predicted 390±10 0.264±0.108 74±3 

Experimental 386±9 0.259±0.025 71±2 

Error (%) 1 1.9 3.8 
All values represent the mean ± S.D. (n = 3) 
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Figure 5. Size distributions of CS-RIF nanoparticles measured by DLS before and after optimization 

In order to determine the morphology of nanoparticles obtained under optimal conditions without drugs 

(CS NPs) and rifampicin-loaded nanoparticles (CS-RIF NPs), scanning electron microscopy (SEM) images 

were acquired (Figure 6). The images show that the particles are predominantly spherical in shape and rela-

tively homogeneous. 

 

       
 CS NPs  CS-RIF NPs 

Figure 6. SEM images of CS nanoparticles and CS-RIF nanoparticles at a 300 nm scale 

The TGA and DSC results for pure chitosan, rifampicin, and nanoparticles are shown in Figure 7. The 

first stage of chitosan weight loss (Figure 7a) was observed in the temperature range of 40–100 °C, which 

corresponds to moisture loss (about 10 %). Under a nitrogen flow, chitosan undergoes thermal decomposi-

tion in the temperature range from 150 to 600 °C, which indicates chitosan deacetylation, the evaporation, 

and removal of volatile products [33, 34]. The DSC thermogram of chitosan showed an endothermic peak at 

226 °C, which reflects the initial decomposition, and an exothermic peak at 311 °C, which reflects the main 

thermal decomposition of chitosan. The decomposition of rifampicin occurs in three stages: the main stage 

begins at 195 °C to 260 °C with a mass loss of 16 %, the second stage proceeded smoothly in the range of 

260–450 °C with a mass loss of 44 %, and the third stage (450–900 °C) resulted in a mass loss of 63 % (Fig-

ure 7b). The endothermic peak at 190 °C is accompanied by no mass loss, thus indicating the melting point 

of rifampicin. The exothermic peak at 255 °C is characteristic of the recrystallization process [3, 35]. CS-RIF 

nanoparticles demonstrate increased stability and similar mass loss pattern and thermal peaks (Figure 7c). At 

the same time, the thermal transitions characteristic of rifampicin is noticeably smoothed out, which may 

0 200 400 600 800 1000 1200 1400 1600 1800 2000

0

5

10

15

20

25

In
te

n
s
it
y
, 
%

Size, nm

 CS-RIF NPs after optimization 

 CS-RIF NPs before optimization 



Tazhbayev, Y.M., Galiyeva, A.R. et al.  

54 Eurasian Journal of Chemistry. 2026, Vol. 31, No. 1(121) 

indicate the transition of the substance to an amorphous state or its binding to the polymer matrix due to hy-

drogen bonding interactions [36]. 

 

 
 a b 

 
c 

Figure 7. Thermal properties of the system components and the synthesized nanoparticles:  

a — Chitosan; b — Rifampicin; c — CS-RIF nanoparticles 

The FTIR technique was also used to determine the chemical composition and functional groups. FTIR 

spectra of rifampicin, chitosan nanoparticles without drug, and rifampicin loaded chitosan nanoparticles are 

shown in Figure 8. The chitosan samples show wide and intense absorption bands in the range of 3200–

3600 cm
−1

, which is explained by the overlapping stretching vibrations of –OH and –NH2 characteristic of 

chitosan [37]. The bands at 2920 cm
–1

 correspond to C–H vibrations, at 1612 cm
–1

 to the C=O stretching of 

amide I, at 1543 cm
–1

 to the N–H bending and C–N stretching of amide II, at 1061 cm
–1

 to the C–N stretch-

ing of the amine, and at 1025 cm
–1

 to the skeletal C–O stretching vibrations [33, 37]. Rifampicin shows char-

acteristic absorption bands at 3483 cm
–1

 associated with NH stretching, 1647 cm
–1

 corresponding to the C=O 

bond, 1458 cm
–1

 for the C=C bond, and 1381 cm
-1

 associated with CH2 and C=C [31]. The low-frequency 

spectrum of CS-RIF nanoparticles shows characteristic peaks for chitosan and the rifampicin structure, indi-

cating the absence of chemical interaction between the carrier and the drug. 

Further research determined the in vitro rifampicin release kinetics from the chitosan-based nanoparti-

cles matrix. To this end, the drug-loaded nanoparticles were studied using dialysis for 24 hours under condi-

tions simulating the biological environment at different pH values (37 °C, pH 1.2; 6.8; 7.4). The rifampicin 

release profile is shown in Figure 9. 

 

0 200 400 600 800 1000

20

30

40

50

60

70

80

90

100

110

Sample Temperature, °C

T
G

, 
%

Chitosan

-40

-30

-20

-10

0

10

 H
e

a
tF

lo
w

, 
m

W

0 200 400 600 800 1000

30

40

50

60

70

80

90

100

110

Sample Temperature, °C

T
G

, 
%

Rifampicin

-40

-30

-20

-10

0

10

 H
e

a
tF

lo
w

, 
m

W

0 200 400 600 800 1000

40

50

60

70

80

90

100

110

Sample Temperature, °C

T
G

, 
%

-30

-25

-20

-15

-10

-5

0

5

 H
e

a
tF

lo
w

, 
m

W

CS-RIF NPs



Rifampicin Loaded Chitosan-Based Nanoparticles … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 55 

 

Figure 8. FTIR spectra for the rifampicin and the synthesized nanoparticles 

 

 

Figure 9. Cumulative release of rifampicin from CS-RIF nanoparticles under different pH conditions 

(Values are shown as mean ± standard deviation (n = 3)) 

As can be seen from the graph, the kinetics of drug release significantly depend on the acidity of the 

medium. The most intense release is observed at pH 1.2, where the cumulative amount of released rifampicin 

reaches 20 % within 24 hours. In an acidic environment, partial protonation of the amino groups of chitosan 

occurs, which leads to an increase in solubility and swelling of the polymer matrix, facilitating the diffusion 

of the drug [38]. At pH 7.4 and 6.8, the release of rifampicin is significantly lower than 2 % in 24 hours. This 

can be explained by the limited solubility of chitosan in neutral and slightly alkaline conditions, in which the 

polymer network remains dense and less permeable to the diffusion of drug molecules [39]. Therefore, the 

obtained data confirm that the system based on chitosan nanoparticles has a pronounced pH dependence and 

is capable of providing controlled release of rifampicin. 
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Table 6 presents the results of a comparative analysis of mathematical models used to describe the ki-

netics of rifampicin release from chitosan nanoparticles at different pH values of 1.2, 6.8, and 7.4. Four mod-

els were evaluated: zero-order (Qt = Q0 + k0t), first-order (dC/dt = −kC), Higuchi (Mt/M∞ = k t ) and 

Korsmeyer–Peppas (Mt/M∞ = kt
n
) [40–42]. 

T a b l e  6  

Coefficients of determination (R
2
) for rifampicin release models from CS-RIF nanoparticles 

pH Zero-order First-order Higuchi Korsmeyer–Peppas 

1.2 0.8827 0.8961 0.9452 0.8368 

6.8 0.8815 0.8824 0.9541 0.9571 

7.4 0.9408 0.9416 0.9183 0.6523 

 

The highest correlation coefficient showed that rifampicin release follows Higuchi kinetics at pH 1.2. 

The release of rifampicin from chitosan nanoparticles at pH 7.4 showed a high correlation with the zero-

order and first-order kinetic models, both with R
2
 > 0.94. Rifampicin release at pH 6.8 is best described by 

the Higuchi model and the Korsmeyer-Peppas model (R
2
 > 0.95). In the Korsmeyer-Peppas model for pH 1.2 

and 6.8, the n coefficient values are below 0.5, indicating Fickian diffusion, while at pH 7.4, n > 1 and the 

release is based on a complex transport mechanism (super-random transport II) [41]. Thus, the data obtained 

confirm that the chitosan nanoparticle-based system has a pronounced pH dependence and is capable of 

providing controlled release of rifampicin. 

The study of drug mucoadhesion is necessary to assess its effective retention on the mucous membrane 

for a long time. This is critical for the development of drug delivery systems to the lungs [43]. Incorporating 

RIF into chitosan nanoparticles can prolong the contact time of the drug with infected tissues. This is be-

cause chitosan is a mucoadhesive polymer that can interact with mucin present on the surface of mucous 

membranes through non-covalent interactions [44, 45]. Chitosan-based nanoparticles also demonstrate en-

hanced interaction with pulmonary mucus and alveolar macrophages [46–48]. In this regard, studies of the 

mucoadhesive properties of CS-RIF nanoparticles in acetate buffer solution (pH 5.5) and phosphate buffer 

solution (pH 6.8) were conducted, which made it possible to evaluate their behavior at two different pH lev-

els. The pH value of 5.5 was selected to mimic the acidic environment of phagolysosomes in alveolar mac-

rophages, while pH 6.8 represents near-physiological extracellular and mucosal conditions of the respiratory 

tract [49, 50]. The mucoadhesive properties of the nanoparticles were determined using the turbidimetric 

method over 4 hours. The results are shown in Figure 10. 

 

      

Figure 10. Mucin binding efficiency of CS-RIF nanoparticles with porcine mucin dispersions  

studied under different pH. “*” and “**” indicate p < 0.01 and < 0.005 respectively.  

ns — denotes no significant difference (Values are shown as mean ± standard deviation (n = 3)) 

As can be seen from the diagrams presented, the mucoadhesion of nanoparticles is better at pH 5.5. This 

is due to the good solubility of nanoparticles in the acetate buffer solution. Thus, in an acidic environment 
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(pH 5.5), it was 56 % after 1 hour and 77 % after 4 hours. When using a phosphate buffer solution with a pH 

of 6.8, the mucoadhesion of nanoparticles was 10 % after 2 hours and increased three times after 4 hours. 

These results highlighted the ability of chitosan nanoparticles to interact with the mucosa and maintain their 

adhesive potential across a wide range of physiological conditions, making the system promising for the 

delivery of rifampicin to the respiratory tract. 

Conclusions 

In this study, rifampicin-loaded chitosan nanoparticles were successfully prepared, optimized, and char-

acterized. The optimized formula demonstrated nanoscale particle size, high loading efficiency, and con-

trolled drug release profile, confirming the suitability of the developed system for prolonged-release rifam-

picin delivery. Mucosal adhesion studies at physiological pH values (5.5 and 6.8) showed that the nanoparti-

cles have good adhesive properties and can be used for local delivery and prolonged retention on the mucosal 

surface. Overall, the results indicate the potential of chitosan-based nanoparticles as a delivery system for 

rifampicin. The developed system overcomes the significant drawbacks of traditional oral administration, 

which include low bioavailability and variability in drug concentration, and provides greater resistance to 

instability and release properties, as well as increased mucoadhesion. These results open up new opportuni-

ties for the development of improved inhalation drugs that can be used to reach the desired destination in the 

lungs and alveolar macrophages, leading to more effective and patient-friendly solutions for the treatment of 

tuberculosis. 
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Structural Characteristics, Stability, and Anticoagulant Activity  

of Bombyx mori Chitosan Sulfate 

Chitosan sulfate (CS) is a promising polyelectrolyte for biomedical applications due to its anticoagulant prop-

erties. However, the relationship between the synthesis conditions of CS derived from Bombyx mori silkworm 

chitosan, its structural characteristics, and its biological activity remains insufficiently studied. CS samples 

with varying degrees of substitution (DS) were synthesized via sulfation with chlorosulfonic acid at different 

temperatures (50, 60, and 80 °C). The structure was characterized using FTIR spectroscopy and X-ray dif-

fraction analysis. The physicochemical properties were evaluated through water vapor sorption, rheology, and 

solution stability tests conducted over 30 days. The anticoagulant activity of CS was assessed in vivo using a 

rabbit model of hypercholesterolemia. Successful sulfation resulted in DS values ranging from 0.96 to 1.21, 

leading to significant amorphization of the polymer structure. All CS samples exhibited high hydrophilicity 

with sigmoid-shaped sorption isotherms and demonstrated typical polyelectrolyte rheological behavior. 

Aqueous solutions of CS remained stable throughout the observation period. Importantly, the CS sample with 

the highest DS (1.21) showed the most pronounced anticoagulant effect, reducing platelet aggregation by 

20 % compared with the heparin control group. The sulfation temperature is a key parameter determining the 

DS and, consequently, the properties of Bombyx mori chitosan sulfate. The derivative with DS = 1.21 demon-

strates anticoagulant activity comparable to heparin, highlighting its potential as a bioactive material. Further 

research should focus on elucidating the precise molecular mechanisms of its anticoagulant action and evalu-

ating its long-term biocompatibility and efficacy in vivo. 

Keywords: chitosan sulfate, Bombyx mori, degree of substitution, IR spectroscopy, X-ray structural analysis, 

water sorption, rheology, anticoagulant activity 

 

Introduction 

Chitosan and its modified derivatives are of significant interest in the field of biomaterials due to their 

biocompatibility, low toxicity, and ability to biodegrade [1–5]. Special attention is paid to sulfated chitosan 

derivatives, which combine polyanionic properties with high hydrophilicity, expanding their potential appli-

cations [6–16]. These derivatives exhibit a range of biological activities, including antimicrobial, anticoagu-

lant, and immunomodulatory properties, making them promising candidates for the development of new 

drugs [17–27]. 

A promising source for obtaining chitosan is the chitin of Bombyx mori silkworm pupae [28–32]. Sul-

fation of chitosan allows for the production of a polyampholyte that contains both basic (amino) and highly 

acidic (sulfate) groups in its structure. This gives the derivative unique properties: water solubility over a 

wide pH range, high charge density, and the ability to interact electrostatically, which determines its biologi-

cal activity and low toxicity [33–40]. 

Despite active research in this area, the relationship between the synthesis conditions (such as the sul-

fation temperature), the degree of substitution, the supramolecular structure, the physical and chemical prop-

erties, and the biological activity of Bombyx mori chitosan sulfate has not been sufficiently studied. In par-

ticular, the effect of the degree of substitution on structural and rheological characteristics, sorption behavior 

with respect to water, and solution stability requires detailed analysis. In addition, it is necessary to assess the 

anticoagulant potential of such derivatives under conditions as close to physiological as possible. 

This work aimed to establish a relationship between the synthesis conditions, structure, properties, and 

biological activity of Bombyx mori chitosan sulfate. 
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The work was aimed at synthesizing a series of chitosan sulfate samples with varying degrees of substi-

tution by changing the reaction temperature, studying their chemical and supramolecular structure using IR-

Fourier spectroscopy and X-ray diffraction analysis, and investigating the dependence of their sorption char-

acteristics on water vapor and the rheological properties of their solutions. In addition, it was planned to 

evaluate the stability of aqueous solutions of the obtained derivatives and study their anticoagulant activity in 

an animal experiment with a model of hypercholesterolemia. 

Experimental 

Chemicals and Materials 

Objects and Methods of Research 

Chitosan obtained from chitin isolated from the pupae of the silkworm Bombyx mori was used as the 

main object for sulfation according to the methods [13, 40]. Its characteristics include degree of 

deacetylation, solubility, and molecular weight. Chlorosulfonic acid (CAS 7790-94-5), dimethyl sulfoxide 

(CAS 67-68-5), sodium acetate (CAS 127-09-3), sodium chloride (CAS 7647-14-5), sodium hydroxide (CAS 

1310-73-2). 

Synthesis of Chitosan Sulfate (CS) 

Sulfation was carried out with chlorosulfonic acid in dimethyl sulfoxide medium by a modified tech-

nique [13] at temperatures of 50, 60, and 80 °C. The obtained samples are designated as CS (I), CS (II), and 

CS (III), respectively. 

Determination of the Degree of Substitution (DS) 

The degree of substitution by sulfonic groups was determined by titration on an EC 215 conductivity 

meter (Hanna Instruments, Germany) according to the method [35, 41]. The calculated values of the CX 

were: 1.12 (CX I), 1.21 (CX II), 0.96 (CX III). The non-monotonic dependence of the DS on temperature 

(maximum at 60 °C) can be explained by the competition between the sulfation processes and the possible 

degradation of the polymer chain at elevated temperatures (80 °C). 

IR Spectroscopic Studies (FTIR) 

Spectra were recorded on the Invenio-S Fourier spectrometer (Bruker, Germany) in the range of 400–

4000 cm
–1

 with a resolution of 4 cm
–1

. The samples were prepared as tablets with KBr [42]. The spectrum of 

native Bombyx mori chitosan was used for comparison [43, 44]. 

X-Ray Diffraction Analysis (XRD) 

Diffraction measurements were performed on a Miniflex 600 diffractometer (Rigaku, Japan) with 

CuKα-radiation (λ = 1.5418 Å, 40 kV, 15 mA) in the Bragg-Brentano mode in the range of angles  

2θ = 2–40° [45]. 

Investigation of Water Vapor Sorption 

Sorption-desorption isotherms of water vapor were obtained on a high-vacuum unit with a McBain 

quartz balance (similar to the gravimetric method) at temperatures of 20, 25, and 30 °C (±0.1 °C) and residu-

al pressure 10
–3
–10

–4
 Pa [46]. The samples (~100 mg) were pre-dried to a constant mass at 50 °C. The equi-

librium moisture content was determined by stepwise changes in relative humidity (p/p0 from 0.05 to 

0.95) [47]. The criterion for achieving equilibrium at each stage was the constant mass of the sample over a 

period of 2 hours [48]. The classical BET (Brunauer–Emmett–Teller) analysis, which is used to process data 

in the range of p/p0 = 0.05–0.35 and is represented by formulas (1–4), has limitations in its applicability to 

hydrophilic polymer systems where swelling and bulk dissolution of the sorbate are possible [49]. Therefore, 

the obtained parameters (monolayer capacity, specific surface area, etc.) should be considered as effective, 

comparative characteristics. 

Rheological Studies 

The measurements were carried out on an MCR 92 rheometer (Anton Paar, Austria) in a shear mode in 

a system of coaxial cylinders for NaCl 0.1 N solutions and in an oscillation mode with parallel plates. The 

temperature range is 20–45 °C [50]. 

Conductometric Titration and Calculation of the Degree of Substitution 

The quantitative characteristics of sulfogroup substitution were determined by titration on an EC 215 

conductometer (Hanna Instruments, Germany) [51]. The change in electrical conductivity (G) was controlled 
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as a function of the volume (V) of the added titrant NaOH 0.5 N to the solutions of CS in HCl  0.1 N. The 

content of sulfur (
S ) and nitrogen (

N ) was calculated using the formulas [41, 35]: 

 S S
S

CS

km V

m


  ,   N N

N

CS

km V

m


  , (1) 

where k  is the normality of the titrant; 
Sm  and 

Nm  are molecular weights of sulfur and nitrogen; 
SV  and 

NV  are titrant volumes used for titration of sulfo- and amino groups, respectively; 
CSm  is the weight of the 

CS suspension. 

The degree of substitution of sulfogroups (
S ) was calculated using the formula: 

 S
S

S

168.4 * 
     

3200 81


 

 
. (2) 

Determination of the Molecular Weight and Stability of Solutions 

The characteristic viscosity ( ) and molecular weight ( ηM ) were determined viscometrically using a 

Ubbelode viscometer in a water + 2 % NaCl system at 25 °C using the Mark-Kuhn-Hauvink  

equation [52–55]: 

 5 0.774.97 10 М

   dl/g. (3) 

The stability of the solutions was assessed by changes in relative viscosity: 

 
0

  i
отн


 


, (4) 

where 
i  is the expiration time of the solution, 

0 ≈92.8 s is the expiration time of water for 30 days of stor-

age at room temperature. 

Investigation of Anticoagulant Activity In Vivo 

Experiments were performed on male Chinchilla rabbits (n = 10 per group) with a model of atheroscle-

rosis induced by an atherogenic diet [56]. CS samples were administered intragastrically at a body weight 

5 mg/kg dose daily for 30 days. The control drug was heparin. At the end of the course, platelet aggregation, 

thrombin time, and the level of soluble fibrin-monomer complexes (RFMC) were determined on a Human 

analyzer (Germany). All procedures are performed in accordance with ethical standards [57]. 

Statistical Analysis 

All experimental data were collected in triplicates and the data were expressed as average ± standard 

deviation. Data were compared using a one-way ANOVA with post-Bonferroni test using GraphPad Prism 

5.04 (GraphPad Software Inc.) 

Results and Discussion 

IR Spectroscopic Analysis 

The IR spectrum of the native Bombyx mori chitosan [40, 48] shows a wide absorption band in the 

3000–3600 range with a maximum of about 3444, characteristic of valence vibrations and groups involved in 

hydrogen bonds. The bands at 2920 and 2980 correspond to the valence vibrations of the bonds. The charac-

teristic bands of amide-I and amide-II are located at 1655 and 1591, respectively. 
New intense absorption bands are observed on the IR spectra of all sulfated samples (Fig. 1). The ap-

pearance of bands in the region of 898, 1106, and 1156 corresponds to valence fluctuations of bonds and sul-

fate groups, which is direct evidence of successful sulfation. The key change is the shift of the amide-II band 

from 1591 (native chitosan) to the region of 1530–1533 for all samples of CS. This shift indicates substitu-

tion mainly by the amino group at the C-2 atom of the glucosamine unit, which is consistent with the litera-

ture data. 
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1 — CS (I-50 °C); 2 — CS (II-60 °C); 3 — CS (III-80 °C) 

Figure 1. The IR Fourier spectra of the samples  

The intensity of the new band in the 1530 region correlates with the degree of substitution. The highest 

intensity is observed for the CS (II) sample (DS = 1.21), which confirms the maximum content of 

sulfogroups. For the CS (III) sample (DS = 0.96), the intensity of this band is lower, which is consistent with 

the results of conductometric titration. 

X-Ray Diffraction Analysis (XRD) 

Diffractograms of the CS samples (Fig. 2) show significant changes in the supramolecular structure 

compared with native chitosan. Native chitosan is characterized by intense reflexes at 2θ ≈ 10° and 20° (cor-

responding to interplane distances and d ≈ 8.8Å and 4.4Å), indicating its high crystallinity [41]. 

 

 

1 — CS (I-50 °C); 2 — CS (II-60 °C); 3 — CS (III-80 °C) 

Figure 2. Diffractograms of samples 

As a result of sulfation, significant amorphization of the structure occurs. Weak and blurred reflexes are 

observed for the sample of CS (I) (DS = 1.12). The most intense maximum at 2θ = 21.40° (d = 4.15Å) can be 

attributed to the reflex (130) of the hydrated form of chitosan. This indicates the preservation of residual 

crystallinity due to the ordered packing of polymer chains on a nanometer scale (inter-chain distances). The 

CS (II) sample (DS = 1.21) is characterized by the most diffuse diffraction pattern with a wide amorphous 

halo (maximum about 2θ = 20.5°, d ≈ 4.3Å). This indicates the maximum destructurization of crystalline 

regions caused by a high degree of substitution, which disrupts the regularity of macromolecule packaging. 

The diffractogram of the CS (III) sample (DS = 0.96) shows a greater number and higher intensity of reflexes 

at 2θ = 11.96° (d = 7.39Å), 16.75° (d = 5.29Å), 19.04° (d = 4.66Å), etc. The increase in the degree of 
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crystallinity at a lower DS is explained by the fact that the replaced chains retain a greater similarity to the 

original structure of chitosan and are capable of more orderly packing. 

The data obtained allow us to conclude that the sulfation process leads to significant amorphization of 

chitosan, and the degree of structurization of the crystalline phase directly correlates with the degree of sub-

stitution by sulfate groups. 

Investigation of Sorption Characteristics 

The isotherms of water vapor sorption by samples of CS obtained at temperatures 20, 25, and 30 °C are 

shown in Figures 3–5. All isotherms have the classic sigmoid shape typical of hydrophilic polymer materials. 

This shape indicates a complex multi-stage process, including initial monolayer adsorption on active centers, 

subsequent multilayer coating, and, at high relative humidity (p/p0 > 0.7–0.8), capillary condensation in 

mesopores and the process of volumetric swelling of the polymer matrix. 

The influence of the degree of substitution (DS). Samples with different DS demonstrate similar quali-

tative behavior, but differ in absolute sorption capacity. It is interesting to note that the samples with the 

most different DS — CS (II) (1.21) and CS (III) (0.96) — show similar sorption values, especially in the re-

gion of high humidity (p/p0 > 0.7). This can be explained by the balance of two competing factors: 

1) a higher concentration of hydrophilic sulfogroups in CS(II) increases water resistance; 2) the more amor-

phous structure of the same sample (according to XRD, Section 3.2) facilitates penetration and swelling, 

while the more ordered structure of CS(III) may limit this process. The CS (I) sample with an average 

CS = 1.12 occupies an intermediate position. 

Effect of Temperature 

In the entire studied range (20–30 °C), an increase in temperature leads to a decrease in the equilibrium 

water content at a fixed relative humidity for all samples. This dependence is characteristic of a process dom-

inated by exothermic interactions, such as the hydration of ionic sulfonic groups and the formation of hydro-

gen bonds [58]. The observed minimum sorption capacity at 25 °C for a number of samples (Table 1) may be 

related to changes in the flexibility of polymer chains and the availability of sorption sites in this temperature 

range, but data obtained at only three temperatures are insufficient for a definitive conclusion about thermo-

dynamic parameters (sorption enthalpy). 

 

 

Figure 3. Sorption isotherms of water vapor by the CS (I) sample at 20, 25, and 30 °C 

 

Figure 4. Sorption isotherms of water vapor by the CS (II) sample at 20, 25, and 30 °C 
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Figure 5. Sorption isotherms of water vapor by the CS (III) sample at 20, 25, and 30 °C 

Notes on Data Analysis 

In the original version, the BET equation was used to process isotherms in the range of relative pres-

sures 0.05–0.35, and effective parameters (monolayer capacity, specific surface area, etc.) were calculated 

based on this equation. These parameters are presented in Table 1. 

T a b l e  1  

Effective parameters of water vapor sorption for CS samples calculated  

using the BET model in the range p/p₀ = 0.05–0.35 

Sample Temperature, °C Xm, g/g SSA, m
2
/g Wо, cm

3
/g rk, Å 

CS (I) 

20 0.0056 19.81 0.23 232.2 

25 0.0036 12.67 0.22 347.4 

30 0.0058 20.54 0.32 307.7 

CS (II) 

20 0.0051 17.84 0.10 109.9 

25 0.0041 14.28 0.17 238.1 

30 0.0035 12.32 0.12 188.4 

CS (III) 

20 0.0048 16.76 0.14 163.5 

25 0.0028 9.79 0.15 306.4 

30 0.0042 14.80 0.17 224.3 

 

It should be emphasized that the classical BET theory is designed for adsorption on impermeable sur-

faces and does not take into account the possibility of sorbate penetration into the polymer volume (swell-

ing), which is typical for hydrophilic systems [59, 60]. Therefore, the obtained numerical values should be 

interpreted with caution, considering them not as absolute characteristics of the porous structure, but as com-

parative parameters reflecting changes in the availability of sorption centers and affinity for water for differ-

ent samples of CS. To correctly determine the specific surface area and porosity parameters of dry samples, 

nitrogen sorption is required, and small-angle X-ray scattering (SAXS) is required to study the structure in 

the swollen state. 

Thus, the conducted studies confirm the high hydrophilicity of all synthesized chitosan sulfate samples 

due to the presence of ionic sulfonic groups. The sorption capacity is complexly dependent on the degree of 

substitution, which determines the chemical nature of the polymer, and the supramolecular structure, which 

affects the kinetics of swelling. 

Rheological Properties of CS Solutions 

A study of the rheological properties of CS solutions (0.1 N NaCl) showed their pronounced non-

Newtonian behavior. The dependence of the effective viscosity (η) on the shear rate gradient (γ) for all sam-

ples (Fig. 6) demonstrates the shear (pseudoplasticity: viscosity decreases with increasing strain rate) charac-

teristic of dilute electrolyte solutions. This is due to the destruction of the temporary grid of hydrogen and 

electrostatic bonds and the deformational ordering of macromolecules in the flow. 

 



Structural Characteristics, Stability, and Anticoagulant Activity … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 67 

 

1 — CS (I, DS = 1.12); 2 — CS (II, DS = 1.21); 3 — CS (III, DS = 0.96) 

Figure 6. Dependence of the effective viscosity (η) on the shear rate gradient ()  

for chitosan sulfate solutions in 0.1 N NaCl at 25 °C 

The effect of the degree of substitution is clearly visible: as the degree of substitution increases, the vis-

cosity of the solution increases in the low shear gradient region. The highest viscosity values were shown by 

the CS (II) sample with a maximum DS of 1.21, while the CS (III) sample with a minimum DS of 0.96 had 

the lowest viscosity. The increase in viscosity with increasing SC is due to an increase in the charge density 

on the macromolecule, which leads to increased electrostatic repulsion between the chains, resulting in a 

more extended conformation in solution and, consequently, more intense intermolecular interactions. 

Solubility and Stability of Solutions 

The substitution of amino and hydroxyl groups with sulfate groups resulted in the production of water-

soluble derivatives. As can be seen from Figure 7, the solubility (S) of the samples in water at 25 °C increas-

es sharply when the degree of substitution (s ≈ 0.85) reaches the threshold value and exceeds 95 % for sam-

ples with s > 0.85. This confirms the successful synthesis of hydrophilic derivatives and is consistent with 

the well-known principle that the introduction of highly hydrated ionogenic groups dramatically improves 

the water solubility of polysaccharides. 

 

 

Figure 7. Dependence of the solubility (S) on the degree of substitution  

of sulfonic groups (s) of chitosan sulfate samples in water at 25 °C 

The stability of diluted aqueous solutions (Debye criterion C[]  0.5) of CS with different s (from 

0.81 to 1.40) was monitored for 30 days by measuring the relative viscosity (ηrel). As shown in Figure 8, the 

initial values ηrel correlate with the degree of substitution. During the entire observation period, the values for 

ηrel in all nine samples remained almost constant. 

 



Rakhmanova, V. N., Yugay, S.M. et al.  

68 Eurasian Journal of Chemistry. 2026, Vol. 31, No. 1(121) 

 

s: 1 — 0.81; 2 — 0.94; 3 — 1.12; 4 — 1.17; 5 — 1.20; 6 — 1.26; 7 — 1.32; 8 — 1.37; 9 — 1.40 

Figure 8. Dependence of the relative viscosity (ηrel) on the storage time (t)  

for aqueous solutions of chitosan sulfate samples with different s 

The absence of a decrease in viscosity indicates that there is no noticeable destruction or aggregation of 

the CS macromolecules in aqueous solutions at room temperature, which confirms their high colloidal stabil-

ity. 

Anticoagulant Activity in Animal Experiments 

The anticoagulant potential of the CS samples was evaluated in an animal experiment (in vivo) using a 

hypercholesterolemia model in rabbits. The results of the effect of 30-day oral administration of CS on key 

hemostasis indicators are presented in Table 3. 

T a b l e  3  

Effect of chitosan sulfate samples on hemostasis parameters in rabbits  

with experimental atherosclerosis (M±SD, n = 10) 

Indicator Heparin 
CS-I 

(DS = 1.12) 

CS-II 

(DS = 1.21) 

CS-III 

(DS = 0.96) 

Platelet aggregation, % 30.0 ± 0.58 31.33 ± 2.74 24.0 ± 1.15 36.33 ± 1.96 

Thrombin time, with s 14.02 ± 0.00 14.08 ± 0.00 13.83 ± 0.17 14.11 ± 0.00 

Soluble fibrin-monomer 

complex, mg % 
3.04 ± 0.09 3.65 ± 0.93 3.02 ± 0.06 3.62 ± 0.14 

Note: p < 0.05 compared to the group that received heparin 

 

The most pronounced effect was demonstrated by the CS (II) sample with a maximum DS of 1.21. Its 

administration led to a statistically significant 20 % reduction in platelet aggregation compared to the group 

that received heparin (p < 0.05). The samples of CS (I) and CS (III) also exhibited anticoagulant activity, 

which did not differ significantly from heparin in terms of the parameters studied. Thus, the anticoagulant 

effect of Bombyx mori chitosan sulfate depends on the degree of substitution, reaching a maximum at 

DS = 1.21. 

Conclusions 

As a result of the study, a relationship was established between the synthesis conditions, the degree of 

substitution (DS), the structural features, the physical and chemical properties, and the biological activity of 
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chitosan sulfate (CS) obtained from the chitin of the Bombyx mori silkworm. It has been shown that the sul-

fation temperature (50, 60, 80 °C) is a key parameter that determines the DS (0.96–1.21), which in turn has a 

significant impact on the properties of the polymer. 

The successful introduction of sulfate groups and the amorphization of the polymer structure as a result 

of the sulfation reaction were confirmed using IR-Fourier spectroscopy and X-ray diffraction analysis. The 

study of water vapor sorption revealed the high hydrophilicity of all CS samples and the typical sigmoid 

shape of the isotherms, which is characteristic of hydrophilic polymers. Rheological measurements con-

firmed the poly-electrolyte behavior of aqueous solutions of CS. Good stability of the studied solutions dur-

ing 30 days was established. The most significant result of the work is the proof of the pronounced anticoag-

ulant activity of the synthesized chitosan sulfate with a high degree of substitution (DS = 1.21). In an exper-

iment using an animal model of hypercholesterolemia, it was shown that this sample is comparable to hepa-

rin in terms of its effect on reducing platelet aggregation. 
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Design of Floating Tablets Based on Hydroxypropyl Cellulose  

and Weakly Cross-Linked Poly(acrylic acid) for Gastroretentive Drug Delivery 

Floating or buoyant dosage forms are kind of gastroretentive delivery system specifically designed to achieve 

localized drug release in the upper gastrointestinal tract (GI). The aim of this study is to select a composition 

for creating a floating matrix system based on hydroxypropyl cellulose (HPC) and Carbopol® 71G (C71G) 

with an evaluating of the effect of sodium bicarbonate (Na-bicarbonate) on the complexation process, and to 

design a gastroretentive system for acyclovir delivering. The tablets are based on physical mixtures (PhMs) 

HPC/C71G 1:2; 1:1. All matrices containing sodium bicarbonate showed a flotation time of less than 

3 minutes, with the exception of a 2:1 PhM with 10 mg of sodium bicarbonate. PhM HPC/C71G (1:1) was 

observed greater matrix erosion compared to a 1:2 ratio due to the lower C71G content. During the swelling 

process of the matrices, interaction of polymers occurs, which is confirmed by a spectral shift in the ATR-

FTIR spectra and Tg by mDSC. The addition of sodium bicarbonate did not increase the release rate due to 

the effervescent effect. A slightly higher release rate was observed for matrices with a 1:1 polymer ratio, due 

to erosion of the soluble HPC polymer. 

Keywords: floating tablet, gastroretentive system, sustained release, interpolymer complexes, cellulose deriv-

atives, hydroxypropyl cellulose, Carbopol® 

 

Introduction 

Over the past decades, scientists have focused their attention on improving the key characteristics of 

drugs, such as controlled release, increased bioavailability, and reduced side effects [1, 2]. The development 

of new gastroretentive drug delivery systems is one of the relevant trends in this direction. It is an oral deliv-

ery system capable of remaining in the stomach for a specified period, providing modified release of the ac-

tive pharmaceutical ingredient (API) [3–5]. Floating tablets are one of the simplest and most widely used 

methods for creating a gastroretentive delivery system. They possess all the advantages of tablet dosage 

forms: convenience of use, storage, and transportation, as well as cost-effective production [4, 6, 7]. 

The effectiveness of oral therapy is limited by the low bioavailability of many drugs due to their specif-

ic properties [8, 9]. Considering that the main absorption occurs in the stomach and proximal small intestine, 

prolonging the residence time of the drug in this area is a critical factor for increasing the effectiveness of 

therapy for APIs with a narrow “absorption window” (acyclovir, riboflavin, levodopa, etc.). Some of them 

act only in the stomach due to pH-dependent absorption (furosemide, cinnarizine, ofloxacin, etc.) or are in-

soluble at alkaline pH values (atenolol, diazepam, etc.); for APIs that are unstable in the intestinal media 

(captopril, verapamil, etc.), as well as those with a local effect in the stomach (amoxicillin, metronidazole, 

etc.), incorporation into a gastroretentive delivery system is also preferred [10–12]. 

The operating principle of this system is based on reducing the density of the dosage form, causing it to 

float and remain in the upper part of the stomach, like a buoy, for several hours. This effect is achieved 

through gas-forming components (e.g., carbonates) included in the tablet's composition, which release car-

bon dioxide upon contact with stomach acid. There is a study in which menthol was used as a pore-forming 

agent [13]. The resulting gas bubbles “lift” the tablet, while the swelling polymers form a porous gel barrier 

around it, maintaining buoyancy and controlling drug release. Thus, the floating mechanism physically pre-

vents the tablet from entering the intestine prematurely, which is key to prolonging the action of drugs ab-

sorbed in the upper gastrointestinal tract [14–19]. 

Currently, there are many studies on the development of floating tablets based on cellulose derivatives, 

including 3D printing [1, 20–27]. However, the use of chemically complementary polymers to form 
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interpolymer complexes (IPC) is currently a developing area [28]. The result of the interaction is the for-

mation of IPCs, the unique properties of which are different from the properties of the original polymers and 

can be corrected in the required direction [29–31]. There are two options for using these systems: synthesis 

of IPC, with its subsequent use as a matrix-forming component, or complexation between a PhM of com-

plementary polymers, under the influence of an acidic media simulating the environment of the stom-

ach [32]. 

The ability of polymers to interact increases in an acidic media (at low pH values), because the carboxyl 

groups of Carbopol
®
 are in a protonated, non-ionized form. A stable IPC is formed only at a pH below a crit-

ical pH value (pHcrit), which is unique for each specific pair of polymers [33–40]. Thus, the acidic media of 

stomach acid serves as the key physiological condition for IPC formation between HPC and C71G, and also 

acts as an activator for flotation. This highlights the high relevance of research in the field of gastroretentive 

delivery systems. 

The aim of this study is to select a composition for creating a floating matrix system based on HPC and 

C71G with an evaluating of the effect of Na-bicarbonate on the complexation process, and to design a 

gastroretentive system for acyclovir delivering. 

Experimental 

Materials 

HPC (SHANDONG HEAD CO., LTD, China) and C71G (Lubrizol Advanced Materials, USA) were 

used as pharmaceutical polymers, from which PhMs were prepared in various molar ratios. Acyclovir 

(Zhejiang Zhebei Pharmaceutical Co., Ltd., China) was used as the API. Na-bicarbonate (LLC Spectr-Chem, 

Russia) served as the flotation agent. Indicator is methyl red (Eco Pharm, Russia). Distilled water was used 

for all experiments. All reagents used were of laboratory-grade purity. 

Selection of the Composition 

HPC and C71G were physically mixed using a mortar and pestle in various molar rations 1:2; 1:1; 2:1, 

respectively. Tablets with 50 mg of PhMs, 100 mg of acyclovir and appropriate amount of Na-bicarbonate 

10, 15, 20 or 25 mg were made from the physical mixtures in a 9-mm die using a programmable hydraulic 

press PressPRO Programmable Hydraulic Pellet Press (PIKE Technologies, USA) at compression force of 

5 tons with a holding time of 5 s by direct compression. The tablets were exposed to 80 ml of 0.1 M HCl us-

ing glass beakers in a water bath IKA
®
 IC control (IKA-Werke GmbH&Co. KG., Germany) at 37 ± 0.5 °C 

for 24 h. The time it took for the tablet to float (Lag time) and the total time the system remained on the sur-

face of the media (Floating time) were measured. 

Determination of the Degree of Swelling 

Swelling properties were investigated by incubating matrices of PhMs with and without Na-bicarbonate 

with different levels of Na-bicarbonate (0, 10, 15, and 20 mg per tablet) in a temperature-controlled water 

bath IKA
®
 IC control (IKA-Werke GmbH&Co. KG., Germany) maintained at 37 ± 0.5 °C. The swelling 

study was conducted without API. The matrices, prepared as 0.15 g tablets with a 9 mm diameter, were pro-

duced by direct compression of PhMs and PhMs with Na-bicarbonate using a programmable hydraulic pellet 

press PressPRO Programmable Hydraulic Pellet Press (PIKE Technologies, USA) under a pressure of 5 tons 

with a 5-second holding time. Each matrix was placed in a tared basket, which was immersed into glass 

beakers with 40 ml of 0.1 M HCl media, simulating stomach acid. The samples were placed in a quiescent 

media without stirring. The basket was removed from the media every 30 min during 6 h and after 24 h fol-

lowed by removal of residual media with a dry wipe, the matrix was carefully dried using a filter paper and 

weighed on an analytical balance Shinko Denshi (VIBRA, Japan). The swelling degree (H%) was deter-

mined according to established formulas cited in the literature [41, 42]. 

The degree of swelling (H%) was calculated by the formula: 

 2 1

1

   
%   100 %

m m
H

m


  , 

in which m1 is the mass of the dry sample; m2 is mass of swollen sample. 

To assess the influence of the media and impact of Na-bicarbonate on possible structural transfor-

mations of PhMs to polycomplex matrices during swelling, matrix samples were collected after 2 h, 4 h, 6 h 

and 24 h of exposure in an acidic media. 
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Determination of the Micro-Environmental pH in the Matrix During Swelling 

The preparation of the matrices for this study was carried out according to the described method for de-

termining the degree of swelling with the addition of a methyl red indicator (0.15 % w/w) [43]. Studying the 

penetration of the media into the matrix were performed in acidic media pH 1.2 as described above. The pH 

change was recorded after 2 h, 4 h, 6 h, and 24 h of exposure in an acidic media. After a certain time, a cross-

section of the matrix was made and the color change of the indicator was observed throughout the entire vol-

ume of the matrix. 

Sample Preparation 

Samples, taken during swelling studies, were frozen in laboratory freezer and then freeze-dried in 

FreeZone dryer (Labconco, USA) for 12 h at –50 °C and 0.08 mbar. After lyophilization tablets were dried in 

a VD 23 vacuum drying oven (BINDER GmbH, Germany) at 40 ± 0.5 °C to constant weight. The samples 

were ground to a powder using a ball mill ShaklR (PIKE Technologies, USA). The structural properties of 

the matrices during swelling were studied using the Fourier Transform Infra-Red (ATR-FTIR) spectroscopy 

(Thermo Scientific, Waltham, MA, USA) and modulated Differential Scanning Calorimetry (mDSC) meth-

ods for evaluation the influence of the media and impact of Na-bicarbonate on possible structural transfor-

mations of PhMs to polycomplex matrices while in an acidic media, simulating the stomach acid. 

Fourier-Transformed Infrared (ATR-FTIR) Spectroscopy 

The structural differences were studied using ATR-FTIR Spectroscopy. ATR-FTIR spectra were rec-

orded by a Nicolet iS5 FTIR spectrometer (Thermo Fisher Scientific, USA) with the iD5 smart single bounce 

ZnSe ATR crystal in the range from 1500 to 1900 cm
–1

. The absorption bands were interpreted in accordance 

with literature data [35, 38, 44]. 

Thermal Analysis 

mDSC analysis was performed on a Discovery DSC™ instrument (TA Instruments, New Castle, DE, 

USA) with an RCS90 refrigerated cooling attachment. The instrument was calibrated for temperature using 

indium and n-octadecane standards, for enthalpy using indium, and for heat capacity using a sapphire stand-

ard. Tzero
®
 aluminum pans (TA Instruments, USA) were used in all calorimetric studies. The empty pan was 

used as a reference and the mass of the reference pan and of the sample pans were taken into account. A dry 

nitrogen purge at a flow rate of 50 mL/min was maintained through the DSC cell. Samples in the mass range 

from 5 mg to 6 mg were placed in Tzero
®
 aluminum pans (TA Instruments, USA), which were then trans-

ferred into the calorimeter's thermal cell using an autosampler. The scan was performed over a temperature 

range from 0 to 200 °C at a heating rate of 2 °C/min in modulated mode (period 60 s, amplitude 0.6360 °C). 

The method employed two consecutive heating and cooling segments. First, the sample was cooled at a rate 

of 20 °C/min to 0 °C and held for 5 minutes. It was then heated at 2 °C/min to 160 °C in modulated mode 

(period 60 s, amplitude 0.6360 °C). Following this, the sample was cooled back to 0 °C and maintained at 

this temperature for 5 minutes. Finally, it was heated again at a rate of 2 °C/min to 200 °C in modulated 

mode with the same parameters: period 60 s, amplitude 0.6360 °C. Data were collected and processed using 

TRIOS™ software version 5.1.1.46572 (TA Instruments, USA). Glass transition temperatures (Tg) were de-

rived from the reversing heat flow signal. All analyses were conducted in triplicate. 

Tablet Preparation 

Six different PM of HPC/C71G, Na-bicarbonate and acyclovir were prepared using a mortar and pestle 

at HPC:C71G molar ratios of 1:2; 1:1 and with different levels of Na-bicarbonate (10, 15, and 20 mg per tab-

let). 1 tablet contained 50 mg of PhM, 100 mg of acyclovir and 10, 15 or 20 mg of Na-bicarbonate. The total 

tablet weight varied from 160 to 170 mg depending on the Na-carbonate content. Floating tablets were ob-

tained by pressing into tablets in a 9-mm die using a programmable hydraulic press PressPRO Programmable 

Hydraulic Pellet Press (PIKE Technologies, USA) at compression force of 5 tons with a holding time of 5 s 

by direct compression. 

Study of Drug Release 

Release was carried out using a DT 626 Dissolution tester (ERWEKA GmbH, Germany) at 37±0.5 °C 

using type II “paddle method” and a paddle rotation speed of 50 rpm. 0.1 M HCl was used as the dissolution 

media in a volume of 900 ml, simulating stomach acid. The preparation of tablets for the experiment is de-

scribed above. The experiment was conducted for 6 h. Samples (5 ml) were collected for analysis every 
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15 minutes during the first half hour of the experiment, and then every 30 minutes with volume replacement 

of pure media. Experimental results were calculated by measuring the optical density of the samples using a 

UV/Vis-spectrophotometer Lambda 25 (PerkinElmer, USA) at a wavelength of 255 nm [33]. 

Statistical Analysis 

Microsoft Excel Mondo 2016 (Version 2108 Build 14332.20651) was used for the statistical analysis of 

all data, which were obtained from experiments performed in triplicate. Mean values ± standard deviations 

were calculated using one-way analysis of variance (ANOVA) and t-Test (Two-Sample Assuming Equal 

Variances), where probability was p < 0.05 as a significant criterion. 

Results and Discussion 

Justification of the Optimal Composition 

To identify the optimal composition of floating tablets and subsequently study the complexation proper-

ties between HPC and C71G, to investigate the impact of Na-bicarbonate on complexation process, three 

types of PhMs were selected. PhMs HPC:C71G 1:2 and 2:1 contained an excess of each polymers and a 1:1 

molar ratio, respectively. Each tablet consists of 50 mg of the corresponding PhM, 100 mg of acyclovir and 

different amounts of Na-bicarbonate (0 mg, 10 mg, 15 mg, 20 mg, 25 mg). After immersing the tablets of 

different compositions in a media, simulating stomach acid, the time to float (lag time) and the duration of 

flotation on the media surface (floating time) were measured. Upon contact with the acidic media, Na-

bicarbonate generates carbon dioxide. The resulting CO2 bubbles, trapped within the swollen gel layer sur-

rounding the matrix, facilitate rapid flotation and an extended floating duration by reducing the density be-

low 1 g/cm
3
 [13–19, 32]. Tablets without Na-bicarbonate did not exhibit buoyancy. All matrices, containing 

Na-bicarbonate, except one (PhM 2:1 with 10 mg of Na-bicarbonate), demonstrated an optimal lag time (less 

than 3 minutes). The floating results for the different matrices are reported in Table 1. 

After 24 hours of testing, all samples based on the PhM 2:1 (with an excess of HPC) disintegrated re-

gardless of their Na-bicarbonate content. This is likely due to the solubility of HPC in the media and its ina-

bility to withstand the disruptive effect. Other samples with the highest Na-bicarbonate content (25 mg) were 

also destroyed. In large quantities, Na-bicarbonate exerts a disintegrating effect on matrices in an acidic me-

dia [11, 32]. Tablet samples of PhM 1:2 and PhM 1:1 containing 10 mg, 15 mg and 20 mg of Na-

bicarbonate, exhibited all necessary floating parameters (lag time — less than 3 min, floating time — over 

24 h) [11, 45, 46]. These samples were selected as optimal for further investigation. 

T a b l e  1  

Effect of Na-bicarbonate level on floating parameters of matrices  

made of HPC/C71G at different molar ratios 

HPC:C71G 

molar ratio 

Na-bicarbonate, 

mg 
Lag time Floating time 

1:2 0 – No floatation observed 

1:2 10 17 s 24 h 

1:2 15 12 s 24 h 

1:2 20 9 s 24 h 

1:2 25 10 s Disintegrated within 24 hours 

1:1 0 – No floatation observed 

1:1 10 29 s 24 h 

1:1 15 17 s 24 h 

1:1 20 10 s 24 h 

1:1 25 10 s Disintegrated within 24 hours 

2:1 0 – No floatation observed 

2:1 10 > 3 min Disintegrated within 24 hours 

2:1 15 37 s Disintegrated within 24 hours 

2:1 20 37 s Disintegrated within 24 hours 

2:1 25 37 s Disintegrated within 24 hours 

 



Design of Floating Tablets Based on Hydroxypropyl Cellulose … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 77 

Determination of the Degree of Swelling of Matrices 

Evaluating the behavior of matrices based on PhMs without API is necessary for prediction of the pos-

sibility of application of tablets as carriers for drug delivery systems (DDS). In addition, it was necessary to 

assess the complexation between the two polymers, as well as the influence of Na-bicarbonate on this pro-

cess in acidic media, simulating fasted stomach, for the development of gastroretentive DDS. It was noted 

that matrices based on PhMs of both ratios retained their shape, increased in size and surface layer of matri-

ces transformed into a hydrogel structure (Figure 1). The PhM with an excess of C71G (PhM 1:2) exhibited a 

higher swelling degree than the PhM 1:1. Furthermore, by the end of the experiment, the swelling degree of 

the PhM 1:1 began to decrease, which may indicate the erosion of HPC from the matrix (Figures 2-3) by re-

ducing the mass. The influence of Na-bicarbonate on the swelling degree is more pronounced for PhM 1:1. 

As the Na-bicarbonate content increases, a decrease in the swelling degree is observed, which may also po-

tentiate its disruptive effect on the matrix by facilitating the erosion of the HPC. 

 

 

Figure 1. External appearance of PhM matrices during the swelling test 

 

 

Figure 2. Swelling profiles of PhM 1:2 matrices with and without Na-bicarbonate  

in mimicking fasted stomach media (0.1 M HCl) (n = 3, mean ± SD) 
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Figure 3. Swelling profiles of PhM 1:1 matrices with and without Na-bicarbonate  

in mimicking fasted stomach media (0.1 M HCl) (n = 3, mean ± SD) 

Carbopol
®
 as a weakly crossed-linked PAA, has a weak solubility in an acidic environment. Carbopol

®
 

polymers are bearing very good sorption property and they are capable of swelling to form a gel layer [47]. 

The thickening effect arises from the formation of hydrogen bonds between the carboxyl group and one or 

more hydroxyl donors [48, 49]. They provide gelation, viscosity, and mechanical strength necessary for 

structural integrity, resulting in denser, more robust matrices. HPC also is necessary for raft formation and 

stability. However, due to its reduced amount following erosion from the matrix, this led to the gel layer sur-

rounding the tablet core becoming less viscous. Furthermore, the presence of the Na-bicarbonate increased 

the tablet's porosity, which disrupted the continuous gel structure of the soluble polymer, allowing a greater 

amount of water to penetrate into the swelling matrix [20, 50]. We have previously studied the swelling be-

havior of matrices based on these polymers, which is consistent with our assumptions [33]. 

Determination of the pH in the Matrix 

To further investigate the micro-environmental pH, the pH indicator methyl red (0.15 % w/w) was add-

ed to the matrix to visually monitor the pH within the matrices during the penetration of media. This indica-

tor is red at acidic pH and yellow at pH values >5.8 [43]. The appearance of the matrices during the experi-

ment is shown in the Figure 4.  

 

 

Figure 4. External appearance of PhM matrices during the media penetration 



Design of Floating Tablets Based on Hydroxypropyl Cellulose … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 79 

When the matrices were immersed in an acidic medium with a pH 1.2, a bright red staining of the ma-

trix surface was observed. The Na-bicarbonate solution has an alkaline pH value [51, 52]. Since the matrix 

contains Na-bicarbonate, when interacting with the media, it will change the pH inside the matrix. By chang-

ing the color of the indicator, it is possible to monitor the change in the pH value during the penetration of 

the media into the matrix and identify the equilibrium of the reaction. The experiments showed that the outer 

hydrogel layer of the matrix remained red (low pH), whereas the core color of the slowly turned to yellow 

(high pH), from the edge towards the center. Thus, the pH within the core of the matrix turned yellow under 

the action of Na-bicarbonate during the penetration. 2 hours of exposure in the media showed its incomplete 

penetration into the entire volume of the matrix. With deeper penetration, a more pronounced change in the 

color of the indicator was observed (4 h, 6 h). After 24 hours of the experiment, the matrix turned red, which 

indicates that the reaction has completely passed and reached equilibrium in the system. 

Evaluation of IPC. ATR-FTIR Spectroscopy 

To assess possible structural changes in the PhM matrices, occurring under the influence of an media 

with a low pH value and also to evaluate the influence of Na-bicarbonate on the complexation between pol-

ymers, samples were collected after exposure to an acidic media, simulating stomach acid. The samples were 

specially prepared for further analysis using the method described above (Sample preparation). 

ATR-FTIR spectroscopy can be used to analyze hydrogen-bonded complexation between C71G and 

HPC by monitoring the shift of the characteristic absorbance band. Hydrogen bonding primarily occurs be-

tween the hydroxyl (–OH) or ester (–O–) groups of HPC and the carboxylic (–COOH) groups of C71G. In 

pure C71G powder, the carbonyl peak is usually located at 1700~1710 cm
–1

. The hydrogen bonding between 

hydroxyl or ether groups and the carboxylic groups disrupts the existing hydrogen bonding network among 

the –COOH groups of C71G. Consequently, compared to pure C71G powder, the C=O stretching vibration 

in the FT-IR spectra exhibits shift. This spectral shift is an indicator of the extent of hydrogen bonding be-

tween HPC and C71G, it was investigated by us earlier [33]. A greater degree of hydrogen bond formation 

between C71G and HPC results in a higher shift of the C=O band relative to pure C71G [35, 38, 44]. This 

shift is also typical for IPCs with similar structures [53]. 

The ATR-FTIR spectra of the samples are presented in Figures 5-6. In the ATR-FTIR spectra of the in-

dividual polymers, the C71G exhibits an absorption band in the region of 1703–1707 cm
–1

. This characteris-

tic band confirms the stretching vibrations of the carboxyl groups in their structure. No absorption bands in 

this region were observed for the HPC. The ATR-FTIR spectra, obtained after different periods of matrix 

residence (2 h, 4 h, 6 h, 24 h) in the acidic media, confirmed that with increased residence time, the shift of 

the characteristic band increases. Since the PhM 1:1 is stoichiometric, more pronounced shifts are observed 

compared to the PhM 1:2 for both compositions with and without Na-bicarbonate. This is indicative of com-

plex formation associated with a greater number of hydrogen bonds. 

 

1900 1850 1800 1750 1700 1650 1600 1550 1500

1714

1713

1715

T
ra

n
s
m

it
ta

n
c
e

, 
%

Wavenumber, cm
-1

 PhM 1:2 24h

 PhM 1:2 6h

 PhM 1:2 4h

 PhM 1:2 0h

1705

  
1900 1850 1800 1750 1700 1650 1600 1550 1500

1707

1721

1725

1721

T
ra

n
s
m

it
ta

n
c
e

, 
%

Wavenumber, cm
-1

 PhM 1:1 24h

 PhM 1:1 6h

 PhM 1:1 4h

 PhM 1:1 0h

 
 A B 

A — PhM 1:2; B — PhM 1:1 (ordinate — transmission, %; abscissa — wavenumber, cm
–1

) 

Figure 5. IR-spectra of PhMs without Na-bicarbonate 
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Figure 6. IR-spectra of PhMs with Na-bicarbonate 

Thermal Analysis 

The procedure for preparing the samples is detailed in the Sample preparation. 

Figures 7-8 show the mDSC thermograms of the analyzed samples: PhMs without Na-bicarbonate, 

PhMs with Na-bicarbonate before swelling and after being in an acidic media for 4 h and 6 h. PhMs until 

swelling (0 h) have glass transition temperature (Tg) in the region 128.4–128.7 °С. This is typical for a pure 

C71G [33, 54]. A 4-hour exposure of the PhMs leads to a reduction in its Tg, which is likely due to the for-

mation of hydrogen bonds. Extended exposure to the acidic media resulted in a more substantial lowering of 

the Tg. For PhMs without Na-bicarbonate, this is most pronounced for the 1:1 composition, which is proba-

bly due to the stoichiometric interaction Tg = 95.1 °С. In the case of mDSC-thermograms with Na-

bicarbonate, the formation of IPC during swelling occurs in the case of both 1:1 and 1:2 formulations. At the 

same time, regardless of the time (4 or 6 h), a more intense shift in Tg was observed (Tg = 92.5–97.7 °С). Ac-

cording to literature data, the Tg of HPC is recorded in the range of 40 to 45 °C [55]. Based on literature find-

ings, the Tg of polycomplex lies in the range between the Tg’s of the initial components. The resulting Tg’s 

for IPCs are recorded precisely in this range (Tg = 92.5–97.7 °C) [53]. This is a result of the formation of a 

cooperative system of intermolecular hydrogen bonds, which is consistent with our previous studies [33]. 

Observation of a non-classical (broadened) Tg in the swollen PhMs suggests the possible formation of a lim-

ited number of hydrogen bonds during complexation. The obtained mDSC results correlate with the ATR-

FTIR results. As can be observed, the shifts of characteristic bands for the PhM 1:1 are more pronounced 

(1721–1725 cm
–1

) than for the PhM 1:2 (1713–1715 cm
–1

) without carbonate, as well as with Na-

bicarbonate: PhM 1:1 (1722–1723 cm
–1

), PhM 1:2 (1716–1717 cm
–1

), which also indicates a IPC formation 

process between the polymers. 
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Figure 7. mDSC thermograms of PhMs without Na-bicarbonate 
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Figure 8. mDSC thermograms of PhMs with Na-bicarbonate 

The observed changes in the DSC-thermograms of both PhMs before swelling, in the range of 150–

170 °C, are associated with the decomposition of Na-bicarbonate in the mixture [56, 57]. As a result of 

swelling in an acidic media, the formation of two Tg characteristic of the individual polymers is not observed, 

which confirms the interaction between the polymers in the PhM. A single resultant Tg indicates the for-

mation of a IPC. 

Study of Drug Release 

Acyclovir release in 0.1 M HCl was studied from floating tablets. The composition of the floating tab-

lets is reported in Table 2. This is done in order to illustrate the effect of Na-bicarbonate as well as combina-

tion of HPC and C71G in matrices on the drug release of acyclovir. 

T a b l e  2  

Composition of floating tablet matrices 

HPC:C71G 

molar ratio 

Mass of PhM  

for 1 tablet, mg 

Mass of acyclovir  

for 1 tablet, mg 

Na-bicarbonate 

mg 

Total mass  

of 1 tablet, mg 

1:2 50 100 10 160 

1:2 50 100 15 165 

1:2 50 100 20 170 

1:1 50 100 10 160 

1:1 50 100 15 165 

1:1 50 100 20 170 

 

Incorporation of Na-bicarbonate did not significantly affect the rapid drug release from PhMs matrices. 

This did not lead to acceleration of drug release by the effervescent action. However, it is worth noting that 

the drug release from matrices based on a PhM 1:1 is slightly higher than from a PhM 1:2 (Figures 9-10).  

 

 

Figure 9. Effect of Na-bicarbonate level (mg/tablet) on Acyclovir release  

in 0.1 M HCl from PhM 1:2 tablet matrices (n = 3, mean ± SD) 
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Figure 10. Effect of Na-bicarbonate level (mg/tablet) on Acyclovir release 

in 0.1 M HCl from PhM 1:1 tablet matrices (n = 3, mean ± SD) 

This may be attributed to the erosion of the matrices due to existence of a soluble polymer (HPC) in 

them. The proportion of HPC in the PhM 1:2 is lower, which results in a reduced disruptive effect on the ma-

trix. Conversely, the higher content of C71G allows the matrix to maintain its structure for a longer period 

due to the formation of a surface gel layer [47]. All compositions demonstrated a slower drug release, as no 

more than 85 % of the acyclovir was released within 6 hours. Release profile of acyclovir from all matrices, 

regardless of the concentration of Na-bicarbonate, can be characterized as prolonged with gradual drug re-

lease over 6 h. 

Conclusions 

Thus, according to the conducted studies, floating tablets based on a physical mixture of HPC and 

C71G were obtained. All matrices containing sodium bicarbonate showed a flotation time of less than 3 

minutes, with the exception of a 2:1 PhM with 10 mg of sodium bicarbonate. The tablet matrices retained 

their shape during swelling and increased in size due to the swelling of Carbopol®. It is worth noting that 

with a polymer ratio in the PhM HPC/C71G (1:1 ratio) related to weight loss, greater matrix erosion was ob-

served compared to a 1:2 due to the lower C71G content. Studies with methyl red indicator showed gradual 

penetration of the acidic media into the matrix and a color change from red to yellow. According to ATR-

FTIR spectroscopy, a spectral shift is observed during matrix swelling, indicating the degree of hydrogen 

bonding between HPC and C71G in the samples. Thermal analysis revealed a somehow decrease in the glass 

transition temperatures in the DSC-thermograms, which is due to the formation of a polycomplex structure 

stabilized by an intermacromolecular hydrogen bonds. 

The addition of sodium bicarbonate did not increase the release rate due to the effervescent effect. 

A slightly higher release rate was observed for matrices with a 1:1 polymer ratio, due to erosion of the solu-

ble HPC polymer, while the higher C71G content maintains the structure due to the formation of a hydrogel 

layer. Thus, a PhMs of HPC/C71G with the addition of sodium bicarbonate can be used to produce floating 

tablets for the gastroretentive delivery of acyclovir. 

Funding 

The study was supported by a grant from the Russian Science Foundation (No. 23-15-00263, “Devel-

opment polycomplex drug delivery systems for preparation of innovative dosage forms with modified re-

lease”, https://rscf.ru/en/project/23-15-00263/). 

Author Information* 
___________________________________________________________________________ 

*The authors' names are presented in the following order: First Name, Middle Name and Last Name 

Ulyana Nikolaevna Zabolotnaya — 3d year PhD Student, Institute of Pharmacy, Kazan State Medical 

University, Fatykha Amirkhan str., 16, Kazan, Republic of Tatarstan, 420126, Russia; e-mail: 

ulyana.zabolotnaya@kazangmu.ru, https://orcid.org/0009-0004-8058-8007 

https://rscf.ru/en/project/23-15-00263/
mailto:ulyana.zabolotnaya@kazangmu.ru
https://orcid.org/0009-0004-8058-8007


Design of Floating Tablets Based on Hydroxypropyl Cellulose … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 83 

Venera Rasimovna Timergalieva — PhD, Institute of Pharmacy, Kazan State Medical University, 

Fatykha Amirkhan str., 16, Kazan, Republic of Tatarstan, 420126, Russia; e-mail: 

venera.timergalieva@kazangmu.ru, https://orcid.org/0000-0002-3690-8905 

Shamil Flurovich Nasibullin — Lecturer, Institute of Pharmacy, Kazan State Medical University, 

Fatykha Amirkhan str., 16, Kazan, Republic of Tatarstan, 420126, Russia; e-mail: 

shamil.nasibullin@kazangmu.ru, https://orcid.org/0000-0002-7255-8041 

Rouslan Ibragimovich Moustafine (corresponding author) — PhD, Director of Institute of Pharmacy, 

Institute of Pharmacy, Kazan State Medical University, Fatykha Amirkhan str., 16, Kazan, Republic of 

Tatarstan, 420126, Russia; e-mail: ruslan.mustafin@kazangmu.ru, https://orcid.org/0000-0002-0916-2853 

Author Contributions 

The manuscript was written through contributions of all authors. All authors have given approval to the 

final version of the manuscript. CRediT: Ulyana Nikolaevna Zabolotnaya conceptualization, data curation, 

investigation, methodology, visualization, writing-original draft; Venera Rasimovna Timergalieva concep-

tualization, methodology, visualization, writing-original draft; Shamil Flurovich Nasibullin assisted with 

thermal methods and advised on the experimental results; Rouslan Ibragimovich Moustafine conceptual-

ization, data curation, formal analysis, funding acquisition, resources, supervision, validation, writing-

original draft, writing-review & editing. 

Conflicts of Interest 

The authors declare no conflict of interest. 

 

 

References 

1 Vo, A. Q., Zhang, J., Nyavanandi, D., Bandari, S., & Repka, M. A. (2020). Hot melt extrusion paired fused deposition mod-

eling 3D printing to develop hydroxypropyl cellulose based floating tablets of cinnarizine. Carbohydrate Polymers, 246, 116519. 

https://doi.org/10.1016/J.CARBPOL.2020.116519 

2 Alekseyev, K. V., Blynskaya, E. V., Karbusheva, E. Yu., Sedova, M. K., Tikhonova, N. V., & Uvarov, N. A. (2012). Produc-

tion of Floating Medicinal Forms. Pharmacy, (6), 35–38 [in Russian]. 

3 Lin, X., Fu, H., Hou, Z., Si, Y., Shan, W., & Yang, Y. (2021). Three-dimensional printing of gastro-floating tablets using 

polyethylene glycol diacrylate-based photocurable printing material. International Journal of Pharmaceutics, 603, 120674. 

https://doi.org/10.1016/j.ijpharm.2021.120674 

4 Lopes, C. M., Bettencourt, C., Rossi, A., Buttini, F., & Barata, P. (2016). Overview on gastroretentive drug delivery systems 

for improving drug bioavailability. International journal of pharmaceutics, 510(1), 144–158. 

https://doi.org/10.1016/j.ijpharm.2016.05.016 

5 Omidian, H. (2025). Gastroretentive drug delivery systems: A holy grail in oral delivery. Drug Discovery Today, 104340. 

https://doi.org/10.1016/j.drudis.2025.104340 

6 Yuan, K. C., Chiang, Y. C., Li, P. H., & Chiang, P. Y. (2024). Physicochemical and release properties of anthocyanin gastric 

floating tablets colloidized with κ-carrageenan/metal ions. Food Hydrocolloids, 150, 109674. 

https://doi.org/10.1016/j.foodhyd.2023.109674 

7 Pinto, J. F. (2010). Site-specific drug delivery systems within the gastro-intestinal tract: from the mouth to the colon. Interna-

tional journal of pharmaceutics, 395(1-2), 44–52. https://doi.org/10.1016/j.ijpharm.2010.05.003 

8 Shah, K., Singh, D., Agrawal, R., & Garg, A. (2025). Current developments in the delivery of gastro-retentive drugs. Ameri-

can Association of Pharmaceutical Scientists PharmSciTech, 26(2), 57. https://doi.org/10.1208/s12249-025-03052-4 

9 Issarachot, O., Bunlung, S., Kaewkroek, K., & Wiwattanapatapee, R. (2023). Superporous hydrogels based on blends of chi-

tosan and polyvinyl alcohol as a carrier for enhanced gastric delivery of resveratrol. Saudi Pharmaceutical Journal, 31(3), 335–347. 

https://doi.org/10.1016/j.jsps.2023.01.001 

10 Charoenying, T., Opanasopit, P., Ngawhirunpat, T., Rojanarata, T., Akkaramongkolporn, P., & Patrojanasophon, P. (2023). 

Development of a novel tablet-shaped floating 3D-printed device with adjustable floating time as floating drug delivery systems pro-

vided zero-order release kinetics. Journal of Drug Delivery Science and Technology, 84, 104506. 

https://doi.org/10.1016/j.jddst.2023.104506 

11 Mustafin R. I., Protasova A. A., Bukhovets A. V., & Semina I. I. (2014). Issledovanie interpolymernykh sochetaniy na 

osnove (met)akrilatov v kachestve perspektivnykh nositeley v polikompleksnykh sistemakh dlya gastroretentivnoy dostavki [Investi-

gation of interpolymers based on (meth)acrylates as promising carriers in multiplex gastroretentive drug delivery systems]. 

Farmatsiya — Farmatsiya, 5, 3–5 [in Russian]. 

mailto:venera.timergalieva@kazangmu.ru
https://orcid.org/0000-0002-3690-8905
mailto:shamil.nasibullin@kazangmu.ru
https://orcid.org/0000-0002-7255-8041
mailto:ruslan.mustafin@kazangmu.ru
https://orcid.org/0000-0002-0916-2853
https://credit.niso.org/
https://doi.org/10.1016/J.CARBPOL.2020.116519
https://doi.org/10.1016/j.ijpharm.2021.120674
https://doi.org/10.1016/j.ijpharm.2016.05.016
https://doi.org/10.1016/j.drudis.2025.104340
https://doi.org/10.1016/j.foodhyd.2023.109674
https://doi.org/10.1016/j.ijpharm.2010.05.003
https://doi.org/10.1208/s12249-025-03052-4
https://doi.org/10.1016/j.jsps.2023.01.001
https://doi.org/10.1016/j.jddst.2023.104506


Zabolotnaya, U.N., Timergalieva, V.R. et al.  

84 Eurasian Journal of Chemistry. 2026, Vol. 31, No. 1(121) 

12 Blynskaya, E. V., Vinogradov, V. P., Tishkov, S. V., Suslina, S. N., & Alekseev, K. V. (2022). Modern Approaches to Ob-

taining Floating Drug Dosage Forms (A Review). Pharmaceutical Chemistry Journal, 56(9), 1277–1284. 

https://doi.org/10.1007/s11094-022-02786-w 

13 Raza, A., Hayat, U., Wang, H. J., & Wang, J. Y. (2020). Preparation and evaluation of captopril loaded gastro-retentive zein 

based porous floating tablets. International Journal of Pharmaceutics, 579, 119185. https://doi.org/10.1016/j.ijpharm.2020.119185 

14 Tort, S., Han, D., & Steckl, A. J. (2020). Self-inflating floating nanofiber membranes for controlled drug delivery. Interna-

tional Journal of Pharmaceutics, 579, 119164. https://doi.org/10.1016/j.ijpharm.2020.119164  

15 Rahim, S. A., Carter, P., & Elkordy, A. A. (2017). Influence of calcium carbonate and sodium carbonate gassing agents on 

pentoxifylline floating tablets properties. Powder Technology, 322, 65–74. https://doi.org/10.1016/j.powtec.2017.09.001 

16 Yin, L., Qin, C., Chen, K., Zhu, C., Cao, H., Zhou, J., He, W., & Zhang, Q. (2013). Gastro-floating tablets of cephalexin: 

preparation and in vitro/in vivo evaluation. International journal of pharmaceutics, 452(1-2), 241–248. 

https://doi.org/10.1016/j.ijpharm.2013.05.011 

17 Chaudhary, S., Chandrika, A. M., Chaudhary, Y., Shahi, A., Sigdel, A., & Thapa, R. (2025). Formulation and Invitro Evalua-

tion of Effervescent Floating Tablets of Hydrophilic Polymers Using Propranolol Hydrochloride as a Model Drug. World Journal of 

Current Medical and Pharmaceutical Research, 7(1), 29–34. https://doi.org/10.37022/wjcmpr.v7i1.354 

18 Tufail, M., Shah, K. U., Khan, I. U., Khan, K. A., Shah, S. U., Rashid, F., Khan, J., Alshammari, A., Alasmari, A. F., & Riaz, 

M. S. (2024). Controlled release bilayer floating effervescent and noneffervescent tablets containing levofloxacin and famotidine. 

International Journal of Polymer Science, 2024(1), 1243321. https://doi.org/10.1155/2024/1243321 

19 Siripruekpong, W., Wiwattanapatapee, R., Chambin, O., & Assifaoui, A. (2025). Structural and mechanistic exploration in 

the development of floating drug delivery systems using calcium-pectinate gels with sodium bicarbonate as CO2 gas-forming agent. 

Journal of Drug Delivery Science and Technology, 107, 106729. https://doi.org/10.1016/j.jddst.2025.106729 

20 Ahmad, S., Khan, J. A., Kausar, T. N., Mahnashi, M. H., Alasiri, A., Alqahtani, A. A., Alqahtani, T. S., Walbi, I. A., 

Alshehri, O. M., Elnoubi, O. A., Mahmood, F., & Sadiq, A. (2023). Preparation, characterization and evaluation of flavonolignan 

silymarin effervescent floating matrix tablets for enhanced oral bioavailability. Molecules, 28(6), 2606. 

https://doi.org/10.3390/molecules28062606  

21 Zhang, R., Shi, H., Li, S., Zhang, H., Zhang, D., Wu, A., Zhang, C., Li, C., Fu, X., Chen, S., Shi, J., Tian, Y., Wang, Y., & 

Liu, H. (2023). A double-layered gastric floating tablet for zero-order controlled release of dihydromyricetin: Design, development, 

and in vitro/in vivo evaluation. International Journal of Pharmaceutics, 638, 122929. https://doi.org/10.1016/j.ijpharm.2023.122929 

22 Saady, M., Shoman, N. A., Teaima, M., Abdelmonem, R., El-Nabarawi, M. A., & Elhabal, S. F. (2024). Fabrication of gas-

tro-floating sustained-release etoricoxib and famotidine tablets: design, optimization, in-vitro, and in-vivo evaluation. Pharmaceuti-

cal Development and Technology, 29(5), 429–444. https://doi.org/10.1080/10837450.2024.2343320 

23 Bellad, K., Nanjwade, B., Sarkar, A., Srichana, T., & Shetake, R. (2020). Development and evaluation of curcumin floating 

tablets. Pharmaceutica Analytica Acta, 12, 622. https://doi.org/10.35248/2153-2435.20.11.622 

24 Bote, S., & Kolageri, S. (2022). Formulation and Evaluation of Floating Tablets of Pantoprazole. Journal of Drug Delivery 

and Therapeutics, 12(5), 34–45. https://doi.org/10.22270/jddt.v12i5.5577 

25 Liu, H., Wang, S., Shi, H., Zhang, R., Qu, K., Hu, Y., Qu, X., Gan, C., Chen, J., Shi, X., Zhang, M., & Zeng, W. (2021). Gas-

tric floating tablet improves the bioavailability and reduces the hypokalemia effect of gossypol in vivo. Saudi Pharmaceutical Jour-

nal, 29(4), 305–314. https://doi.org/10.1016/j.jsps.2021.03.001 

26 Wavhule, P., & Devarajan, P. V. (2021). Development and optimization of microballoons assisted floating tablets of Baclo-

fen. American Association of Pharmaceutical Scientists PharmSciTech, 22(8), 272. https://doi.org/10.1208/s12249-021-02139-y 

27 Huh, H. W., Na, Y. G., Kang, H., Kim, M., Han, M., Pham, T. M. A., Lee, H., Baek, J. S., Lee, H. K., & Cho, C. W. (2021). 

Novel self-floating tablet for enhanced oral bioavailability of metformin based on cellulose. International Journal of Pharmaceutics, 

592, 120113. https://doi.org/10.1016/j.ijpharm.2020.120113 

28 Moustafine R. I., Bukhovets A. V., Protasova A. A., Shaykhramova R. N., Sitenkov A. Y., & Semina I. I. (2015). 

Sravnitel’noe issledovanie polikompleksnykh sistem dlya gastroretentivnoy dostavki metformina [Comparative investigation of 

polycomplex systems for gastroretentive metformin delivery]. Razrabotka i registratsiya lekarstvennykh sredstv — Drug develop-

ment & registration, 1(10), 48–50 [in Russian]. 

29 Khutoryanskiy, V. V., Dubolazov, A. V., & Mun, G. A. (2009). pH-and ionic strength effects on interpolymer complexation 

via hydrogen-bonding. In Hydrogen-bonded interpolymer complexes: Formation, structure and applications, 1-21. 

https://doi.org/10.1142/9789812709776_0001 

30 Smyslov, R. Y., Gorshkova, Y. E., Nekrasova, T. N., Makhayeva, D. N., Mun, G. A., Irmukhametova, G. S., & 

Khutoryanskiy, V. V. (2025). Dynamic and structural insights into hydrogen-bonded interpolymer complexes of poly(2-alkyl-2-

oxazolines) with poly(carboxylic acids). Journal of Colloid and Interface Science, 699(1), 138185. 

https://doi.org/10.1016/j.jcis.2025.138185 

31 Khutoryanskiy, V. V. (2007). Hydrogen-bonded interpolymer complexes as materials for pharmaceutical applications. Inter-

national Journal of Pharmaceutics, 334(1-2), 15–26. https://doi.org/10.1016/j.ijpharm.2007.01.037 

32 Bani-Jaber, A. K., Alkawareek, M. Y., Al-Gousous, J. J., & Helwa, A. Y. A. (2011). Floating and sustained-release charac-

teristics of effervescent tablets prepared with a mixed matrix of Eudragit L-100-55 and Eudragit EPO. Chemical and Pharmaceutical 

Bulletin, 59(2), 155–160. https://doi.org/10.1248/cpb.59.155 

https://doi.org/10.1007/s11094-022-02786-w
https://doi.org/10.1016/j.ijpharm.2020.119185
https://doi.org/10.1016/j.ijpharm.2020.119164%20/
https://doi.org/10.1016/j.powtec.2017.09.001
https://doi.org/10.1016/j.ijpharm.2013.05.011
https://doi.org/10.37022/wjcmpr.v7i1.354
https://doi.org/10.1155/2024/1243321
https://doi.org/10.1016/j.jddst.2025.106729
https://doi.org/10.3390/molecules28062606%20/
https://doi.org/10.1016/j.ijpharm.2023.122929
https://doi.org/10.1080/10837450.2024.2343320
https://doi.org/10.35248/2153-2435.20.11.622
https://doi.org/10.22270/jddt.v12i5.5577
https://doi.org/10.1016/j.jsps.2021.03.001
https://doi.org/10.1208/s12249-021-02139-y
https://doi.org/10.1016/j.ijpharm.2020.120113%20/
https://doi.org/10.1142/9789812709776_0001
https://doi.org/10.1016/j.jcis.2025.138185
https://doi.org/10.1016/j.ijpharm.2007.01.037
https://doi.org/10.1248/cpb.59.155


Design of Floating Tablets Based on Hydroxypropyl Cellulose … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 85 

33 Zabolotnaya U.N., Timergalieva V.R., Nasibullin S.F., & Moustafine R.I. (2025). Development of polycomplex carriers 

based on hydroxypropyl cellulose and Carbopol® for gastroretentive drug delivery. Drug development & registration, 14(4), 108–

124 [in Russian]. https://doi.org/10.33380/2305-2066-2025-14-4-2148 

34 Nurkeeva, Z. S., Mun, G. A., & Khutoryanskiy, V. V. (2003). Interpolymer complexes of water‐soluble nonionic polysaccha-

rides with polycarboxylic acids and their applications. Macromolecular Bioscience, 3(6), 283–295. 

https://doi.org/10.1002/chin.200408305 

35 Satoh, K., Takayama, K., Machida, Y., Suzuki, Y., Nakagaki, M., & Nagai, T. (1989). Factors affecting the bioadhesive 

property of tablets consisting of hydroxypropyl cellulose and carboxyvinyl polymer. Chemical and pharmaceutical bulletin, 37(5), 

1366-1368. https://doi.org/10.1248/cpb.37.1366 

36 Mangazbaeva, R. A., Mun, G. A., Nurkeeva, Z. S., & Khutoryanskiy, V. V. (2006). Interpolymer complexes of 

hydroxypropylmethylcellulose with polycarboxylic acids in aqueous solutions. Polymer international, 55(6), 668–674. 

https://doi.org/10.1002/pi.2012 

37 Mun, G. A., Nurkeeva, Z. S., Khutoryanskiy, V., & Dubolazov, A. V. (2003). Effect of pH and ionic strength on the complex 

formation of poly(acrylic acid) with hydroxyethylcellulose in aqueous solutions. Polymer Science, 45(12), 2091–2095. 

38 Şakar‐Deliormanli, A. (2012). Flow behavior of hydroxypropyl methyl cellulose/polyacrylic acid interpolymer complexes in 

aqueous media. Polymer international, 61(12), 1751–1757. https://doi.org/10.1002/pi.4266 

39 Negim, E. S. M., Nurpeissova, Z. A., Mangazbayeva, R. A., Khatib, J. M., Williams, C., & Mun, G. A. (2014). Effect of pH 

on the physico-mechanical properties and miscibility of methyl cellulose/poly(acrylic acid) blends. Carbohydrate Polymers, 101, 

415–422. https://doi.org/10.1016/j.carbpol.2013.09.047 

40 Fedorova, O. V., Ovchinnikova, I. G., Rusinov, G. L., Avdeeva, V. V., Zhdanov, A. P., Zhizhin, K. Yu., Kuznetsov, N. T., 

Zakharova, L. Ya., Kuznetsova, D. A., Razuvaeva, Yu. S., Zhiltsova, E. P., Sinyashin, O. G., Alekseeva, A. S., Vodovozova, E. L., 

Abdrakhmanova, I. I., Ibrahim, A., Solovyeva, V. V., Maltsev, A. V., Fisenko, V. P., Bachurin, S. O., Mikhailov, Yu. M., 

Aleksandrova, Yu. I., Shurpik, D. N., Stoikov, I. I., Ziganshina, A. Y., Solovieva, S. E., Antipin, I. S., Agafonov, M. A., Terekhova, 

I. V., Ilicheva, P. M., Pidenko, P. S., Burmistrova, N. A, Moustafine, R. I., Timergalieva, V. R., Zabolotnaya, Y. N., Khutoryanskiy, 

V. V., Demin, A. M., Levit, G. L., Charushin, V. N., Krasnov, V. P., Goryacheva, O. A., Mayorova, O. A., Mesheryakova, S. M., 

Goryacheva, I. Yu., Ayupova, A. I., Fattakhova, А. А., Rizvanov, А. А., Inozemtseva, O. A., Gusliakova, O. I., Gorin, D. A., 

Gerasimov, A. V., Zubaidullina, L. S., Ziganshin, M. A., Valiulin, S. V., Onischuk, A. A., Bezrukov, A. N., Galyametdinov, Yu. G., 

Padnya, P. L., Nazarova, A. A., Sultanova, E. D. & Burilov, V. A. (2025). Modern Strategies of Drug Therapy: Multi-Target Drug 

Delivery, Bioimaging, Diagnostics. Russian Journal of General Chemistry, 95 (Suppl 1), S1-S448. 

https://doi.org/10.1134/S1070363225606726 

41 Gordeeva D. S., Sitenkova (Bukhovets) A. V., Moustafine R. I. (2020). Interpolyelectrolyte Complexes Based On Eudragit® 

Copolymers As Carriers For Bioadhesive Gastroretentive Metronidazole Delivery System. Drug development & registration, 9(2), 

72–76 [in Russian]. https://doi.org/10.33380/2305-2066-2020-9-2-72-76 

42 Viktorova A. S., Elizarova E. S., Romanova R. S., Timergalieva V. R., Khutoryanskiy V. V., Moustafine R. I. (2021). 

Interpolymer complexes based on Carbopol® and poly(2-ethyl-2-oxazoline) as carriers for buccal delivery of metformin. Drug de-

velopment & registration, 10(1), 48–55 [in Russian]. https://doi.org/10.33380/2305-2066-2021-10-1-48-55 

43 Streubel, A., Siepmann, J., Dashevsky, A., & Bodmeier, R. (2000). pH-independent release of a weakly basic drug from wa-

ter-insoluble and-soluble matrix tablets. Journal of controlled release, 67(1), 101–110. https://doi.org/10.1016/S0168-

3659(00)00200-5 

44 Zhang X., Lin F., Yuan Q., Zhu L., Wang C., Yang S. (2019). Hydrogen-bonded thin films of cellulose ethers and 

poly(acrylic acid). Carbohydrate Polymers, 215, 58-62. https://doi.org/10.1016/j.carbpol.2019.03.066 

45 Rao, G. K., Mandapalli, P. K., Manthri, R., & Reddy, V. P. (2013). Development and in vivo evaluation of gastroretentive 

delivery systems for cefuroxime axetil. Saudi Pharmaceutical Journal, 21(1), 53–59. https://doi.org/10.1016/j.jsps.2012.01.003 

46 Prajapati, P. H., Nakum, V. V., & Patel, C. N. (2012). Formulation and evaluation of floating matrix tablet of stavudine. In-

ternational Journal of pharmaceutical investigation, 2(2), 83. https://doi.org/10.4103/2230-973X.100047 

47 Yusif R. M., Hashim I. I. A., Mohamed E. A., El Rakhawy M. M. (2016). Investigation and evaluation of an in situ 

interpolymer complex of carbopol with polyvinylpyrrolidone as a matrix for gastroretentive tablets of ranitidine hydrochloride. 

Chemical and Pharmaceutical Bulletin, 64(1), 42–51. https://doi.org/10.1248/cpb.c15-00620 

48 Priyanka, R., & Prabhu, R. (2020). Carbopol 71G-NF polymer–the next pillar of oral solid dosage form. Magna Scientia Adv 

Res Rev, 1, 010–017. https://doi.org/10.30574/msarr.2020.1.1.0018 

49 Ozeki, T., Yuasa, H., & Kanaya, Y. (2000). Controlled release from solid dispersion composed of poly(ethylene oxide)–

Carbopol® interpolymer complex with various cross-linking degrees of Carbopol®. Journal of controlled release, 63(3), 287–295. 

https://doi.org/10.1016/S0168-3659(99)00202-3 

50 Barman, S., Sarkar, A., Das, U., & Mandal, S. (2025). Double Target Strategy of Novel Floating Raft System Containing 

Metronidazole. Journal of Pharmaceutical Innovation, 20(6), 1–25. https://doi.org/10.1007/s12247-025-10187-1 

51 Thapa, P., & Jeong, S. H. (2018). Effects of formulation and process variables on gastroretentive floating tablets with a high-

dose soluble drug and experimental design approach. Pharmaceutics, 10(3), 161. https://doi.org/10.3390/pharmaceutics10030161 

52 Jindal, S., Jindal, K., Gupta, G., Garg, R., & Awasthi, R. (2016). Gastroretentive floating tablets: An investigation of excipi-

ents effect on tablet properties. Marmara Pharmaceutical Journal, 20(2), 100–110. https://doi.org/10.12991/mpj.20162018166 

https://doi.org/10.33380/2305-2066-2025-14-4-2148
https://doi.org/10.1002/chin.200408305
https://doi.org/10.1248/cpb.37.1366
https://doi.org/10.1002/pi.2012
https://doi.org/10.1002/pi.4266
https://doi.org/10.1016/j.carbpol.2013.09.047
https://doi.org/10.1134/S1070363225606726
https://doi.org/10.33380/2305-2066-2020-9-2-72-76
https://doi.org/10.33380/2305-2066-2021-10-1-48-55
https://doi.org/10.1016/S0168-3659(00)00200-5
https://doi.org/10.1016/S0168-3659(00)00200-5
https://doi.org/10.1016/j.carbpol.2019.03.066
https://doi.org/10.1016/j.jsps.2012.01.003
https://doi.org/10.4103/2230-973X.100047
https://doi.org/10.1248/cpb.c15-00620
https://doi.org/10.30574/msarr.2020.1.1.0018
https://doi.org/10.1016/S0168-3659(99)00202-3
https://doi.org/10.1007/s12247-025-10187-1
https://doi.org/10.3390/pharmaceutics10030161
https://doi.org/10.12991/mpj.20162018166


Zabolotnaya, U.N., Timergalieva, V.R. et al.  

86 Eurasian Journal of Chemistry. 2026, Vol. 31, No. 1(121) 

53 Moustafine, R. I., Viktorova, A. S., & Khutoryanskiy, V. V. (2019). Interpolymer complexes of carbopol® 971 and poly(2-

ethyl-2-oxazoline): Physicochemical studies of complexation and formulations for oral drug delivery. International journal of phar-

maceutics, 558, 53–62. https://doi.org/10.1016/j.ijpharm.2019.01.002 

54 Gómez-Carracedo, A., Alvarez-Lorenzo, C., Gomez-Amoza, J. L., & Concheiro, A. (2004). Glass transitions and viscoelastic 

properties of Carbopol® and Noveon® compacts. International journal of pharmaceutics, 274(1-2), 233–243. 

https://doi.org/10.1016/j.ijpharm.2004.01.023 

55 Khutoryanskiy, V. V., Cascone, M. G., Lazzeri, L., Barbani, N., Nurkeeva, Z. S., Mun, G. A., & Dubolazov, A. V. (2004). 

Morphological and thermal characterization of interpolymer complexes and blends based on poly(acrylic acid) and 

hydroxypropylcellulose. Polymer International, 53(3), 307–311. https://doi.org/10.1002/pi.1408 

56 Heda, P. K., Dollimore, D., Alexander, K. S., Chen, D., Law, E., & Bicknell, P. (1995). A method of assessing solid state re-

activity illustrated by thermal decomposition experiments on sodium bicarbonate. Thermochimica acta, 255, 255–272. 

https://doi.org/10.1016/0040-6031(94)02154-G 

57 Sadik, T., Pillon, C., Carrot, C., & Ruiz, J. A. R. (2018). Dsc studies on the decomposition of chemical blowing agents based 

on citric acid and sodium bicarbonate. Thermochimica Acta, 659, 74–81. https://doi.org/10.1016/j.tca.2017.11.007 

 

 

https://doi.org/10.1016/j.ijpharm.2019.01.002
https://doi.org/10.1016/j.ijpharm.2004.01.023
https://doi.org/10.1002/pi.1408
https://doi.org/10.1016/0040-6031(94)02154-G
https://doi.org/10.1016/j.tca.2017.11.007


How to Cite: Burkeyeva, G.K., Kovaleva, A.K., Zhumabek, N.M.,  Nukin, N.A. (2026). Influence of External Factors on the Be-

havior of Polymer Materials Based on Polyethylene Glycol Maleate. Eurasian Journal of Chemistry, 31, 1(121), 87‒99. 

https://doi.org/10.31489/2959-0663/1-26-6 

© 2026 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 87 

Article  Received: 1 December 2025 ǀ Revised: 27 February 2026 

 Accepted: 2 March 2026 ǀ Published online: 11 March 2026 

UDC 541.057.17  https://doi.org/10.31489/2959-0663/1-26-6 

Gulsym K. Burkeyeva
1

, Anna K. Kovaleva
2*

,  

Nurken M. Zhumabek
1

, Nurlan A. Nukin
1  

1Department of Organic Chemistry and Polymers, Karaganda National Research University  

named after Academician Ye.A. Buketov, Karaganda, Kazakhstan; 
2Research Institute of Chemical Problems, Karaganda National Research University  

named after Academician Ye.A. Buketov, Karaganda, Kazakhstan 

(*Corresponding author’s e-mail: cherry-girl1899@mail.ru) 

Influence of External Factors on the Behavior of Polymer Materials  

Based on Polyethylene Glycol Maleate 

This study aims to evaluate the effect of external physicochemical factors on the behavior of hydrogels based 

on polyethylene glycol maleate (p-EGM) and to assess their potential applicability in sorption-active polymer 

matrices and biomedical hydrogel systems. This paper presents the results of an investigation into the physi-

cochemical properties of polyethylene glycol maleate and acrylamide solutions in acrylic acid and their cured 

products. The degree of unsaturation of the initial unsaturated polyester was determined using the bromide–

bromate method. The dynamic viscosity of the initial polymer–monomer mixtures was found to be in the 

range of 0.251–0.697 Pa·s, while the density of the solutions varied from 1.0554 to 1.0996 g/cm3. The density 

of the cured terpolymers was calculated by the hydrostatic method, and the calculated total volumetric 

shrinkage did not exceed 15 %. The composition of the obtained terpolymers was confirmed by HPLC analy-

sis. The synthesized hydrogels exhibited a high swelling degree (up to 2898 %) and pronounced sensitivity to 

environmental pH (4–8) and temperature (35–39 °C), as established by gravimetric measurements. Structural 

identification was performed using IR and NMR spectroscopy, and the surface morphology was analyzed by 

SEM. It was demonstrated that an increased acrylic acid content leads to the formation of a more porous pol-

ymer network with enhanced water absorption, controllable permeability and structural stability, indicating 

potential biomedical applicability of the developed materials. Overall, the obtained results suggest that the 

synthesized hydrogels may be considered promising candidates for potential use in sorption-active polymer 

matrices and hydrogel-based wound dressing systems. 

Keywords: unsaturated polyester, terpolymer, hydrogel, “cold” curing, external factors, water absorption, 

swelling degree, acrylic acid, polyethylene glycol maleate 

 

Introduction 

Hydrogels are unique polymeric materials capable of retaining large amounts of water. This property 

makes them highly attractive for medical applications, including wound and burn treatment, as well as con-

trolled drug delivery systems [1–3]. Due to their three-dimensional mesh structure, swollen hydrogels main-

tain optimal moisture levels, regulate the diffusion of active compounds and gas exchange, and protect dam-

aged tissues from secondary infection [4, 5]. In addition, the ability of such materials to mimic the physico-

chemical properties of the extracellular matrix ensures their biocompatibility and contributes to the accelera-

tion of tissue healing and regeneration processes [6]. 

Structural modification of polymer hydrogels allows their properties to be precisely tuned and enables 

the materials to perform targeted physiological functions [7]. The introduction of functional groups capable 

of ionization, thermosensitive or biocompatible segments into the polymer network allows the creation of 

materials with adjustable parameters of swelling, mechanical strength, moisture transfer and sorption activi-

ty [8]. Such modifications make it possible to adapt hydrogels to specific physiological conditions: regulat-

ing moisture in the wound coverage area, increasing sorption capacity during exudation or, conversely, re-

taining moisture in dry wounds [9]. 

Regulating the density of cross-linking and the composition of the polymer mesh allows control not on-

ly over mechanical properties, but also over the kinetics of active substance release [10]. In particular, looser 

networks with low cross-linking density ensure rapid release of drug compounds and effective sorption of 

exudate, while dense structures with a higher degree of cross-linking ensure prolonged release and stability 

https://doi.org/10.31489/2959-0663/1-26-6
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of form [11]. Thus, varying the degree of swelling, porosity, and elasticity makes it possible to adapt hydro-

gels to specific clinical tasks, including the treatment of burns, trophic ulcers, postoperative and chronic 

wounds [12, 13]. 

It is worth noting that modern research is focused on creating functional and stimulus-sensitive hydro-

gels capable of responding to external physicochemical factors — pH, temperature, ionic strength, light radi-

ation or mechanical impact — and ensuring targeted drug release [14, 15]. Such “smart” materials change 

their degree of swelling and permeability in response to external stimuli, which makes it possible to accurate-

ly dose and spatially and temporally control the therapeutic effect [16]. 

Particular attention is paid to thermo- and pH-sensitive systems that function under conditions close to 

physiological conditions. Hydrogels that exhibit reversible “swelling-collapse” transitions at a temperature of 

~35~39 °C and in the pH range of 5–8 are most promising for use as gel dressings and transdermal delivery 

systems. At body temperature (~37 °C), such materials can partially collapse, releasing moisture to the dam-

aged surface and preventing over-moisturization, and when the acidity characteristic of an inflamed envi-

ronment changes, they can swell again, actively absorbing exudate. 

In addition, structural modification of such hydrogels allows additional functional components to be in-

corporated into their network, such as antiseptics, antibiotics, anti-inflammatory drugs, and metal or oxide 

nanoparticles to impart antibacterial properties [4, 8]. Thus, current trends in the development of polymer 

hydrogels are aimed at creating multifunctional adaptive materials that not only provide a comfortable moist 

environment and tissue protection, but are also capable of actively participating in the healing pro-

cess [9, 14]. 

Taken together, these features make modified hydrogels a promising class of polymer systems for med-

icine and biotechnology. They can serve not only as a material for wound dressings, but also as a basis for 

intelligent local therapy systems, biosensors, cell matrices, and soft implants of a new generation [6, 15]. 

Despite significant progress in the development of polyethylene glycol maleate-based hydrogel sys-

tems, the combined effect of ionogenic acrylic acid and non-ionogenic acrylamide on the structure formation 

and stimulus sensitivity of polyethylene glycol maleate networks remains insufficiently clarified [6, 14]. In 

particular, the balance between polyelectrolyte swelling provided by acrylic acid and the hydrogen-bond-

driven structuring introduced by acrylamide requires further systematic investigation. Understanding this 

interplay is essential for the rational design of hydrogels with controlled responsiveness under physiological-

ly relevant conditions. 

Compared to our previous studies focused primarily on related polyethylene glycol maleate systems, the 

present work provides a systematic investigation of ternary p-EGM–AA–AAm networks with controlled var-

iation of ionogenic and non-ionogenic fragments. This approach makes it possible to elucidate the combined 

effect of electrostatic and hydrogen-bond interactions on the responsive behavior of the hydrogels under 

physiologically relevant conditions. 

In view of this, systems based on terpolymers of unsaturated polyesters with vinyl monomers [17, 18], 

which combine hydrophilicity [19], biocompatibility and the ability to immobilize drug compounds [20], are 

of particular interest. Due to the presence of reactive double bonds, such systems are easily modified and 

allow varying the degree of cross-linking [21], and therefore controlling the swelling rate, porosity and sta-

bility of the hydrogel [22]. Such materials demonstrate high moisture retention capacity and structural stabil-

ity, which is particularly important for dressings that are in prolonged contact with biological tis-

sues [2, 7, 12]. 

In this regard, the present study is focused on elucidating the influence of external physicochemical fac-

tors on the behavior of hydrogels based on polyethylene glycol maleate–acrylic acid–acrylamide terpolymer 

systems obtained by “cold” curing. The novelty of this work lies in the systematic investigation of the rela-

tionship between monomer composition, network structure, and the responsive swelling behavior of the re-

sulting hydrogels under physiologically relevant pH and temperature conditions. The main objective of the 

study is to establish the physicochemical regularities governing the formation, morphology, and stimulus 

sensitivity of the synthesized materials in order to assess their suitability for use in sorption-active polymer 

matrices and flexible hydrogel patch applications. 

Experimental 

The experimental work was carried out using the following reagents (“Sigma-Aldrich”, USA): 

– for the synthesis of the starting unsaturated polyester — polyethylene glycol maleate (p-EGM) — by 

polycondensation reaction: ethylene glycol and maleic anhydride; zinc chloride (catalyst for the synthesis); 
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– for the synthesis of p-EGM-based terpolymers: acrylic acid (AA, which is both a co-reagent and a 

solvent), acrylamide (AAm); 

– for “cold” curing of the triple systems under study: an initiating system consisting of benzoyl 

peroxide (BP, initiator) and dimethylaniline (DMA, activator); 

– for determining the molecular weight of p-EGM and washing the terpolymers after synthesis: dioxane 

(solvent). 

– to study the effect of pH on the behaviour of the synthesized gels: buffer solutions with pH values 

from 4.0 to 8.0. 

All reagents had a purity of 99.95 % and were used without additional purification. 

The synthesis of the starting unsaturated polyester (p-EGM) was carried out by polycondensation of 

ethylene glycol with maleic anhydride in the presence of a zinc chloride catalyst (0.2 % of the mass of the 

reaction mixture). The ratio of reagents in the reaction mixture was 1.05:1.0 mol. Polycondensation was 

carried out according to the standard method [21]. The yield of the resulting polyester was 98 %. The 

molecular weight of p-EGM was determined using a VISCOTEK 270 DUAL DETECTOR gel permeation 

chromatograph (MALVERN Panalytical Ltd., UK) equipped with a four-capillary bridge viscometer detector 

and low-angle/right-angle light scattering detectors (LALS/RALS) using a 3 mW laser with a wavelength of 

670 nm. Dust-free dioxane was used as the solvent. The molecular weight of the synthesized p-EGM was 

~1232 Da (MW). 

In order to obtain polymer gels, solutions with different ratios of p-EGM, AA and AAm components 

were prepared: ~15:70:15 wt.%, 15:50:35 wt.% and 15:35:50 wt.%. The dynamic viscosity of the obtained 

solutions (T = 293 K) was measured using an SV-10 vibration viscometer (A&D Company, Japan) operating 

on the tuning fork vibration principle at 30 Hz. The instrument was equipped with a VT3 thermostat bath 

(TERMEX, Russia) with a capacity of 3 L and a temperature control range of +20 °C to +200 °C to ensure 

temperature stability during measurements. The density of the solutions was measured by the pycnometric 

method in accordance with ISO 1675:1985. 

“Cold” curing was carried out using an optimised initiating system consisting of 1.0 wt.% benzoyl 

peroxide (initiator) and 0.15 wt.% dimethylaniline (activator) relative to the total mass of the reaction 

mixture. The polymerization process was carried out at 293 K. 

The resulting p-EGM–AA–AAm terpolymers were washed with dioxane to remove unreacted residues. 

The mother liquors were analysed by high-performance liquid chromatography (HPLC) using an LC-20 

Prominence system (Shimadzu, Japan) equipped with an SPD-20A UV–Vis absorbance detector and an 

SPD-M20A diode array detector. The results were used to determine the actual composition of the 

synthesised terpolymers. The yield of the products was calculated by gravimetric analysis. 

The identification of the curing products was carried out by IR and NMR spectroscopy to establish the 

presence of characteristic functional groups. IR spectra were recorded in KBr pellets on an FSM 1201 

spectrometer (Infraspek, Russia) with a spectral range of 400–7800 cm
–1

 and a pyroelectric detector module 

(LiTaO3), and 
1
H NMR spectra were recorded on a DX-90M instrument (Xiamen Dexing Magnet Tech. Co., 

Ltd., China) operating at a 
1
H resonance frequency of 90 MHz with a resolution of 1 Hz. 

The density of the cured terpolymers was evaluated by the hydrostatic method (ASTM D792-13). The 

volumetric shrinkage of terpolymers was calculated based on experimental values of the density of the initial 

solutions and cured samples, according to formula (1): 

 100 %,d l
V

l

S
 

 


 (1) 

where ρl — initial density of the solution, g/сm
3
; ρd — density of the cured dry sample, g/сm

3
. 

The morphology of the polymer surface was studied using SEM on a MIRA 3 microscope (TESCAN, 

Czech Republic) at an accelerating voltage of 5.0 kV with an SE detector and a magnification of 57.6–57.7 

thousand times (resolution 1024×1024 pixels). 

The hydrophilicity of the cured materials was evaluated by the gravimetric method. The degree of 

swelling was measured after exposing a sample (~0.5 g) to water at 20 °C (pH 7) for 24 hours. The calcula-

tion was performed using formula (2): 

 0

0

100 %,
m m

m


    (2) 

where m — mass of the swollen sample, g; m0 — dry sample mass, g. 
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The study of the influence of external factors on the behavior of synthesized hydrogels was carried out 

in the pH range of 4–8 and at a temperature of T = 35–39 °C using the gravimetric method. The calculation 

was performed using formula (2). 

The temperature at which thermal deformation began was determined by TGA using the Labsys Evolu-

tion TG-DTA/DSC synchronous thermal analysis system (Setaram Instrumentation, France) with an operat-

ing temperature range up to 1600 °C. 

All measurements were performed in triplicate (n = 3). The experimental data are presented as mean ± 

standard deviation. Statistical analysis included calculation of the arithmetic mean, standard deviation, and 

relative error using standard descriptive statistical methods. 

Results and Discussion 

For a systematic study of the physicochemical properties of hydrogel materials, three solutions based on 

p-EGM, AA, and AAm monomers were prepared in the first stage of the research. The ratios of 15:70:15 wt.%, 

15:50:35 wt.%, and 15:35:50 wt.% were deliberately chosen to form systems that differ in the concentration of 

ionogenic fragments, the degree of hydration, and the nature of interchain interactions. Due to the variable con-

tent of AA and AAm, the polymer networks differed in the number of potential centers of electrostatic associa-

tion, hydrogen bonding and the formation of hydrated domains — all these factors influence the viscosity of 

solutions, the swelling mechanism and the morphology of the final products — gels. 

After preparation, the initial solutions were thoroughly homogenized until an optical clarity was 

achieved in all samples. At this stage, the primary organization of intermolecular contacts — hydrogen 

bonds, ion-dipole associations and hydration interactions — was established. The degree of optical homoge-

neity served as an important criterion for the absence of microphase separation and was critical for the fur-

ther correct formation of the gel structure. After exposure, the system reached a pre-equilibrium configura-

tion in which weak associative interactions stabilized and determined the conditions for the further curing 

process [18, 21]. 

After reaching the equilibrium configuration of the initial solutions using an SV-10 vibrating viscome-

ter and a pycnometer, the dynamic viscosity and density values of the analyzed solutions were determined. 

The results are presented in Table 1. 

Pycnometric determination of density showed a steady trend towards a decrease in the mass-volume 

density of solutions as the proportion of AA increased. Although the differences were small, their reproduci-

bility confirmed the correctness of the observed pattern. Thus, an increase in the AA content in the initial 

mixture from ~35 wt.% to ~70 wt.% led to a decrease in the density of the solutions from 1.0996 g/cm
3
 to 

1.0554 g/cm
3
. These differences can be explained by the fact that AA forms less compact intermolecular 

structures compared to the more polar and intensely intermolecularly interacting components p-EGM and 

AAm [17]. An increase in AA content leads to a weakening of interfragment associations in the liquid mix-

ture, which is reflected in a slight increase in free intermolecular space and a decrease in density (Table 1). 

T a b l e  1  

Physical and chemical properties of initial solutions of p-EGM (M1) with AA (M2) and AAm (M3) T = 293К 

Composition of prepared solution, wt.% Density of solution value 

(ρl), g/сm
3
 

Dynamic viscosity value 

(η), Pa·s M1 M2 M3 

15.12 70.29 14.59 1.0554±0.0528 0.251±0.013 

15.21 50.41 34.38 1.0787±0.0539 0.417±0.021 

15.15 34.86 49.99 1.0996±0.0550 0.697±0.035 

 

Rheological studies have revealed a similar trend: a solution with a higher AA content exhibits lower 

dynamic viscosity. In particular, a solution with the maximum AA content (~70 wt.%) has the lowest dynam-

ic viscosity η, which is 0.251 Pa·s. Reducing the AA content in the solution to ~35 wt.% leads to an increase 

in its dynamic viscosity to 0.697 Pa·s. This is due to the fact that the presence of AA reduces the degree of 

intermolecular adhesion in p-EGM–AA–AAm mixtures and decreases the probability of branched associates 

forming. Thus, changes in density and dynamic viscosity are consistent with each other and reflect the same 

structural phenomenon — different degrees of intermolecular organization of components in a liquid mixture 

before gel formation occurs. It is worth noting that such differences in rheological characteristics determine 

the further kinetics of gel formation and the degree of accessibility of reactive fragments. 



Influence of External Factors on the Behavior of Polymer Materials … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 91 

The introduction of a “cold” curing initiation system ensures copolymerization of the components under 

identical conditions. This allows the differences in the properties of the final gels to be unequivocally at-

tributed exclusively to differences in chemical composition due to different co-reagent contents in the initial 

mixture. After the reaction was complete, the resulting hydrogels demonstrated high transparency and homo-

geneity, confirming the absence of macrophase separation and the effectiveness of terpolymerization. 

A schematic representation of the terpolymerization reaction is shown in Figure 1. 

 

 
 

 
where RI — initiator radical 

Figure 1. Terpolymer structural fragments of the p-EGM–AA–AAm 

The synthesized terpolymers were then washed with dioxane and dried in an oven at T = 293 K until a 

constant mass was achieved. The yield of terpolymers is shown in Table 2. Using HPLC analysis of the 

mother liquors of the cured products in dioxane, the actual monomer content was found to correspond to the 

theoretical content. The results are also shown in Table 2. Determining the actual composition ensures cor-

rect interpretation of the differences between the synthesized gels, which are due to the different composi-

tions of the initial reaction mixture. 

T a b l e  2  

Dependence of terpolymers composition and other of their parameters  

on the composition of initial mixtures of p-EGM (M1)–AA (M2)–AAm (M3) 

Composition of the initial mixture, wt.% Composition of the terpolymers, wt.% 
Yield, % Swelling degree (Р), % 

M1 M2 M3 m1 m2 m3 

15.12 70.29 14.59 13.9 72.2 13.9 90.4 2898 

15.21 50.41 34.38 14.1 52.5 33.4 89.1 2114 

15.15 34.86 49.99 15.4 35.8 48.8 88.7 1735 

 

The data presented in Table 2 show that an increase in the acrylic acid content in the terpolymer leads to 

an increase in the degree of swelling from 1835 % (at the minimum AA content) to 2898 % (at its maximum 

value). Although AAm is also characterized by a high hydration capacity, its contribution is limited by local 

hydrogen interactions, which create predominantly compact hydrated regions. 
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Unlike AAm, AA forms regions with an increased concentration of negative charges in the network af-

ter partial dissociation. The accumulation of charge causes electrostatic repulsion between the anionic car-

boxylate groups within the polymer network, increasing the distance between the chains and leading to a sig-

nificant expansion of the gel volume. At the same time, the resulting excess osmotic pressure promotes fur-

ther water penetration into the porous structure and the formation of a powerful hydrate shell around the 

ionogenic fragments. 

Thus, the main factor in the increase in the degree of swelling is the polyelectrolyte effect of AA, which 

provides significantly stronger osmotic swelling compared to the neutral amide groups of AAm [17]. 

IR spectroscopic analysis of dried samples allowed us to evaluate the degree of completion of the 

terpolymerization process. The corresponding IR spectra of the initial p-EGM and terpolymers with compo-

sitions of 13.9:72.2:13.9 wt.% and 15.4:35.8:48.8 wt.% are shown in Figure 2. 

 

 

Figure 2. IR spectra of the initial p-EGM and p-EGM–AA–AAm terpolymers 

The IR spectra of the initial p-EGM and p-EGM–AA–AAm terpolymers of various compositions show 

a characteristic set of bands confirming the formation of the corresponding structures. Thus, for the initial 

p-EGM, an intense band of valence vibrations of the carbonyl group of ester fragments is observed at  

1725–1730 cm
–1

, as well as a characteristic peak of unsaturated –C=C bonds of maleate units in the range of 

1575–1590 cm
–1

. The bands of –CH2 deformation vibrations appear in the range 1455–1465 cm
–1

, while the 

intense bands in the region 1140–1160 cm
–1

 correspond to the vibrations of the –C–O–C– polyester chain. 
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When containing a significant amount of AA (terpolymer p-EGM–AA–AAm with a composition of 

13.9:72.2:13.9 wt.%), a broad absorption band appears in the spectrum in the 3100–3600 cm
–1

 region, caused 

by the superposition of the bands of the –OH carboxyl groups and hydrogen-bonded fragments. An im-

portant feature is the strengthening of the carboxyl vibration band –COOH at 1710–1715 cm
–1

, the intensity 

of which exceeds that of the initial p-EGM and indicates an increase in the proportion of acrylic acid in the 

structure. The band of unsaturated double bonds at 1575–1585 cm
–1

 is preserved but noticeably decreases in 

intensity, which is characteristic of the partial conversion of –C=C bonds during terpolymerization. 

In the terpolymer with a higher AAm content (p-EGM–AA–AAm composition 15.4:35.8:48.8 wt.%), 

further redistribution of band intensities is observed. A pronounced amide band appears in the spectrum at 

1550–1555 cm
–1

, as well as a band of amide vibrations in the region of 1305–1315 cm
–1

. These bands be-

come dominant, which is consistent with an increase in the proportion of amide fragments. Broad absorption 

in the 3200–3400 cm
–1

 region indicates the contribution of –NH amide groups, which form stable hydrogen 

bonds in the polymer structure. The –C=O band of ester groups shifts to 1720–1725 cm
–1

 and decreases 

slightly in intensity due to the dilution of polyester links with acrylamide (Figure 2). 

Thus, a significant decrease in the intensity of the bands corresponding to the vibrations of unsaturated 

double –C=C bonds indicated a high degree of radical terpolymerization. The spectra showed characteristic 

bands of carboxyl, amide, and ether groups, confirming the presence of all functional fragments involved in 

the formation of a three-dimensional network. In samples with an increased AA content, an intensification of 

the carboxyl bands was observed, which corresponded to an increased number of ionogenic centres and a 

more pronounced polyelectrolyte character of the polymer network. 

Further, by analyzing the cured samples based on p-EGM with AA and AAm, their densities and vol-

ume shrinkage index were determined, which for gel materials should not exceed 15 %. 

The density of the cured products was measured by the hydrostatic method. Based on the results of the 

densities of the initial solutions and cured samples, the total volume shrinkage was calculated [21]. The re-

sults are presented in Table 3. 

T a b l e  3  

Dependence of terpolymers properties on mass composition  

of p-EGM–AA–AAm, PB + DMA (1 % + 0.15 %), T = 293 K 

Composition of initial mixture, wt.% Density of the dried 

sample (ρd), g/cm
3
 

Volume 

shrinkage, % 

Density of the swollen sample 

(ρs), g/cm
3
 p-EGM AA AAm 

13.9 72.2 13.9 0.9128±0.0456 13.5 1.0254±0.0513 

14.1 52.5 33.4 0.9512±0.0476 11.8 1.0361±0.0518 

15.4 35.8 48.8 0.9841±0.0492 10.5 1.0408±0.0520 

 

Based on the results obtained, it can be concluded that the density of the cured samples decreased rela-

tive to the initial solutions, which reflected the formation of internal porous volume. It should be noted that 

samples with an increased AA content were characterized by lower density (ρd = 0.9841 g/cm
3
), which re-

flected the formation of a more sparse polymer network with increased internal volume and a higher degree 

of hydration. Table 3 also shows the densities of the synthesized gel samples after 24 hours of immersion in 

water. Considering that with an increase in the AAm content, the polymer fraction in the swollen gel volume 

is higher, this contributes to an increase in the density value of the studied sample p-EGM–AA–AAm with a 

composition of 15.4:35.8:48.8 wt.%. 

Next, in order to establish the influence of external factors on the behavior of the studied hydrogels, 

studies were conducted on the effect of pH and temperature on them. When evaluating the prospects for the 

use of polymer gels as a basis for gel bandages and plasters, it is necessary to take into account conditions 

that are as close as possible to physiological ones. Thus, human skin and subcutaneous tissues are character-

ised by a slightly acidic surface reaction (pH 4.5–5.5) due to the lipid barrier and the presence of weak or-

ganic acids. When the skin is damaged, the pH shifts to neutral and slightly alkaline values (pH 6.0–8.0) due 

to the release of interstitial fluid and exudate containing proteins and salts. 

The pH range of 4–8 covers all typical conditions of contact between the material and the skin and 

wound surface — from healthy epidermis to inflamed or infected tissues. More acidic (pH < 4) and more 

alkaline (pH > 8.5) conditions do not occur in physiological practice and can cause protein denaturation and 

destruction of the skin’s barrier function, so they were not considered in this study. 
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The study of the degree of swelling of 0.5 g gel samples (Figure 3) in the pH range of 4–8 revealed a 

significant sensitivity of the structure to the acidity of the environment. When the pH was reduced to 4.0–5.5, 

gel compression (collapse) was observed, accompanied by a decrease in its volume and moisture content. 

This is due to the protonation of carboxyl groups, which reduces the charge repulsion between polymer 

chains and causes the network to compact [17]. This behavior is consistent with the acid–base properties of 

acrylic acid (pKa ≈ 4.25), which governs the degree of ionization of the carboxyl groups within the studied 

pH range. At pH values below the pKa, the –COOH groups remain predominantly protonated, resulting in 

reduced electrostatic repulsion and contraction of the polymer network. Conversely, at pH values above the 

pKa, progressive dissociation of the carboxyl groups occurs, leading to increased charge density and en-

hanced swelling of the hydrogel. This behavior may be advantageous for potential wound dressing applica-

tions, since in the acidic environment of healthy skin, the material retains its shape, does not over-moisten 

the surface and provides a barrier function. 

 

 

Figure 3. The influence of pH on the swelling of p-EGM–AA–AAm terpolymers 

In the acidic range (pH 5–6), the carboxyl groups remained predominantly undissociated, the network 

remained compact, the internal porosity was minimal, and the degree of swelling was low. When the pH was 

increased to neutral and slightly alkaline values (pH 7–8), the carboxyl groups dissociated and negative 

charges accumulated, causing electrostatic repulsion between the macromolecules within the network. This 

led to its expansion and increase in volume, tending to minimize the free energy of the system, and, accord-

ingly, to an increase in the sorption capacity of the material. For the samples analyzed, the degree of swelling 

at pH 8.0 reached its maximum value. This effect can be useful when the dressing comes into contact with 

wound exudate, which usually has a slightly alkaline reaction: in this case, the gel will actively absorb excess 

moisture, preventing tissue maceration. 

It is also worth noting that the strongest increase in the degree of swelling was recorded in samples with 

a high AA content, where the proportion of ionogenic groups was significant. At the same time, analysing 

the dynamics of swelling of the analyzed gels, it is possible to conclude that water sorption is a two-stage 

process. Thus, in the first stage, large pores are quickly filled. The second stage consists of a slower rear-

rangement of the dense segments of the network. It is worth noting that in samples with a high AA content, 

the process of reaching equilibrium was faster, which indicated high structural fluctuation mobility. A slight 

acidification of the solution (pH ~6) was also observed during prolonged exposure of samples with a high 

AA content, caused by the release of some undissociated carboxyl groups. 

Further investigation of the effect of temperature (35–39 °C) on the synthesized gels revealed a pro-

nounced thermosensitive response, manifested in the form of a sharp, abrupt collapse (Figure 4). In particu-

lar, when the temperature was raised to ~37–38 °C, a partial collapse of the gel structure was observed, ac-

companied by intense water release from the polymer network. This effect is associated with a disturbance in 

the equilibrium between hydrophilic interactions and the internal cohesive forces of the polymer chains: 
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when heated, some of the hydrogen bonds are broken, the thickness of the hydrate shell decreases, which 

leads to a decrease in the volume of the gel and an increase in the proportion of hydrophobic interactions. 

After the temperature was lowered, the structure of the gels was partially restored, but there was no 

complete return to the initial state. This is explained by the relaxation of the chains and partial fixation of 

new configurations during heating, as well as the possible redistribution of interchain bonds. The observed 

temperature memory effect indicates a shallow but significant redistribution of cross-link density in local 

areas of the gel. 

 

 

Figure 4. The influence of temperature on the swelling of p-EGM–AA–AAm terpolymers 

Thus, gels with a high AA content (Figure 4) demonstrated a particularly strong thermal response. This 

is due to their polyelectrolyte nature: when heated, the degree of ionization of carboxyl groups decreases, 

reducing the electrostatic repulsion between polar fragments, which contributes to collapse. In addition, large 

hydrate shells around –COOH fragments are more sensitive to temperature changes, which increases the rate 

of dehydration and leads to a more pronounced change in volume. 

An additional factor that enhances thermosensitivity is the difference in the mechanical flexibility of re-

active segments: more mobile chains in gels with a high AA content are more easily rearranged under the 

influence of temperature, which leads to a more pronounced volume transition. At the same time, systems 

with a high AAm content retain residual hydration when heated due to the presence of amide groups, which 

makes their thermal response less pronounced [6, 14]. Thus, the thermosensitivity of the gels under study is 

the result of a complex combination of hydration, ionic interactions, chain configurational mobility, and local 

crosslink density. These features are particularly important for the use of materials as gel dressings and 

thermosensitive delivery systems: controlled moisture release upon heating helps maintain optimal wound 

surface hydration, and partial volume transition can promote prolonged drug release. 

Subsequently, scanning electron microscopy (SEM) examination (Figure 5) of the structure of the syn-

thesized hydrogels revealed significant differences in the morphology of the samples depending on their 

composition. An increase in AA content (Figure 5a) contributed to the formation of a looser, porous struc-

ture with well-defined channels and local cavities of various sizes. This structure is characterized by in-

creased pore space openness, which facilitated water penetration and accelerated the swelling process. The 

presence of partially branched pore clusters also indicates less dense packing of chains during the formation 

of the polymer network. In contrast, the gel with an increased AAm content of ~50 wt.% (Figure 5b) is char-

acterized by a more compact structure with fewer large pores. The SEM image of this sample (Figure 5b) 

shows small, isolated pores without a pronounced channel system, and the structure itself appears denser. 

This indicates a tighter packing of macromolecules and a higher local cross-link density, which limits the 

inflow and retention of water in the material volume and leads to a decrease in the degree of swelling. 

The morphological data obtained are consistent with the results of studies of sorption characteristics: 

loose structures with a large number of macro- and mesopores demonstrated higher water absorption capaci-

ty, while compact structures with a predominance of micropores provided limited swelling. Thus, the identi-
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fied relationship between the chemical composition of terpolymers and the structure of the three-dimensional 

polymer network allows for targeted regulation of the morphology, porosity, and functional properties of 

hydrogels by varying the ratio of AA and AAm. 

 

  
p-EGM–AA–AAm (13.9:72.2:13.9 wt.%) p-EGM–AA–AAm (15.4:35.8:48.8 wt.%) 

a b 

Figure 5. SEM-images of the p-EGM–AA–AAm terpolymers 

It is worth noting that the observed differences may be related to the peculiarities of the 

terpolymerization mechanism. Thus, AA, with its strong hydrophilicity and ionization ability, contributes to 

the formation of a more sparse three-dimensional network, while AAm, on the contrary, forms smoother and 

more densely packed structures due to amide groups capable of multiple interchain interactions. These re-

sults highlight the key role of monomer composition in the formation of the final morphology and allow us 

to predict the operational properties of the resulting gels in real-world conditions [14]. 

Furthermore, TG analysis data showed that the thermal decomposition of the studied hydrogels pro-

ceeds in two main stages. The first stage corresponds to the removal of weakly bound and partially adsorbed 

water. In this section (Figure 6), samples with a higher AA content showed a more pronounced peak in mass 

loss, which is associated with the increased hydrating ability of the polyelectrolyte network and the large 

number of ionogenic groups that retain water. 

 

 

Figure 6. TG-analysis of the p-EGM–AA–AAm terpolymers 

-5 

-3 

-1 

1 

3 

5 

7 

9 

11 

-80 

-60 

-40 

-20 

0 

20 

40 

60 

80 

100 

120 

0 100 200 300 400 500 600 

D
T

G
, 

%
/m

in
 

T
G

, 
%

 

Temperature sample, °С 

TG curve 13.9:72.2:13.9 wt.%  

TG curve 15.4:35.8:48.8 wt.% 

DTG curve 13.9:72.2:13.9 wt.%  

DTG curve 15.4:35.8:48.8 wt.% 



Influence of External Factors on the Behavior of Polymer Materials … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 97 

The decomposition onset temperature depended significantly on the chemical composition of the 

terpolymers. For the p-EGM–AA–AAm composition of 13.9:72.2:13.9 wt.%, decomposition began at 

~107 °C, while the sample with a composition of 15.4:35.8:48.8 wt.% showed a higher heat distortion tem-

perature of ~121 °C. This behavior may be attributed to differences in intermolecular interactions and net-

work organization associated with the monomer composition. 

The second stage, corresponding to the destruction of the organic polymer backbone, was also charac-

terized by a shift in the maximum decomposition temperature. For the p-EGM–AA–AAm terpolymer with a 

composition of 13.9:72. 2:13.9 wt.%, the maximum decomposition occurred at ~328 °C, while for the com-

position with a ratio of 15.4:35.8:48.8 wt.%, it shifted to a higher temperature range of ~348 °C, confirming 

the more thermally stable and rigid structure of the polymer with an increase in AAm content. 

Complete carbonization of the samples was completed at ~585~590 °C, after which the remaining inor-

ganic residue was about 7 % for the system with a composition of 13.9:72.2:13.9 wt.% and about 9 % for the 

p-EGM–AA–AAm terpolymer with a composition of 15.4:35. 8:48.8 wt.%. The increase in residue also re-

flects a denser spatial network and a higher degree of structural organization of samples with increased AAm 

content. 

Conclusions 

The physicochemical properties of p-EGM–AA–AAm terpolymer hydrogels obtained by “cold” curing 

were systematically investigated. It was established that increasing the acrylic acid content promotes the 

formation of polyelectrolyte-type networks characterized by a high swelling degree (up to 2898 %), devel-

oped porosity, and pronounced sensitivity to external stimuli. 

At the same time, acrylamide was shown to act primarily as a structure-forming non-ionogenic compo-

nent that enhances network compactness and thermal stability through hydrogen-bond interactions. The syn-

thesized materials exhibited controlled volumetric shrinkage not exceeding 10.5–13.5 %, indicating the for-

mation of structurally stable three-dimensional networks. 

The hydrogels demonstrated clear responsiveness in the physiologically relevant pH range of 4–8 and at 

temperatures of 35–39 °C, confirming their adaptive behavior under conditions close to biological environ-

ments. Among the studied compositions, the p-EGM–AA–AAm system with a ratio of ~15:70:15 wt.% 

showed the most balanced combination of swelling capacity, structural integrity, and porous morphology. 

Overall, the obtained results indicate that the developed hydrogels may be considered promising candi-

dates for potential use in sorption-active polymer matrices and hydrogel-based wound dressing systems. 
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Comparative Development and Characterization of Itraconazole-Loaded Solid Lipid 

Nanoparticles Incorporating Myristic Acid and Pluronic F127 for Oral Delivery 

This study developed itraconazole-loaded solid lipid nanoparticles (SLNs) to enhance the solubility of this 

poorly water-soluble antifungal drug and evaluate key physicochemical properties. SLNs were prepared using 

the microemulsion technique with solid lipids stearic acid, palmitic acid, and myristic acid, and surfactants 

Tween 80 and Pluronic F127. The synthesized SLNs were characterized using dynamic light scattering (DLS) 

and electrophoretic light scattering (ELS) for size and zeta potential determination, while transmission elec-

tron microscopy (TEM) and field emission scanning electron microscopy (FESEM) were employed to exam-

ine surface morphology. Furthermore, the structural and thermal properties of the formulation were analyzed 

via Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), and differential scanning 

calorimetry (DSC). Among the formulations, SLN3 (containing stearic acid–Pluronic F127) and SLN9 (con-

taining myristic acid–Tween 80) exhibited the smallest particle sizes and lowest polydispersity indices. En-

capsulation efficiency was 97.04 ± 0.004 % for SLN3 and 42.69 ± 0.02 % for SLN9, with drug loading capac-

ities of 3 ± 0.1 % and 1.8 ± 0.17 %, and yields of 50.03 ± 3.55 % and 57.9 ± 6.6 %, respectively. Solubility of 

ITZ increased to 2900 µg/mL (SLN3) and 3369 µg/mL (SLN9). In vitro release studies demonstrated con-

trolled and sustained drug release, with SLNs exhibiting formulation- and pH-dependent behavior; SLN3 

provided more prolonged release under acidic conditions, whereas SLN9 showed relatively higher release at 

intestinal pH, reflecting differences in lipid chain length and surfactant type. These results indicate that the 

optimized SLNs improve ITZ solubility and exhibit favorable physicochemical characteristics, supporting 

their potential as oral delivery systems for poorly soluble antifungal agents. 

Keywords: itraconazole, solid lipid nanoparticles, solubility enhancement, stearic acid, myristic acid, Pluronic 

F127, Tween 80, controlled drug release 

 

Introduction 

Itraconazole (ITZ) is a triazole antifungal agent with a broad spectrum of activity against a wide range 

of dermal and systemic fungal infections. It is commonly prescribed for both immunocompromised and non-

immunocompromised patients and is often preferred in cases where amphotericin B therapy is contraindicat-

ed due to its comparatively favorable safety profile [1]. Despite its clinical efficacy, the therapeutic perfor-

mance of ITZ following oral administration is limited by significant formulation-related challenges [2]. One 

major limitation of ITZ is its poor aqueous solubility, which results from its highly lipophilic nature. Accord-

ingly, ITZ is classified as a Biopharmaceutics Classification System (BCS) class II drug, characterized by 

low solubility and high membrane permeability. This poor solubility leads to slow and incomplete dissolu-

tion in gastrointestinal fluids, contributing to low and highly variable oral bioavailability among patients. [3]. 

In addition to solubility-related issues, uncontrolled or rapid drug release from certain oral formulations may 

result in high peak plasma concentrations, which have been associated with concentration-dependent adverse 

effects, including hepatotoxicity, elevations in hepatic enzymes and cardiotoxicity. ITZ is a potent inhibitor 

of cytochrome P450 3A4 (CYP3A4), and concomitant use with other CYP3A4 substrates can lead to elevat-

ed plasma concentrations of co-administered drugs, significantly increasing the risk of serious toxicities in-

cluding QT prolongation [4]. Thus, while enhancing solubility is necessary to improve oral absorption, ex-

cessive or rapid release of ITZ can increase the risk of systemic toxicity. Therefore, an optimal oral formula-

tion should not only improve solubility and dissolution but also provide controlled drug release to maintain 

plasma concentrations within the therapeutic window [5]. Therefore, the development of novel delivery sys-

tems with features such as reduced particle size, protection of the drug from degradation, improved drug sol-

ubility and the ability to provide sustained drug release is essential for the successful administration of ITZ. 

Nanoparticulate drug delivery systems have emerged as promising approaches to overcome the limitations 
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associated with conventional formulations. Example includes solid lipid nanoparticles (SLNs), colloidal car-

riers with particle size ranging from 50–1000 nm, first developed at the beginning of 1990s [6]. SLNs-based 

formulations have since been investigated for several routes of administration, including parenteral, oral, oc-

ular, pulmonary, and rectal [7]. SLNs have attracted considerable attention as a potential drug carrier as they 

offer many advantages compared to other carrier systems. Compared with polymeric nanoparticles, SLNs are 

generally prepared from physiological lipids, which are biodegradable and biocompatible, reducing concerns 

of long-term toxicity [8]. Unlike liposomes, SLNs exhibit greater physical stability and lower risk of rapid 

leakage of incorporated drug [9]. Compared with nanoemulsions, SLNs are typically composed of solid li-

pids (e.g., fatty acids, waxes, or triglycerides) stabilized with surfactants and co-surfactants. The solid lipid 

matrix can improve drug stability, which in some cases, enables sustained or controlled drug release [10]. 

Despite the advantages of SLNs, ITZ has not been comprehensively investigated in such formulations. Pre-

vious attempts have largely been limited to general SLN systems without systematic evaluation of lipid type 

and surfactant composition. Although previous studies focused on topical and ocular delivery of ITZ-loaded 

SLNs, their potential for oral delivery has not been explored [11]. In particular, there is a lack of detailed 

studies examining the effects of different long-chain fatty acids such as stearic acid, palmitic acid, and 

myristic acid as lipid matrices, in combination with surfactants like Tween 80 and Pluronic F127, on the 

physicochemical properties, the solubility of ITZ, and release behavior of ITZ-loaded SLNs. This gap limits 

the ability to optimize formulations for enhanced solubility and stability of ITZ-loaded SLNs. Although 

Mukherjee et al. [12] demonstrated the feasibility of encapsulating ITZ into SLNs using palmitic acid as the 

lipid matrix and a combination of Pluronic F127 and Tween 80 as surfactants, systematic studies exploring 

alternative lipid matrices and surfactant systems for ITZ-loaded nanoparticles remain limited. In this study, 

we report the formulation and characterization of ITZ-loaded SLNs prepared using stearic acid, palmitic ac-

id, and myristic acid as lipid carriers, stabilized with Tween 80 and Pluronic F127. Stearic acid, palmitic ac-

id, and myristic acid were selected as solid lipids based on their well-established safety, biocompatibility, 

and suitability for oral drug delivery [13]. These lipids are naturally occurring saturated fatty acids that are 

widely used as pharmaceutical excipients and are metabolized through normal lipid metabolic pathways [14]. 

The selected lipids possess melting points above physiological temperature, ensuring that the lipid matrix 

remains in the solid state after administration, which is essential for the structural integrity and controlled 

drug release behavior of SLNs. Additionally, their hydrophobic nature promotes efficient drug incorporation 

and contributes to high entrapment efficiency [15]. To the best of our knowledge, this is the first comprehen-

sive study systematically comparing the influence of different lipid, surfactant and cosurfactant combinations 

on the physicochemical properties of the ITZ SLNs including the particle size, polydispersity index, zeta po-

tential, entrapment efficiency, and in vitro drug release of ITZ-loaded SLNs. Additionally, although myristic 

acid offers a favorable melting point, biocompatibility, and the potential to form stable lipid matrices, its use 

as a lipid matrix in combination with Pluronic F127 as a nonionic surfactant in ITZ SLNs has not been re-

ported previously. By addressing this gap, this study provides important insights into the rational design of 

lipid-based nanocarriers for enhancing the solubility, stability and controlled release behavior of ITZ. 

Experimental 

Materials 

ITZ was purchased from Kemprotec Limited (UK). Stearic acid, palmitic acid, myristic acid, Pluronic 

F127 (MWt ≈ 12,600 g/mol) and Tween 80 were purchased from Sigma-Aldrich (UK). Dimethyl sulfoxide 

(DMSO) was purchased from BIOCHEM Chemopharma (France). All other chemicals were of analytical 

grade and were used as received. 

Methods 

Solubility of ITZ in Lipids 

The solubility of ITZ in three lipids — stearic acid, palmitic acid, and myristic acid — was determined 

quantitatively using a lipid-addition method according to Kumar and Goindi [11] with some modifications. 

Briefly, 10 mg of pure ITZ was placed in a tube, and 200 mg of molten lipid was added under continuous 

stirring at 70–75 °C using a hotplate stirrer (IKA® RCT Basic, Germany). Additional portions of lipid were 

sequentially added with continuous stirring until the mixture became turbid, indicating saturation. The total 

weight of lipid required to completely solubilize ITZ was recorded. A fixed amount of ITZ (10 mg) was se-

lected to allow comparative evaluation of the lipid solubilization capacity under standardized conditions. The 
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initial amount of molten lipid (200 mg) was chosen to ensure complete immersion and adequate mixing of 

the drug at elevated temperature. Additional lipid was incrementally added until turbidity was observed, in-

dicating the solubility limit had been reached. Solubility was calculated based on the total mass of lipid re-

quired to dissolve the fixed amount of ITZ and was expressed as mg of drug per gram of lipid. All experi-

ments were performed in triplicate to ensure reproducibility and accuracy. 

Preparation of ITZ Loaded SLN 

Blank and ITZ loaded SLNs were prepared by a microemulsion technique as described by Gasco (1997) 

[16] with some modifications. The composition of the formulations is shown in Table 2 and Table S1. Solid 

lipids (stearic acid, palmitic acid and myristic acid) were melted at 70–75 °C by placing the solid lipid in a 

beaker within a water bath. Then ITZ was added to the molten lipid and stirred using a magnetic stirrer at 

800 rpm until the drug was dispersed in the molten lipid. Then, to prepare aqueous phase, the surfactant 

(Tween 80 or Pluronic F127) was added to 4 mL distilled water and stirred until completely dispersed or dis-

solved in distilled water at the same temperature as the lipid phase. Following the preparation of both phases, 

the hot aqueous phase was added to the hot lipid phase and stirred at 800 rpm until an optically transparent 

system (warm microemulsion) was obtained. The warm microemulsion was immediately dispersed in cold 

water (15 °C), under high-speed homogenization (Ultra-Turrax T25 basic, Germany) at 8000 rpm for 15 min 

to trigger the SLNs formation. The volume ratio of warm microemulsion to cold water was 1:20. 

T a b l e  1  

Composition of ITZ loaded SLNs formulations 

S. No. ITZ, mg Stearic acid, g 
Palmitic 

acid, g 

Myristic 

acid, g 

Tween 80, 

% 

Pluronic 

F127, % 

Ethanol, 

mL 

Distilled  

water, mL 

SLN 1 25 1   1   4 

SLN 2 25 1   1.5   4 

SLN 3 25 1    1  4 

SLN 4 25 1    1.5  4 

SLN 5 25  1  1   4 

SLN 6 25  1  1.5   4 

SLN 7 25  1   1  4 

SLN 8 25  1   1.5  4 

SLN 9 25   1 1   4 

SLN10 25   1 1.5   4 

SLN11 25   1  1  4 

SLN12 25   1  1.5  4 

SLN13 25 1   1.5  0.5 4 

SLN14 25  1  1.5  0.5 4 

SLN15 25   1 1.5  0.5 4 

SLN16 12.5 1   1.5  0.5 4 

SLN17 25 0.5  0.5 1.5   4 

 

Turbidimetric Analysis 

The turbidity of the ITZ-SLNs dispersions was measured at room temperature using a UV/visible spec-

trophotometer (PharmaSpec, UV-1700, Japan) at a maximum wavelength (λmax) of 600 nm. The turbidity 

was determined from the absorbance of the dispersions, with distilled water was used as a blank. 

pH Analysis 

The pH of all ITZ-SLNs formulations was measured using a calibrated digital pH meter (Eutech in-

strument pH 700, Singapore). The electrode was directly immersed in each SLN dispersion, and the pH value 

was recorded upon stabilization. Measurements were performed at ambient temperature, and each formula-

tion was assessed in triplicate. 

Size, Size Distribution and Zeta Potential 

A Zetasizer Nano ZS (Malvern Instruments Ltd., UK) was used to determine the particle size and size 

distribution of the SLNs by dynamic light scattering (DLS), and zeta potential by the electrophoretic light 

scattering (ELS). The SLNs dispersions were diluted with distilled water at a 1:100 ratio. Particle size meas-
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urements were performed at a constant scattering angle of 90° and a controlled temperature of 25 °C. Each 

sample was analyzed in triplicate, with a 60-second equilibration period preceding measurement, utilizing 12 

μL quartz cuvettes. The polydispersity index (PDI), indicating the measure of the distribution of nanoparticle 

population (size distribution), was also determined. Zeta potential measurements were conducted utilizing a 

disposable cell packed with carbon-coated electrodes. The electrophoretic mobility data were transformed 

into zeta potential utilizing the Smoluchowski model (Fκa = 1.5). 

Effects of SLNs on ITZ Solubility 

After preparing and evaluating all ITZ-SLN formulations, SLN3 and SLN9 were determined to be the 

optimum formula based on particle size and PDI data acquired using DLS. To evaluate the effect of SLN 

encapsulation on the aqueous solubility of ITZ, the solubility of the chosen formulations was measured using 

the shake-flask method. 

An excess amount of pure ITZ and ITZ-loaded SLNs (SLN3 and SLN9) was individually introduced to 

0.1 M simulated gastric fluid (SGF, pH 1.2; consisted of NaCl and HCl) and 0.1 M phosphate-buffered saline 

(PBS, pH 6.8; formulated from NaOH and KH₂PO₄). Each sample was made in three replicates. The suspen-

sions were agitated continuously at 100 rpm for 48 hours at ambient temperature to achieve equilibrium. Fol-

lowing incubation, the mixtures were subjected to filtration through a 0.22 µm syringe filter to eliminate un-

dissolved drug/particles. The filtrates were spectrophotometrically examined at a wavelength of 265 nm uti-

lizing a UV-Visible spectrophotometer (PharmaSpec, UV-1700, Japan). The concentration of ITZ in each 

sample was determined using a standard calibration curve established in ethanol and distilled water, spanning 

a concentration range of 0.78–100 μg/mL. 

Determination of Yield, Encapsulation Efficiency (EE), and Loading Capacity (LC) 

To precipitate the SLNs and separate them from free ITZ, samples of the optimized formulations were 

centrifuged for 1 hour using a (Maanlab, HC 02R, Sweden, at 25 °C and 15,000 rpm). The resultant precipi-

tates were collected, moved to a round-bottom flask with a thin neck, and then lyophilized using a Biobase 

BK-FD10P freeze dryer (China). The lyophilized SLNs were then collected, weighed and stored for further 

studies. Then the yield, encapsulation efficiency and drug loading capacity of the nanoparticles were calcu-

lated as follows: 

The yield of the NPs was calculated using equation (1): 

  
Weight of dried SLNs obtained

Y %ield %
Total weight of drug+lipid+surfactant used 

100  , (1) 

After collecting the precipitated SLNs, the supernatant obtained from centrifugation (15,000 rpm, 

1 hour, 25 °C) was analyzed spectrophotometrically using a UV/visible spectrophotometer at 265 nm 

(PharmaSpec, UV-1700, Japan) to quantify the amount of free ITZ based on a calibration curve prepared in 

ethanol/water (0.78–100 μg/mL). The encapsulated ITZ was then determined indirectly by subtracting the 

free drug in the supernatant from the total drug initially added. Encapsulation efficiency (EE%) and drug 

loading (DL%) were subsequently calculated using Equations (2) and (3). 

  
Total drug-Free 

%
drug

EE  %
Total drug

100  , (2) 

  
Amount of drug encapsula

%
ted

DL %
Total weight of SLNs

100  . (3) 

Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR spectroscopy was conducted using a Shimadzu FTIR-8400S spectrometer (Shimadzu Corpora-

tion, Japan). The analysis was performed on the pure ITZ, stearic acid, myristic acid, SLN3 and SLN9. The 

materials were mixed with potassium bromide (KBr) pellets using a mortar and pestle and then compressed 

using a hydraulic press to form a transparent pellet. The FTIR spectra were collected over the wavenumber 

range of 4000-400 cm
–1

, using 3 scans with a resolution of 2 cm
–1

. 

Transmission Electron Microscopy (TEM) 

TEM was used to examine the morphology of the ITZ-loaded SLNs at a 100 kV accelerating voltage 

using a transmission electron microscope (Carl Zess_EM1OC, Germany). One drop of SLN dispersions was 

applied on a copper grid coated with carbon and allowed to dry at room temperature for one minute. The 
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sample was then stained with uranyl acetate solution and left to air dry. Then, TEM imaging was conducted, 

and the particle size was measured from the TEM images using ImageJ 1.54 g software. The size distribution 

graphs were plotted using OriginPro software (version 2018 SR1, b9.51.195, OriginLab Corporation, North-

ampton, MA, USA). 

Field Emission Scanning Electron Microscopy (FESEM) 

The shape and surface texture of the SLNs were studied using a scanning electron microscope 

(TESCAN MIRA3 FESEM, Brno, Czech Republic). One drop of the optimized SLN dispersion was placed 

on an aluminum stub (TAAB Laboratories Equipment, Aldermaston, UK) utilizing a double-sided sticky tab 

(TAAB Laboratories Equipment) and, following drying, was vacuum-coated with gold–palladium in an ar-

gon atmosphere for 60 seconds. Imaging was conducted at an accelerating voltage of 15 kV, with magnifica-

tions of between 5000× and 135,000×, and a working distance of 4.91 mm. 

Powder X-Ray Diffraction (PXRD) 

The X-ray diffraction patterns for ITZ, stearic acid, myristic acid, SLN3 and SLN9 were recorded using 

an X-ray diffractometer (Bruker, Model No: D8 advance, Germany). The investigation was conducted using 

a diffractometer with a Cu Kα radiation source (λ = 1.5406 Å for Kα1 and λ = 1.5444 Å for Kα2), operating 

at 35 kV and 30 mA. The diffraction patterns were obtained between the 2θ range of 5° to 80°, with a step 

size of 0.02° and a scan speed of 411.2 seconds per step in continuous mode. The goniometer radius meas-

ured 240 mm, while the specimen length was kept at 10 mm. A fixed turning slit of 1.0° and a receiving slit 

of 0.1 mm were employed. 

Differential Scanning Calorimetry (DSC) 

The thermal characteristics of ITZ, stearic acid, myristic acid, SLN3 and SLN9 were determined using a 

DSC instrument (DSC TA, Q600, USA). Samples were crimped in a standard aluminum pan and heated 

from 40 to 400 °C at a heating rate 10 °C/min under constant purging of nitrogen at 20 mL/min. 

Stability Study 

Physical stability of the optimized ITZ-loaded SLNs was evaluated by assessing both the visual appear-

ance of the nanoparticle formulation for the freshly prepared nanoparticles and those stored at room tempera-

ture (25 °C) for one month to detect any changes in physical appearance, such as color change or precipita-

tion. In addition, the size and PDI of the optimized formulations were measured using DLS (Malvern In-

struments, UK) for both the fresh and stored formulations to assess any potential changes in size distribution 

over time. 

Drug Release Study 

The in vitro drug release from free ITZ solution, and the freeze-dried SLN3 and SLN9 was performed 

using a dialysis membrane method. An amount of the freeze-dried SLN3 and SLN9 (66.6 mg and 111 mg, 

respectively) was dispersed in 2 mL of a 1:1 mixture of DMSO and 0.1 M simulated gastric fluid (SGF, 

pH 1.2) or 0.1 M phosphate-buffered saline (PBS, pH 6.8) containing 1 % v/v Tween 80, which was equiva-

lent to 2 mg/mL of free ITZ solution. The nanoparticles dispersion was then placed in a cellulose dialysis 

membrane (MWCO 14 kDa, Membra-Cell, USA), which had been pre-soaked overnight in water and 

washed repeatedly with the release medium before use. The dialysis membrane was firmly tied at both ends 

using a clamp, and its center part was immersed in 40 mL of the release medium (1:1 DMSO and 0.1 M 

SGF, pH 1.2 or PBS, pH 6.8, with 1 % Tween 80), kept at 37 ± 1 °C under constant stirring at 100 rpm. At 

predetermined time intervals, 5 mL of the external dialysis medium was removed and replaced with an equal 

amount of fresh release medium to keep sink conditions. The concentration of ITZ in the collected samples 

was measured using UV-visible spectrophotometry at a maximum wavelength (λmax) of 265 nm, based on a 

calibration curve constructed using a 3:1 ethanol: water mixture over the concentration range of 100 µg/mL 

to 0.78 µg/mL. An ITZ solution at 2 mg/mL in a liquid mixture of water and DMSO (1:3 v/v) was used as a 

reference. The experiment was performed in triplicate. The in vitro drug release patterns of solid lipid nano-

particles formulations were compared quantitatively using the similarity factor (f2). The f2 value is a loga-

rithmic equivalent square root transformation of the sum of squared differences between two dissolution pro-

files, as specified by the following equation: 

  
0.5

2

2 1

1
50*log 1 *100 ,

n

t tt
f R T

n





   
    

   
   (4) 
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where n is the number of sampling time points; Rt is the cumulative percentage of drug released from the 

reference formulation at time t; and Tt is the cumulative percentage of drug released from the test formulation 

at the same time point. An f2 value between 50 and 100 shows similarity between two release patterns, but 

values below 50 suggest dissimilarity [17]. 

Statistical Analysis 

All tests were performed in triplicate, and the results are reported as mean ± standard deviation, which 

were calculated using Microsoft Excel software 2021 (version 2503). Statistical analysis was carried out with 

one-way ANOVA with post hoc Tukey test using IBM SPSS Statistics (version 25). When comparisons in-

volved two independent groups, statistical differences were evaluated using an independent-samples t-test. 

A p-value of < 0.05 was considered statistically significant. 

Ethical Approval 

This study was performed according to the standard procedures and institutional guidelines, and the 

study protocol was reviewed and approved by the Ethics and Research Registration Committee at the Col-

lege of Pharmacy, University of Sulaimani (approval number PH143-24, Kurdistan Region, Iraq). 

 

Results and Discussion 

Solubility of ITZ in Lipids 

Lipid solubility is crucial in the development of lipid-based nanoparticles, especially for hydrophobic 

drugs like ITZ. Solubility of drug in lipid is one of the most important factors for determining drug loading 

capacity of the SLNs as well as influencing their release characteristics and bioavailability. Therefore, prior 

to the formulation of the nanoparticles, the solubility of ITZ in the selected lipids was determined. The re-

sults of the solubility studies are shown in Table 2. 

T a b l e  2  

Solubility of pure ITZ in different solid lipids used to prepare the ITZ loaded SLNs 

Data are expressed as mean ±SD, n=3 

Lipids Solubility (mg/g) 

Stearic acid 8.72 ± 0.04 

Palmitic acid 8.38 ± 0.28 

Myristic acid 8.40 ± 0.36 

 

ITZ exhibited comparable solubility in all tested lipids. Stearic acid showed a marginally higher 

solubilization capacity; however, the differences among the lipids were minimal, indicating a broadly similar 

affinity of ITZ toward saturated fatty acids with varying carbon chain lengths. Overall, all three lipids appear 

suitable for ITZ incorporation, with stearic acid offering a slight advantage. Previous research has shown that 

increased drug solubility in the lipid phase correlates with enhanced encapsulation efficiency and prolonged 

release capability [18]. 

Turbidimetric Analysis 

The turbidity measurements were used as a rapid and indirect indicator of particle size, aggregation be-

havior, and dispersion stability of the ITZ-loaded SLNs. Changes in turbidity reflect differences in lipid 

chain length, surfactant type, and concentration, thereby supporting and complementing the particle size and 

dispersion stability of the SLNs. Figure 1 showed the results of the turbidity measurements for the prepared 

ITZ –loaded SLNs. Formulations contained stearic acid with Tween 80 (SLN1, SLN2) exhibited highest tur-

bidity, which can be related to the stiff structure of long-chain lipids (C18) and limited stabilization, resulting 

in large aggregates [19]. The substitution with Pluronic F127 (in SLN3, SLN4) significantly diminished tur-

bidity, indicating improved steric stability and the production of smaller particles [20]. Palmitic acid formu-

lations exhibited moderate turbidity, with Pluronic F127 (SLN7, SLN8) exceeding Tween 80 (SLN5, SLN6). 

Myristic acid nanoparticles (SLN9–SLN12) demonstrated the least turbidity due to their shorter chain length 

(C14) and reduced melting point, which facilitated the formation of smaller, more translucent dispersions, 

especially in conjunction with Pluronic F127. The increase in surfactant quantity from 1 % to 1.5 % typically 

reduced turbidity in all formulations [21]. These data collectively indicate that shorter-chain lipids, high sur-
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factant concentrations, and the application of Pluronic F127 improve particle dispersion and stability reflect-

ed by the reduced turbidity. 

 

 

Figure 1. Turbidimetric analysis of ITZ-loaded solid lipid nanoparticle formulations 

pH Analysis 

Figure 2 showed the pH of the prepared ITZ-loaded SLN formulations. The measured pH values of the 

formulations varied from 4.7 to 6.1, indicating the impact of lipid and surfactant content. Formulations con-

taining stearic acid (SLN1–SLN4) demonstrated slightly higher pH values. This finding corresponds with the 

decreased water solubility and increased hydrophobicity of stearic acid, resulting from its long-chain saturat-

ed fatty acid structure (C18), which reduces the ionization of its carboxyl groups into the aqueous phase [22]. 

Conversely, formulation containing myristic acid (C14) SLN9–SLN12 showed the lowest pH values (SLN11 

and SLN12, below 4.8), likely due to the increased release of carboxylate ions caused by higher solubility 

and shorter chain length. Formulations including palmitic acid (C16; SLN5–SLN8) showed intermediate pH 

values in comparison with stearic and myristic acid-based systems, often varying between 5.2 and 5.8. The 

pH range indicates a moderate ionization of the carboxyl groups into carboxylate ions in aqueous media, 

which is associated with the chain length and solubility of palmitic acid in water. Palmitic acid, a medium-

chain saturated fatty acid, exhibits lower solubility than myristic acid but higher solubility than stearic acid, 

resulting in moderate acidity of the dispersion [23]. 

The type and concentration of surfactants considerably influenced the pH. In all lipid matrices, formula-

tions containing Tween 80 (SLN1, 2, 5, 6, 9, 10) consistently exhibited higher pH values relative to those 

containing Pluronic F127 (SLN3, 4, 7, 8, 11, 12). Tween 80, a non-ionic surfactant characterized by a 

polyoxyethylene structure, is recognized for sustaining a relatively neutral pH and facilitating emulsion sta-

bilization without inducing acidification. Conversely, Pluronic F127, a block copolymer of polyethylene and 

polypropylene oxide, may facilitate the solubilization of lipid components, hereby promoting the ionization 

of fatty acid carboxyl groups into the aqueous phase and consequently lowering the pH [24]. Additionally, a 

slight concentration-dependent impact was also observed. In Tween 80 formulations, elevating the content 

from 1 % to 1.5 % slightly raised the pH, likely due to enhanced micelle formation that sequesters free fatty 

acids. In contrast, within Pluronic F127 systems, elevated concentrations sometimes resulted in reduced pH 

values, particularly when combined with myristic acid (SLN 12), which may adversely affect acid-labile 

drugs [25]. 

All formulations consistently maintained pH values within the appropriate physiological range for oral 

administration (pH 4.5–7), indicating their compatibility with the gastrointestinal tract and suggesting a re-

duced risk of mucosal irritation [22]. Furthermore, formulations with a pH around neutrality are seen as more 

stable, particularly for pH-sensitive pharmaceuticals such as ITZ, which demonstrates pH-dependent solu-

bility and dissolution [26]. 
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Figure 2. pH of the prepared ITZ-loaded solid lipid nanoparticle formulations 

Particle Size, PDI, and Zeta Potential 

The particle size and polydispersity of SLNs were significantly affected by the type of lipid, surfactant, 

and their concentrations. Table 3 shows the Z-average, PDI and zeta potential of the SLN formulations. For-

mulations based on stearic acid (SLN1–4) produced comparatively smaller particles (550–975 nm) with 

moderate uniformity, attributed to the rigid crystalline nature of stearic acid, leading to restricted molecular 

rearrangement during particle formation and thereby limiting particle coalescence and growth. Increased 

Tween 80 concentration (in SLN2) enhanced size homogeneity, whereas Pluronic F127 (SLN4) produced 

wider distributions, indicating diminished stabilization with stearic acid [26]. Palmitic acid formulations 

(SLN5–8) produced larger particles (up to approximately 1975 nm), with Tween 80 resulting in narrower 

peaks compared to Pluronic F127, especially at a concentration of 1.5 %. Myristic acid-containing SLNs 

(SLN9–12) exhibited enhanced emulsification with Tween 80 at 1.5 % (SLN10), whereas Pluronic systems 

maintained greater polydispersity [27]. Figure 3-Panel A shows stearic acid-based SLNs (SLN1–4) exhibited 

moderately uniform size distributions ranging from 550–975 nm. Figure 3-Panel B shows myristic acid-

based SLNs (SLN9–12) displayed slightly broader but well-defined peaks between 600–1500 nm which 

highlights the influence of lipid type on particle size distribution, allowing direct comparison of lipid-

dependent effects. The post-hoc analysis indicated substantial differences in the particle size of different li-

pid-based SLNs (p = 0.002). Independent samples t-tests indicated a significant effect of surfactant type on 

the particle size, with Tween 80- and Pluronic F127-stabilized systems having statistically different particle 

sizes (p = 0.042), indicating changes in interfacial adsorption behavior. SLN13 which contained stearic acid 

and ethanol remained significantly polydisperse, while SLN14 which contained palmitic acid and ethanol 

attained monomodal distributions, thereby indicating ethanol's efficacy in improving dispersion. Based on 

these data, the optimum formulations were determined primarily for having the smallest particle size and the 

lowest PDI of all formulations, showing excellent nanoscale features and size homogeneity. These formula-

tions were thus regarded the best candidates for further physicochemical and performance evaluation. 

Zeta potential analysis demonstrated consistently negative surface charges (−14.4 to −23.5 mV), indi-

cating colloidal stability. Stearic acid-based SLNs demonstrated the greatest negative values, indicating en-

hanced surface packing and ionization. Tween 80 generally revealed a greater number of charged groups 

compared to Pluronic F127, hence augmenting surface charge in certain instances (e.g., SLN1 versus SLN3). 

Increasing surfactant concentration occasionally diminished zeta potential, presumably due to adsorption 

masking lipid head groups [28]. The addition of ethanol marginally reduced the magnitude of zeta potential, 

which is ascribed to alterations in interfacial organization. Formulations attaining zeta potentials of approxi-

mately −20 mV or lower, specifically stearic acid–Tween 80 and myristic acid–Pluronic F127 systems, ex-

hibited advantageous electrostatic stabilization. Overall, although the absolute zeta potential values were 

moderate, the presence of non-ionic surfactants indicated that steric stabilization, in addition to electrostatic 

repulsion, helped to preserve colloidal stability. Surface-adsorbed surfactant chains create a hydrated barrier 

that reduces particle–particle interactions and helps stabilize nanoparticles, even when zeta potentials are 
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below ±30 mV. As a result, the observed stability of selected formulations is most likely due to a mixed elec-

trostatic-steric stabilization mechanism, similar to that described for SLNs stabilized with Tween 80 or 

Pluronic surfactants [29]. 

T a b l e  3  

Physicochemical properties of the prepared ITZ loaded SLNs. Data are expressed as mean ±SD, n = 3 

Formulation Size (Z-average), nm PDI Zeta potential, mV 

SLN1 591 ± 40 0.680 ± 0.120 –23.53 ± 0.85 

SLN2 676 ± 7 0.497 ± 0.039 –16.83 ± 0.37 

SLN3 550 ± 30 0.615 ± 0.075 –14.56 ± 0.41 

SLN4 975 ± 52 0.759 ± 0.036 –21.40 ± 0.70 

SLN5 1763 ± 350 0.922 ± 0.134 –20.46 ± 0.80 

SLN6 1975 ± 66 0.606 ± 0.030 –16.96 ± 0.68 

SLN7 1054 ± 33 0.522 ± 0.037 –15.36 ± 0.56 

SLN8 955 ± 13 0.558 ± 0.075 –17.26 ± 0.37 

SLN9 664 ± 78 0.634 ± 0.069 –20.20 ± 0.36 

SLN10 1562 ± 161 0.705 ± 0.021 –19.76 ± 0.49 

SLN11 1546 ± 71 0.705 ± 0.021 –21.76 ± 0.15 

SLN12 1403 ± 35 0.490 ± 0.051 –21.46 ± 0.55 

SLN13 939 ± 34 0.575 ± 0.030 –16.10 ± 0.26 

SLN14 4008 ± 517 0.755 ± 0.147 –14.40 ± 0.43 

SLN15 1748 ± 185 1 ± 0.000 –18.13 ± 0.41 

SLN16 2745 ± 131 1 ± 0.000 –17.26 ± 0.57 

SLN17 968 ± 42 0.371 ± 0.036 –17.50 ± 0.55 

 

         
 (A) (B) 

Figure 3. Dynamic light scattering size distribution curves of the ITZ loaded SLNs.  

(A) SLN 1, 2, 3 and 4 were formulated with stearic acid as the lipid carrier;  

(B) SLN 9, 10, 11, and 12 were formulated with myristic acid as the lipid carrier 

Among the prepared ITZ-loaded SLN formulations, SLN3 and SLN9 were selected as the optimum 

formulations based on their smaller particle size as determined by DLS and the lowest PDI indicating uni-

form and stable nanoparticles. Notably, SLN9 incorporated myristic acid, an unexplored lipid for ITZ SLNs, 

highlighting its potential as a novel lipid matrix for enhancing formulation performance, warranting further 

in-depth evaluation as a promising oral delivery system for ITZ. 

Effects of SLNs on ITZ Solubility 

ITZ exhibits poor aqueous solubility, which is further influenced by its pH-dependent ionization behav-

ior. As show in Figure 4, the shake-flask solubility study demonstrated extremely low solubility for pure ITZ 

at both pH 1.2 and pH 6.8, with concentrations remaining in the range of 67.067 µg/mL at pH 1.2 and 

0.306 µg/mL at pH 6.8. The solubility was slightly higher under acidic conditions, consistent with ITZ being 

a weakly basic drug (pKa ≈ 3.7), which favors protonation and partial dissolution in gastric-like environ-

ments [30]. However, even at pH 1.2, the solubility of pure ITZ was negligible compared to its therapeutic 
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requirements, confirming the need for solubility-enhancing formulations. Encapsulation of ITZ into SLNs 

markedly enhanced its solubility at both tested pH conditions. At pH 1.2, SLN3 achieved solubility values 

close to 2900 µg/mL, while SLN9 reached 3369 µg/mL. At pH 6.8, the solubility improvement was even 

more remarkable compared to the pure drug. SLN3 achieved 10.59 µg/mL, and SLN9 showed the highest 

solubility 26.94 µg/mL. These enhancements reflect a multifactorial effect of lipid type and surfactant char-

acteristics. The superior performance of SLN9 over SLN3 may be attributed to the formulation differences 

which are the lipid chain length; Myristic acid (C14) in SLN9 possesses a shorter hydrocarbon chain than 

stearic acid (C18) used in SLN3. Shorter-chain fatty acids generally form less-ordered crystalline lattices 

with lower melting points, enhancing solubilization of lipophilic drugs within the lipid matrix [31]. Tween 

80 in SLN9 is a nonionic surfactant with a high hydrophilic-lipophilic balance (HLB ≈ 15), facilitating 

stronger interfacial stabilization and promotes solubilization of poorly water-soluble drugs. In contrast, 

Pluronic F127, a block copolymer, often stabilizes particles through steric mechanisms but may provide low-

er solubilization capacity in the aqueous phase [11]. These differences likely explain the higher solubility 

observed for SLN9 at both acidic and near-physiological pH. 

 

 
(A) 

 
(B) 

Figure 4. Saturation solubility of ITZ in its pure form as well as in SLN formulations (SLN3 and SLN9) (A)  

in simulated gastric fluid (pH 1.2) and (B) in phosphate-buffered saline (pH 6.8).  

*** indicates statistically significant difference in solubility (p < 0.001). Statistically significant differences  

were observed between pure ITZ and SLN3, pure ITZ and SLN9, as well as between SLN3 and SLN9 
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Determination of Yield, Encapsulation Efficiency (EE), and Loading Capacity (LC) 

The lyophilized SLNs appeared as a fine, white powder with a slightly fluffy texture, with no visible 

signs of aggregation or caking immediately after freeze-drying, suggesting good preservation of particle in-

tegrity. Upon reconstitution in simulated gastric fluid (pH 1.2) and phosphate-buffered saline (pH 6.8), the 

powders readily dispersed, yielding suspensions with a uniform and colloidally stable appearance. The yield 

of the freeze-dried SLNs was modest, with SLN9 (57.9 ± 6.6 %) indicating some higher recovery than SLN3 

(50.03 ± 3.55 %), likely attributable to variations in lipid and surfactant composition influencing particle ag-

gregation and collection. SLN3 had a markedly higher encapsulation efficiency (97.04 ± 0.004 %) compared 

to SLN9 (42.69 ± 0.02 %), indicating enhanced drug encapsulating capability. This can be due to the superior 

compatibility of ITZ with stearic acid and the denser lipid matrix in SLN3. Additionally, SLN3 exhibited 

superior drug loading (3 ± 0.1 %) compared to SLN9 (1.8 ± 0.17 %), underscoring its potential as a more ef-

fective drug delivery system for poorly water-soluble drugs. These findings correlate with prior studies indi-

cating that lipid type and surfactant concentration significantly affect EE and LC [32]. 

FTIR Spectroscopy 

FTIR spectroscopy was utilized to examine possible interactions between ITZ and solid lipids (stearic 

acid, myristic acid) in SLN3 and SLN9 formulations. As shown in Figure 5, pure ITZ displayed distinct 

peaks at 3120 cm
–1

 (aromatic C–H stretching), 2970 cm
–1

 (aliphatic C–H stretching), 1700 cm
–1

 (C=O 

stretching), 1600 cm
–1

 and 1500 cm
–1

 (aromatic C=C stretching), along with a pronounced band near 

1045 cm
–1

 attributed to C–O stretching. The observed bands correlate with previously documented FTIR 

spectra of ITZ, signifying its stable chemical structure [33]. 

Stearic acid (SA) and myristic acid (MA) exhibited significant peaks at 2850–2920 cm
–1

, indicative of 

symmetric and asymmetric C–H stretching vibrations, along with a distinct peak at approximately 1700 cm
–1

, 

corresponding to the C=O stretching of carboxylic acid. These characteristics are indicative of long-chain 

saturated fatty acids, consistent with prior research [34]. The SLN3 formulation, comprising stearic acid and 

Pluronic F127, preserved the significant C–H stretching peaks at 2850 and 2920 cm
–1

, accompanied by a 

considerable expansion of the O–H stretching area (~3000–3500 cm
–1

), suggesting potential hydrogen bond-

ing. The C=O peak exhibited a modest shift and diminished intensity, indicating interaction between ITZ and 

the lipid matrix [34]. Likewise, SLN9 (composed of myristic acid and Tween 80) exhibited retained C–H 

and C=O peaks of the lipid; however, the ITZ peaks at 1600–1500 cm
–1

 and 1045 cm
–1

 were slightly re-

duced. This indicates that ITZ was molecularly diffused within the lipid matrix, resulting in an altered crys-

talline structure, as evidenced by the reduced intensity of typical ITZ peaks [35]. 

The lack of significant ITZ-specific peaks in the SLN spectra, along with the observation of shifted or 

widened bands, suggests possible encapsulation and molecular interaction between the drug and lipids. The 

alteration or absence of specific ITZ peaks during the formulation of SLNs has been documented by others 

as a sign of effective drug entrapment and conversion from crystalline to amorphous state [36]. 

 

 

Figure 5. FTIR spectra for ITZ, stearic acid (S.A), myristic acid (M.A), SLN3 and SLN9 
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Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) was utilized to investigate the internal structure and mor-

phology of the optimized SLN3 and SLN9 formulations. The TEM micrographs of ITZ-loaded SLNs (SLN3 

and SLN9) (Figure 6) reveal discrete nanoparticles with a predominantly spherical to quasi-spherical mor-

phology. Individual SLNs appear as relatively light, rounded features, consistent with the expected morphol-

ogy of lipid-based nanoparticles. The darker contrast regions observed in the images do not represent the 

morphology of single nanoparticles; instead, they arise from overlapping particles and localized thickening 

of the lipid matrix during sample deposition and drying on the TEM grid. Such contrast variations are inher-

ent to TEM imaging of soft lipid nanocarriers and reflect differences in electron density rather than particle 

irregularity [37]. 

The mean particle size detected using TEM (Figure 7 and 8) were 102 nm and 244 nm for SLN3 and 

SLN9, respectively and was slightly smaller than those derived from DLS measurements. The discrepancy 

between particle sizes determined by DLS and TEM should be interpreted in light of the fundamentally dif-

ferent physical principles governing these techniques [38]. DLS provides an ensemble-averaged, intensity-

weighted hydrodynamic diameter, which is highly sensitive to polydispersity, minor populations of larger 

particles, transient aggregation, concentration-dependent diffusion, and electrostatic double-layer effects. In 

contrast, TEM yields number-based, projection-dependent particle dimensions obtained under dry-state and 

high-vacuum conditions, which may underestimate soft, hydrated or low-density surface structures [39]. Fur-

thermore, particle shape anisotropy, contrast limitations, and sample-preparation artefacts can further ampli-

fy apparent size mismatches. As emphasized by Filippov et al. [39], substantial DLS–TEM size discrepan-

cies arise primarily from methodological bias rather than experimental inconsistency, and therefore the ob-

served size difference in the present study is consistent with the expected ensemble-scattering nature of DLS 

compared with the single-particle visualization of TEM. 

 

       
 (A) (B) 

Figure 6. Transmission electron microscopy (TEM) images of ITZ loaded SLNs, (A) SLN3 and (B) SLN9 
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Figure 7. Transmission electron microscopy (TEM) derived size distribution curve (A)  

and histogram (B) of SLN3 based on TEM analysis 
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Figure 8. Transmission electron microscopy (TEM) derived size distribution curve (A)  

and histogram (B) of SLN9 based on TEM analysis 

Field Emission Scanning Electron Microscopy (FESEM) 

Field Emission Scanning Electron Microscopy (FESEM) was employed to examine the morphological 

characteristics and surface properties of SLN3 and SLN9. Figure 9 illustrates that SLN3, synthesized using 

stearic acid and Pluronic F127, had primarily spherical particles with a relatively uniform distribution. The 

image displayed a certain level of surface roughness, likely due to the utilization of stearic acid as the princi-

pal lipid matrix. Conversely, the FESEM images of SLN9, composed of myristic acid and Tween 80, exhib-

ited more distinct and well-separated spherical particles with smoother surfaces. This may be due to the 

shorter carbon chain length of myristic acid, leading to reduced cohesive interactions within the lipid matrix, 

resulting in more uniformly distributed particles. Prior research has indicated that the lipid type significantly 

influences the particle morphology of SLNs [40]. The differences in SLN morphology observed between 

TEM and FESEM images are mainly attributed to differences in sample preparation and imaging mecha-

nisms. TEM requires drying and high-vacuum conditions, which may induce particle deformation, aggregation, 

or partial collapse of the solid lipid matrix, leading to irregular morphologies [38]. In contrast, FESEM primari-

ly provides surface-topographical information and generally preserves external morphology more effectively, 

although some aggregation may still occur during solvent evaporation and conductive coating. Together, the 

TEM and FESEM data provide complementary information, supporting the successful formation of nanosized, 

predominantly spherical lipid nanoparticles [41]. From the FESEM study, it was revealed that the size of opti-

mal ITZ-loaded SLNs was 69 ± 22 nm and 45 ± 19 nm for SLN3 and SLN9, respectively. The FESEM-derived 

particle size distribution curve and histogram are illustrated in Figure 10 and 11. 

 

              
 (А) (B) 

Figure 9. Field Emission Scanning Electron Microscopy (FESEM) images  

of the optimal ITZ-loaded SLNs (A) SLN3 and (B) SLN9 
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Figure 10. FESEM-derived particle size distribution curve (A) and histogram (B) of SLN3 
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Figure 11. FESEM-derived particle size distribution curve (A) and histogram (B) of SLN9 

Powder X-Ray Diffraction (PXRD) 

Powder X-ray diffraction (XRD) was performed to evaluate the crystalline properties of pure ITZ, stearic 

acid (SA), myristic acid (MA), and their respective solid lipid nanoparticle formulations (SLN3 and SLN9). 

Figure 12 shows that pure ITZ exhibited characteristic sharp and intense peaks within the 2θ range of 10° to 

30°, a pattern indicative of its extremely crystalline characteristics. These results correspond with previously 

documented diffractograms of pure ITZ, which often display characteristic polymorphism attributes [42]. 

Stearic acid and myristic acid exhibited distinct diffraction peaks around 2θ = 21°–24°, stearic acid 

showing reflections at about 21.66° and 24.26°. Likewise, myristic acid was shown to display strong 

broad-but-sharp peaks around 20.51°, 21.85°, and 24.34° [43]. Conversely, the XRD patterns of SLN3 and 

SLN9 demonstrated a significant decrease in peak intensity and sharpness, with broad bands substituting the 

distinct sharp peaks which could indicate a change from a crystalline to an amorphous state, signifying the 

effective encapsulation of ITZ within the lipid matrix [11]. The absence or considerable attenuation of dis-

tinctive peaks in both ITZ and the lipids indicates a loss of long-range molecular order, possibly resulting 

from high-energy emulsification processes followed by rapid cooling during SLN synthesis. This transition 

is advantageous for poorly soluble drugs such as ITZ, as the amorphous state typically correlates with in-

creased dissolution rates and greater bioavailability [44]. PXRD results demonstrated that the crystalline 

peaks of ITZ and lipids were significantly broadened or attenuated in SLN3 and SLN9, indicating the molec-

ular embedding of ITZ within a solid lipid matrix. Importantly, the presence of broad lipid diffraction peaks 

confirms that the lipid phase remained solid, which differentiates these formulations from liquid lipid-based 

systems such as nanoemulsions or microemulsions, which lack solid-state diffraction patterns. The notable 

change in the diffraction patterns of SLN3 and SLN9, in contrast to the pure drug and lipid components, 

clearly indicates effective molecular embedding and diminished crystallinity, which is a favorable result in 

nanocarrier-based drug delivery. 
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Figure 12. Powder X-ray diffractograms of Pure ITZ, stearic acid (S.A), myristic acid (M.A), SLN3 and SLN9 

Differential scanning calorimetry (DSC) 

The DSC analysis showed that pure ITZ exhibited a sharp endothermic peak at approximately 167 °C, 

corresponding to its melting point and confirming its crystalline nature [45]. Figure 13 shows that stearic ac-

id (SA) and myristic acid (MA) exhibited distinct endothermic peaks at roughly 69 °C and 54 °C, respective-

ly, indicative of their melting temperatures. These results correspond with literature values for the melting 

transitions of SA and MA, signifying their pure and crystalline forms [46]. 

The SLN formulations (SLN3 and SLN9) demonstrated unique thermal characteristics in contrast to 

their pure constituents. SLN3, consisting of stearic acid and Pluronic F127, exhibited a broad and diminished 

endothermic peak at approximately 60–65 °C, whilst SLN9, comprising of myristic acid and Tween 80, 

demonstrated a similarly broadened peak around 52 °C. The distinctive melting peak of ITZ was either ab-

sent or markedly diminished in the thermograms of both SLN3 and SLN9. The absence or alteration of the 

drug's melting peak in the SLNs indicates that ITZ was either molecularly dispersed within the lipid matrix 

or present in an amorphous state, rather than in a crystalline form. Such modifications are frequently reported 

in lipid-based nanoparticle systems and signify effective drug encapsulation and amorphization, potentially 

improving dissolution rates and bioavailability [47]. 

The observed decrease in peak intensity and enthalpy values in the lipid matrix of the SLNs may be due 

to the disruption of the lipid crystal structure caused by the inclusion of drugs and surfactants. The interplay 

between lipid chains and surfactants like Tween 80 or Pluronic F127 can create defects in the lipid matrix, 

diminishing crystallinity and enhancing drug loading capacity [48]. DSC analysis further supported the solid 

nature of the lipid nanoparticles, showing defined melting transitions of the lipids in SLN3 and SLN9, while 

the characteristic melting peak of ITZ was absent or markedly diminished. These results are consistent with 

the amorphization and molecular incorporation of ITZ into a solid lipid core, confirming the formation of 

SLNs rather than liquid lipid-based systems. The DSC data robustly indicates a successful integration of ITZ 

into the SLN systems and demonstrates a decrease in drug crystallinity, a favorable attribute for improving 

solubility and release profiles of poorly soluble drugs. 

 

2,  
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Figure 13. DSC thermograms of Pure ITZ, stearic acid (S.A), myristic acid (M.A), SLN3 and SLN9 

Stability Study 

The physical stability study revealed marked differences in particle size and PDI between the two for-

mulations, SLN3 and SLN9. SLN3, composed of stearic acid and Pluronic F127, demonstrated a particle size 

of 550 ± 30 nm and a PDI of 0.61 ± 0.0367 immediately post-preparation (Table S3). After one month, the 

particle size exhibited a marginal rise to 583 ± 41 nm, while the PDI significantly decreased to 0.533 ± 0.082, 

while after six months the particle size exhibited a marginal rise to 835 ± 27 nm, PDI decreased to 

0.519 ± 0.081 indicating a relatively steady particle dispersion [49]. Conversely, SLN9, comprising myristic 

acid and Tween 80, exhibited a gradual increase in particle size from 664 ± 78 nm to 2856 ± 102 nm during 

the six month-storage, accompanied by an elevation in PDI from 0.634 ± 0.069 to 1, signifying some aggre-

gations and a decline in physical stability. The instability may be ascribed to the shorter carbon chain of 

myristic acid, which likely results in diminished van der Waals interactions and reduced structural rigidity 

relative to longer-chain fatty acids such as stearic acid [50]. The slight fluctuations in SLN3's particle size 

and PDI values indicate that it preserved colloidal stability during the specified storage conditions. The ob-

served changes in SLN9 highlight the importance of lipid selection and surfactant type in formulating stable 

SLNs, suggesting that shorter-chain lipids or particular surfactant type can lead to moderate alterations in 

particle size and dispersion without necessarily compromising functional performance [51]. 

Drug Release Study 

The in vitro release study conducted at pH 1.2, demonstrated notable variations in the release profiles of 

pure ITZ, SLN3 and SLN9 (Figure 14, A). DMSO was added to the release medium due to its strong solubil-

izing ability for the highly hydrophobic drug ITZ, ensuring complete dispersion and accurate quantification. 

Tween 80, a non-ionic surfactant, was included in the release medium to enhance ITZ solubility and main-

tain sink conditions. Although these conditions do not fully replicate the gastrointestinal environment, they 

are commonly employed in in vitro release studies of poorly soluble drugs to provide reproducible and relia-

ble measurements of formulation performance [52]. Pure ITZ exhibited a gradual and limited release, achiev-

ing roughly 25 % after 2880 minutes. This corresponds with the established low aqueous solubility and pH-

dependent dissociation characteristics of ITZ, which has a pKa of around 3.7, demonstrating diminished sol-

ubility at neutral pH but enhanced solubility in extremely acidic environments [31]. Nonetheless, even in 

acidic environments, its crystalline structure and lipophilicity result in dissolution-limited release, explaining 

the level that was seen following the initial stages [53]. Conversely, SLN3, formulated with stearic acid and 

Pluronic F127, exhibited a markedly superior release profile, attaining nearly 55 % within the same 

timeframe. The improved and sustained release can be attributable to important formulation features; 

Pluronic F127 enhances wetting and drug stability in the medium, whereas stearic acid produces a stiff lipid 
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matrix that regulates release via erosion and diffusion [27]. Notably, SLN9 containing myristic acid and 

Tween 80 demonstrated a moderate release of around 22 % at 1440 minutes, which decreased marginally by 

2880 minutes. The enhanced efficacy of SLN3 relative to SLN9 highlights the essential influence of lipid 

composition and surfactant choice. Pluronic F127, a block copolymer with a hydrophilic-lipophilic balance, 

may provide superior drug retention and extended release compared to Tween 80 in acidic environments 

[27]. The data robustly indicate that SLNs, particularly those composed of stearic acid and Pluronic F127, 

effectively enhance the release of poorly soluble drug such as ITZ under gastric conditions, potentially lead-

ing to increased oral bioavailability.  

 

 
(A) 

 
(B) 

Figure 14. In vitro drug release profiles of pure ITZ, SLN 3 and SLN 9 (A)  

in simulated gastric fluid (pH 1.2), and (B) in phosphate buffered saline (pH 6.8), n = 3 ± SD 

The in vitro release profile of pure ITZ, SLN3 and SLN9 at pH 6.8 (Figure 14, B), demonstrated signif-

icantly distinct behaviors relative to acidic circumstances. All formulations exhibited an initial burst release 

during the first 30 minutes, subsequently transitioning to either an equilibrium or a gradual progressive re-

lease over 24 hours. Pure ITZ exhibited an initial release of roughly 25 %, subsequently stabilizing with neg-

ligible further increase. This trend underscores the notably inadequate aqueous solubility of ITZ at neutral to 

alkaline pH, which can be due to its weakly basic properties (pKa ~3.7). At pH levels exceeding 6, the drug 

remains unionized and demonstrates diminished solubility, hence restricting its dissolution in the intestinal 

milieu [54]. SLN3 demonstrated an initial rapid release within the first few minutes, succeeded by a gradual 

decrease, indicating potential recrystallization or drug re-adsorption onto the lipid surface, a phenomenon 

sometimes noted in lipid-based systems due to precipitation from supersaturation. The inadequate solubility 

of stearic acid-based carriers in intestinal fluid, coupled with the reduced solubility of ITZ at this pH, may 

lead to drug entrapment within the matrix and restricted diffusion [55]. Conversely, SLN9 had the largest 

cumulative release at pH 6.8, with sustained release exceeding 20 % by 1500 minutes. This effect may be 

ascribed to the shorter fatty acid chain of myristic acid [56]. The decrease in release at pH 6.8 can be at-

tributed to ITZ’s poor solubility under near-neutral conditions, leading to precipitation. SLN3 shows a more 

pronounced decline due to the rigid stearic acid matrix, whereas SLN9 maintains higher release owing to 
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greater matrix fluidity from myristic acid [57]. Overall, the pH-responsive release reflects both ITZ solubility 

and lipid matrix properties, including crystallinity, chain length, and fluidity. Thus, the differences between 

SLN3 and SLN9 arise from combined drug–matrix interactions rather than solubility alone. The disparity in 

performance between SLNs and pure ITZ emphasizes the significance of lipid-surfactant synergy and pH 

responsiveness. Although SLNs are typically formulated to improve solubility and extend release, their effi-

cacy at intestinal pH is significantly dependent on matrix fluidity, drug-lipid compatibility, and surfactant 

activity. The data indicate that SLN9 may provide a superior release profile under intestinal conditions com-

pared to SLN3, rendering it a more suitable option for releasing the drug at intestinal pH (around 6–7.4) 

which could allow drug targeting to the intestine. To assess the in vitro release behavior of lipid-based for-

mulations, a similarity factor (f2) study was done between SLN3 and SLN9. At pH 1.2, the computed f2 value 

was less than 50, indicating different release profiles due to lipid chain length and surfactant type. SLN3, 

containing stearic acid-Pluronic F127, provided more prolonged release under acidic conditions than SLN9, 

containing myristic acid-Tween 80. At pH 6.8, the f2 value remained under 50, indicating formulation-

dependent and pH-responsive release behavior. The relatively larger release of SLN9 at intestinal pH may be 

due to increased matrix fluidity caused by myristic acid's shorter fatty acid chain [58]. 

Conclusions 

The successful development of ITZ-loaded SLNs illustrates their promise as a novel drug delivery tech-

nology for improving the solubility and bioavailability of ITZ. This study showed that the selection of lipids 

and surfactants markedly affects the physicochemical characteristics of SLNs, such as particle size, stability, 

and encapsulation efficiency. The results indicated that formulations including stearic acid and Pluronic 

F127 produced smaller particle sizes and enhanced stability over time, demonstrating their appropriateness 

for oral delivery. The solubility experiments indicated a significant enhancement in ITZ solubility when en-

capsulated in SLNs, with solubility efficiencies markedly above those of pure ITZ. This improvement is due 

to the nanoscale dimensions of the particles, which increase the surface area for dissolving, and the estab-

lishment of a molecularly dispersed state within the lipid matrix that inhibits recrystallization. Furthermore, 

the physical stability of the formulations over time demonstrates their suitability for pharmaceutical applica-

tions, with SLN3 showing negligible alterations in particle size and dispersion after one month of storage. 

The research indicates that SLNs markedly improve the release of poorly soluble ITZ in different pH levels. 

SLN3, comprising stearic acid and Pluronic F127, demonstrates superior performance in acidic environ-

ments, whereas SLN 9, which includes myristic acid and Tween 80, exhibits enhanced release in intestinal 

circumstances. In conclusion, the study confirms the usefulness of SLNs in enhancing the solubility, control-

ling drug release and stability of ITZ while also opening the way for additional research into the in vivo per-

formance and therapeutic effectiveness of these formulations. Future studies should concentrate on refining 

SLN formulations for targeted therapeutic uses and performing pharmacokinetic assessments to evaluate 

their efficacy in clinical environments. 
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Engineering Biocompatible Goethite Nanoparticles:  

Microstructural Tuning through Controlled  

Ferrihydrite Conversion Routes 

The goethite (α-FeOOH) nanoparticles (NPs) are highly attractive material with a broad spectrum of applica-

tions, including biomedicine thanks to a high thermodynamical stability. The formation and strict control of 

the phase-pure goethite NPs remain a challenging task due to the high sensitivity of the particles to the syn-

thesis conditions. This study presents for the first time effect of the iron source (nitrate vs. chloride) and alka-

line medium (NaOH vs. NH4OH) on three known distinct post-synthesis transformation pathways for prepar-

ing goethite NPs from ferrihydrite suspensions: aging, ultrasonic-assisted conversion, and hydrothermal crys-

tallization. We observed that ferrihydrite NPs precursor generated from FeCl3 with NaOH facilitated the for-

mation of phase-pure goethite through both aging and ultrasonic transformation under ambient conditions. In 

contrast, synthesis at 90 °C promoted the formation of larger crystals, often accompanied by significant phase 

impurities. For the first time, comprehensive characterization of the synthesized materials was performed in 

addition to previously used methods as X-ray diffraction, the 57Fe Mössbauer spectroscopy, transmission 

electronic microscopy, and low-temperature nitrogen adsorption/desorption enabling in-depth assessment of 

crystallinity, phase purity, and morphological features. These findings highlight the potential of iron-based 

goethite nanomaterials as safe, functional, and versatile platforms for future biomedical and technological ap-

plications. 

Keywords: goethite nanoparticles, ferrihydrite precursor, aging, ultrasonic-assisted conversion, hydrothermal 

crystallization, post-synthesis transformation, iron source, alkaline medium, crystal structure 

 

Introduction 

Goethite (α-FeOOH) is one of the most thermodynamically stable. Owing to its chemical robustness, 

non-toxicity, low cost, and the abundance of reactive hydroxyl groups on its surface, goethite is a highly at-

tractive material with a broad spectrum of applications [1]. These include bioinspired and biomimetic scaf-

folds for biomedical use [2, 3]. For example, a recent study [2] employed spongin extracted from the marine 

demosponge Hippospongia communis as a microporous template for constructing a 3D goethite-based com-

posite with enhanced electrochemical performance for dopamine sensing in human urine. Nano-sized goe-

thite exhibits significant antibacterial properties against E. coli O157:H7 by damaging bacterial membranes, 

mediated by both ROS-dependent RNA damage and cell membrane destruction [5]. The exposure to nano-

sized goethite increased the levels of ribonucleoside-related substances, phenylalanine and adenosine 

5′-triphosphate, while decreased those of glycogen, protein and lipopolysaccharide & outer membrane porins 

(LPS & OMPs). Goethite shows promising anti-parasitic effects, particularly against the protozoan Toxo-

plasma gondii, with studies revealing that goethite nanoparticles can significantly reduce parasite viability, 

potentially offering new therapeutic avenues, especially when combined with surface modifications like 

L-tryptophan for improved targeted toxicity, addressing the need for better treatments for diseases like toxo-

plasmosis [6]. Furthermore, α-FeOOH has emerged as a promising functional material in photocatalytic sys-

tems [6–10], for oxidation of other toxicants [11]. 
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Numerous synthetic strategies have been developed for the preparation of α-FeOOH nanoparticles 

(NPs), including Fe(III) coprecipitation [1, 12, 13], rapid ferrihydrite transformation via ultrasonic irradia-

tion, sol–gel methods, and microemulsion techniques [14, 15]. However, the synthesis and structural control 

of iron (oxyhydr)oxides remains a significant challenge since there is no single synthesis protocol. Varying 

the conditions of NPs synthesis in order to find scientifically sound methods is associated with the impossi-

bility of achieving the formation of monophasic NPs with specified properties for various potential target 

applications within the framework of the same synthesis conditions. The hydrolysis of Fe
2+

 and Fe
3+

 in aque-

ous systems can yield a complex mixture of hydroxides, oxyhydroxides, and oxides, as their formation is 

highly sensitive to parameters such as pH, ionic strength, temperature, and precursor identity [16]. Thus, pre-

cise control over synthesis conditions is critical to direct the formation of a desired phase. Synthesis ap-

proaches often used lead to the production of a mixture of several phases rather than a monophase product. 

So obtaining goethite by the hydrothermal method, declare a mixture of phases of 70, 21.6 magnetite and 

8.4 % hematite [17]. The authors [18] using wet synthesis approaches, according to X-ray phase analysis da-

ta, a mixture is obtained Hematite 47(3) %; Goethite 19(2) %; Magnetite 1.7(13) %; Quartz 6(2) %. Interest-

ingly, the authors [19], obtaining goethite by co-precipitation with further aging overnight at 14 °C, declare 

the preservation of the goethite phase in the XRD analysis and the appearance of the hematite phase in the 

analysis by Mossbauer spectroscopy. 

The morphological and structural properties of goethite are highly dependent on the chosen synthetic 

pathway [1, 16, 20]. For instance, Kosmulski et al. [19] demonstrated that parameters such as the 

Fe(III) : OH
–
 ratio, titration rate, and crystallization temperature and duration markedly influence the specific 

surface area and overall particle characteristics. Similarly, Meret et. al. [22] showed that the low-temperature 

transformation of ferrihydrite into goethite proceeds slowly under mild conditions, and its final phase com-

position is sensitive to both pH and thermal input. Ristic et al. [23] demonstrated that variations in parame-

ters such as pH, weight of the initial precursor sample, temperature, and retention time during co-

precipitation in a highly alkaline medium led, for example, to partial conversion of goethite to hematite. In 

the study Xu et al. [24], E. coli adapted to goethite at a concentration of 1 mg/mL did not acquire antibiotic 

resistance even after 13 generations, probably due to its poor biofilm-formation capacity. In the article 

Agresti [25], the electrorheological properties of suspensions of lamellar goethite (α-FeOOH) nanoparticles 

in silicone oil are investigated. The particles were synthesized and functionalized with urea to increase 

polarizability. Electrorheological characterization has shown that urea functionalization enhances rheological 

properties (limiting shear stress and viscosity) under the action of an electric field up to 5 kV/mm, which al-

lows achieving similar characteristics at a lower filler concentration. The results demonstrate the potential of 

functionalized goethite as an efficient and economical material for smart electrorheological fluids. Cabral-

Prieto et al. [26] showed that low oxygen flow rates (0.025, 0.017, 0.013, 0.01 cm
3
/s) during the oxidation of 

Fe(OH)2 to obtain goethite led to the secondary production of magnetite and maghemite, registered by the 

XRD. In general, varying the oxygen flow rate led to a change in particle size and specific surface area. Oth-

er studies using hydrothermal methods revealed that the choice of iron precursor has a pronounced impact on 

phase evolution: ferric nitrate tends to favor goethite formation, while ferric chloride and ferric sulfate may 

result in akaganéite, lepidocrocite, or mixed-phase nanocomposites such as goethite/parabutlerite [27–29]. 

Goethite NPs could be used as T2 MRI contrasting agents with unique properties which are not suffering 

from upper size limitations [30–33]. 

In this study, we systematically investigated the hydrolysis of Fe(III) at pH 12 to selectively promote 

the formation of monophasic goethite, following the thermodynamic framework proposed by Cudennec and 

Lecerf [16]. 

The aim of this study was to determine synthesis conditions that would yield goethite nanoparticles 

while avoiding secondary phases that could affect reactivity, using a wider range of methods, including 

Mössbauer spectroscopy, a more powerful technique than X-ray diffraction. To achieve this, we employed a 

comparative analysis of several known distinct synthesis routes: ferrihydrite aging, ultrasonic-assisted con-

version, and hydrothermal crystallization by variation for the first time key parameters within these routes, 

including the iron source (nitrate vs. chloride), alkaline medium (NaOH vs. NH4OH). The resulting 

nanostructures were comprehensively characterized in addition to previously used methods as X-ray diffrac-

tion, the 
57
Fe Mössbauer spectroscopy, transmission electronic microscopy, and low-temperature nitrogen 

adsorption/desorption enabling enabling us to correlate synthesis conditions (iron source and alkaline medi-

um) with the phase composition, morphology, and textural properties of the goethite NPs prepared. 
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Experimental 

Materials 

In this work, the following reagents were used: iron(III) nitrate nonahydrate Fe(NO3)3·9H2O (extra pure 

grade; Prime Chemicals Group, Russia); iron(III) chloride hexahydrate FeCl3·6H2O (extra pure grade; 

Krasnaya Zvezda Trading House, Russia); sodium hydroxide NaOH (analytical grade; Reachim, Russia); 

and ammonium hydroxide solution 25 % NH4OH (extra pure grade; SigmaTek, Russia). 

All the dry substances used were previously dissolved in deionized water with a certain molarity for 

subsequent syntheses. 

Synthesis of Goethite NPs 

Goethite (α-FeOOH) NPs were synthesized using three distinct approaches for the conversion of 

ferrihydrite suspensions: 1) Aging of ferrihydrite suspensions obtained by coprecipitation (Samples A-N and 

A-C); 2) Rapid transformation of ferrihydrite via ultrasonic irradiation (Samples U-N and U-C) [1]; 3) Hy-

drothermal treatment (Samples H-N and H-C) [34]. In all procedures, the pH was adjusted and maintained 

during all process at approximately 12 to ensure the dominance of hydroxo ions, which are essential for goe-

thite formation. The iron precursors used were iron(III) nitrate (Fe(NO3)3·9H2O) and iron(III) chloride 

(FeCl3·6H2O) [1], with specific precursors corresponding to different samples (e.g., Sample A-N used 

iron(III) nitrate, while Sample A-C used iron(III) chloride, and similar variations applied to other sample 

pairs). 

Method 1.1 — Aging (Iron(III) Nitrate) 

Goethite nanoparticles were prepared by the dropwise addition of 45 mL of 1.5 M NaOH to 5 mL of 

0.06 M Fe(NO3)3⋅9H2O at room temperature under constant stirring (100 rpm), while maintaining the pH at 

12 during all process. The resulting ferrihydrite suspension was aged for 3 days at ambient conditions. The 

precipitate was then washed with deionized water until it reached a neutral pH, centrifuged (10 min, 

3000 rpm), and dried in a desiccator at 60 °C for 24 hours. The final yield was 0.64 g. 

Method 1.2 — Aging (Iron(III) Chloride) 

This sample was synthesized following the same protocol as Method 1.1, but with FeCl3⋅6H2O used as 

the iron source. The yield was 0.75 g. 

Method 2.1 — Ultrasonic Conversion (Iron(III) Nitrate) 

A 5.625 M NaOH solution was added to 20 mL of 0.1 M Fe(NO3)3⋅9H2O under continuous stirring 

(100 rpm) until the pH reached 12. The mixture was then subjected to ultrasonic treatment (30 kHz, 60 W, 

ultrasound bath, complete immersion of sample in a test tube in water) for 1 hour at 30 °C, pH was main-

tained during all process. The precipitate was washed with deionized water to neutral pH, centrifuged 

(10 min, 3000 rpm), and dried in a desiccator at 60 °C for 10 hours. The yield was 0.93 g. 

Method 2.2 — Ultrasonic Conversion (Iron(III) Chloride) 

This sample followed the same procedure as Method 2.1, using FeCl3⋅6H2O as the iron precursor. The 

final yield was 0.297 g. 

Method 3.1 — Hydrothermal (Iron(III) Nitrate) 

A total of 47 mL of 0.33 M Fe(NO3)3⋅9H2O was mixed with 80 mL of 25 % NH4OH, and the pH was 

adjusted to 12. The reaction mixture was heated at 90 °C for 2 hours without allowing vigorous boiling, pH 

was maintained during all process, then cooled to room temperature and left undisturbed for 24 hours. The 

solid was washed with deionized water until pH 6, centrifuged (15 min, 6000 rpm), and dried in a desiccator 

at 60 °C for 24 hours. The yield was 2.23 g. 

Method 3.2 — Hydrothermal (Iron(III) Chloride) 

This sample was synthesized using the same procedure as Method 3.1, replacing the nitrate salt with 

FeCl3⋅6H2O. The yield was 2.95 g. 
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T a b l e  1  

Designations of samples and corresponding synthesis parameters 

Method 
Type of iron precursor 

Cl
–
 NO3

–
 

Aging A-C A-N 

Ultrasonic Conversion U-C U-N 

Hydrothermal H-C H-N 

 

Characteristics of Samples 

X-ray Diffraction (XRD) 

The crystal structure and phase composition of the synthesized NPs were analyzed by X-ray diffraction 

(XRD) using a Thermo Fisher Scientific ARL X’TRA diffractometer equipped with CuKα radiation 

(λ=1.54184 Å). Measurements were conducted over a 2θ range of 10–95° at a scanning speed of 5 deg/min 

and a temperature of 25 °C. The full width at half maximum (FWHM) was used for particle size determina-

tion with the Scherrer equation [29]. The diffraction patterns were processed using the Rietveld method in 

the Match! software. The final diffraction patterns were constructed in OriginPro software. 

Mössbauer Spectroscopy 
57
Fe Mössbauer absorption spectra (MS) were recorded in transmission geometry with a moving source 

and triangular velocity reference signal using an MS1104EM Mössbauer spectrometer (CJSC Kordon, Ros-

tov-on-Don, Russia). Measurements were performed at 296(3) K and 77.7(3) K using a cryogen-free closed-

cycle cryostat (CFPR-221-MESS). The γ-radiation source consisted of 
57

Co in a metallic rhodium matrix 

(10 mCi activity; Cyclotron Co., Ltd, Obninsk, Russia) and was maintained at room temperature. An α-Fe 

foil was used as a reference absorber for velocity calibration. The signal-to-noise ratio did not exceed 2 %. 

High-resolution spectra (1024 channels) were processed using the SpectRelax 3.4 software package 

(Lomonosov Moscow State University, Russia). Isomer shifts are reported relative to α-Fe at 296 K. 

Transmission Electron Microscopy (TEM) 

The morphology of the NPs was examined using transmission electron microscopy (TEM). Prior to im-

aging, samples were dispersed in deionized water and sonicated with an ultrasonic processor (Fisherbrand, 

USA) at 75 % amplitude to promote homogenization and prevent aggregation. A 10 μL droplet of the sus-

pension was deposited onto a 200-mesh carbon-coated copper grid (Ted Pella Inc., USA), which had been 

pretreated via glow discharge (PELCO Inc., USA) to enhance particle adhesion. After 1 minute of incubation 

at room temperature, excess liquid was blotted off with filter paper. The grids were mounted on the TEM 

stage, and imaging was performed using a Tecnai G2-20 transmission electron microscope (FEI Company, 

Hillsboro, OR, USA) operated at 120 kV. Particle size distributions were determined by analyzing at least 

100 particles per image using ImageJ software (National Institutes of Health, USA). 

Specific Surface Area and Porosity Analysis (BET/BJH) 

The specific surface area (SSA) and porous structure characteristics of the samples were evaluated us-

ing a Sorbtometer-M instrument (Katakon, Russia). Measurements relied on nitrogen adsorption-desorption 

isotherms obtained at liquid nitrogen temperature (77 K). During testing, a stationary flow of a helium–

nitrogen gas mixture (with the nitrogen volume fraction ranging from 0 to ≈1) was passed over the sample. 

Desorption isotherms were constructed by measuring the volume of nitrogen released upon heating (approx-

imately −100 °C), while adsorption isotherms were obtained as the nitrogen volume fraction decreased from 

≈1 to 0. SSA and pore structure parameters were calculated using the Brunauer–Emmett–Teller (BET) meth-

od and the Barrett–Joyner–Halenda (BJH) method, respectively. Prior to analysis, all samples underwent de-

gassing ("thermoregulation") at 150 °C under vacuum in a stationary nitrogen flow to remove adsorbed gases 

and vapors. 
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Results and Discussion 

Phase Composition (XRD) 

The crystalline structure and phase composition of the synthesized NPs were comprehensively evaluat-

ed via X-ray diffraction (XRD). Representative diffractograms for all samples are presented in Figure 1. 

XRD analysis revealed that the final phase composition was highly sensitive to synthesis parameters, includ-

ing the identity of the iron precursor, the nature of the alkaline medium, and the applied thermal conditions. 

Samples A-C and U-C were found to consist predominantly of goethite (α-FeOOH) [37], demonstrating that 

these specific synthesis routes effectively favored the crystallization of a monophasic product. In contrast, 

alternative conditions yielded more complex or multiphase systems. Sample A-N yielded primarily goethite 

with a minor secondary phase. This secondary component was identified by Mössbauer spectroscopy as a 

paramagnetic Fe
3+

 octahedral species (Fe
3+

Oh), typical of superparamagnetic iron oxyhydroxides. 

 

  
 

 

 

 

 

 

 

 

Figure 1. X-ray diffraction of synthesized iron (oxyhydr)oxide NPs 

Sample U-N was dominated by ferrihydrite (5Fe2O3·9H2O), [38, 39] a poorly crystalline iron 

oxyhydroxide, as evidenced by its broad diffraction hump centered near 62° 2θ (Fig. 1), a hallmark of bi-

layer-type ferrihydrite [40]. Sample H-N displayed a well-defined crystalline pattern characteristic of hema-

tite (α-Fe2O3), as indicated by sharp peaks near 32° 2θ (Fig. 1) [17]. Although minor goethite reflections 

were also detected around 20° 2θ, these were less pronounced, suggesting it formed as a secondary product 

under hydrothermal conditions [41]. Sample H-C exhibited the most complex phase composition. Its 

diffractogram revealed a mixture of ferrihydrite, hematite, and goethite, with the latter present only in minor 

quantities (Fig. 1). Collectively, these findings emphasize the pivotal role of synthesis design, particularly 

the iron salt identity, base selection, and thermal regime, in governing the crystallization and final properties 

of iron oxyhydroxide NPs. 
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T a b l e  2  

X-ray diffraction data for synthesized goethite NPs 

Sample а, Å b, Å c, Å (GoF)
2
 Composition Amount, % D, nm No COD 

A-N 4.607 9.945 3.019 1.2 α       79 13±4 9003078 

A-C 4.616 9.945 3.021 0.8 α       96 15±5 1008768 

U-N 
6.175 – 9.205 

0.9 
5Fe2O3·9H2O 79 

28±2 
2211652 

4.606 9.971 3.023 α       20 9011571 

U-C 4.617 9.996 3.024 0.9 α       96 18±6 9002158 

H-N 
5.037 – 13.765 

1.1 
α       76 

31±5 
9000139 

4.671 9.392 3.028 α       18 9003079 

H-C 

6.118 – 9.062 

0.9 

5Fe2O3·9H2O 84 

41±10 

9011573 

5.038 – 13.778 α-Fe2O3 14 9000139 

4.603 10.098 3.022 α       1 9003077 
Note: *GoF — goodness of fit, COD — Crystallography Open Database. 

 

Phase Composition and Magnetic Properties (Mössbauer Spectroscopy) 

To complement the crystallographic insights provided by XRD, detailed phase composition and mag-

netic behavior of the synthesized iron (oxyhydr)oxide NPs were examined using 
57
Fe Mössbauer spectrosco-

py. Representative spectra for all samples are presented in Figure 2.  

 

 

Figure 2. Mössbauer spectra of samples recorded at 78 K (a–f) and 296 K (g–l): A-N (a, g), A-C (b, h), U-N (c, i),  

U-C (d, j), H-N (e, k), and H-C (f, l). Subspectra are labeled in accordance with Table 3.  

Error bars for the experimental data points are shown; residuals obtained by subtracting  

the fitted model from the experimental spectra are displayed beneath each corresponding plot 

The Mössbauer spectra exhibit pronounced temperature-dependent features, consistent with the known 

behavior of iron (oxyhydr)oxides [42–44] and nanostructured iron-containing phases [45–47]. In particular, 

Samples A-N, A-C, U-C, all of which were confirmed by XRD to consist primarily of goethite (79.4 %, 

96.4 %, and 96 %, respectively), display sextets characteristic of magnetically ordered α-FeOOH. At 296 K 

(room temperature) (Fig. 2f, h), the spectra of these samples are dominated by heavily distorted sextets with 

broadened inner resonance lines, indicative of partial magnetic relaxation typical of nanocrystalline goethite. 
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Upon cooling to 78 K (liquid nitrogen temperature), these spectra evolve into more well-resolved, weakly 

distorted sextets with narrower lines (Fig. 2a, c), reflective of reduced thermal fluctuation and stronger mag-

netic ordering at low temperature. The observed behavior conforms to the many-state superparamagnetic 

relaxation model, [48] and the spectra were successfully fitted using two correlated relaxation sextets at 

296 K and a single relaxation sextet at 78 K. The extracted hyperfine parameters align closely with literature 

values for goethite, [49–51] reinforcing its dominant presence in these samples. From these relaxation spec-

tra, the ratio of magnetic anisotropy energy to thermal energy (α) was calculated using the relation: 

 
B

KV

k T
  , (1) 

where K is the magnetic anisotropy constant (assumed at 1×10
5
 J m

–3
 at room temperature [52]), V is the 

magnetic domain volume, kB is the Boltzmann constant, and T is the absolute temperature. Based on this 

model, estimated domain volumes were 114.9 nm
3
 for Sample A-N and 100.5 nm

3
 for Sample U-N, suggest-

ing nanoscale magnetic domains typical of weakly interacting goethite NPs. In contrast, Samples U-N, H-N, 

H-C identified by XRD as mixed-phase systems, exhibited Mössbauer spectra at 296 K dominated by broad 

doublets superimposed on low-intensity sextets (Fig. 2g, i, j). 

Upon cooling to 78 K (Fig. 2b, d, e), sextet intensity increased modestly while the doublets became 

broader and less distinct. These complex spectra were accurately fitted using a combination of singlets, dou-

blets, and sextets modelled with pseudo-Voigt line shapes (Table 3). For Sample U-N, the sextet component, 

accounting for over 20 % of the total spectral area, was again attributed to goethite, consistent with its identi-

fication as the sole ferromagnetic phase. Sample H-N exhibited a lower goethite content (~7 %) but also re-

vealed a distinct hematite (α-Fe2O3) contribution of at least 20 %, corroborated by its characteristic hyperfine 

field values [47, 51, 53]. In addition, at low temperature, an extra sextet emerged in Sample H-N whose pa-

rameters match those reported for ferroxyhite (δ-FeOOH), [42, 54, 55]
 
indicating the presence of this meta-

stable intermediate. Sample H-C presented a unique spectral profile. The dominant sextet observed at 78 K 

displayed hyperfine parameters that deviate from those of goethite or hematite, and were instead consistent 

with maghemite (γ-Fe2O3) [55–57]. The accompanying doublets and singlets, attributed to Fe
3+

 in octahedral 

coordination, are indicative of superparamagnetic or magnetically collapsed states, characteristic of 

nanosized ferrihydrite or disordered phases. Overall, the Mössbauer data affirm the strong influence of syn-

thesis conditions not only on phase composition but also on magnetic domain properties, underscoring the 

intricate interplay between chemical environment, thermal treatment, and NPs magnetism. 

T a b l e  3  

Hyperfine parameters derived from Mössbauer spectra of iron (oxyhydr)oxide samples  

recorded at different temperatures 

Temperature, 

K 
77.7(3) 296(3) 

Sample № 
*δ ε {Δ=2ε} Γexp Heff S 

α Site/Phase  № 
δ ε {Δ=2ε} Γexp Heff S 

α Site/Phase 
mm s-1 kOe % mm s-1 kOe % 

A-N 
1 0.48 –0.11 0.30 498.23 83.6 16.9 α-FeOOH 

 1 0.37 –0.13 0.29 361.8 75.8 
2.81 α-FeOOH 

 2 0.38 –0.12 0.29 334.6 16.2 

3 0.45  6.98  16.4  Fe3+
Oh  3 0.34 {0.67} 0.483  7.95  Fe3+

Oh 

A-C 

1 0.48 –0.11 0.31 496.85 87.9 17.9 α-FeOOH  1 0.37 –0.13 0.24 364.9 56 
3.135 α-FeOOH 

         2 0.36 –0.13 0.52 340.6 40 

3 0.45  7.2  12.1  Fe3+
Oh  3 0.34 {0.79} 0.42  3.72  Fe3+

Oh 

U-N 

1 0.48 –0.12 0.32 496.96 21.31  α-FeOOH  1 0.37 –0.13 0.617 379.2 26.5  α-FeOOH 

2 0.44 {0.73} 0.772  32.6  Fe3+
Oh  2 0.34 {0.96} 0.51  24  Fe3+

Oh 

3 0.426  3.09  46.1  Fe3+
Oh  3 0.33 {0.532} 0.452  49  Fe3+

Oh 

U-C 
1 0.48 –0.11 0.31 494.54 75.1 15.74 α-FeOOH 

 1 0.37 –0.12 0.31 363.3 64.9 
2.459 α-FeOOH 

 2 0.36 –0.12 0.31 337.6 23.1 

3 0.436  3.52  24.9  Fe3+
Oh  3 0.33 {0.67} 0.54  12.0  Fe3+

Oh 

H-N 

1 0.48 0.20 0.30 535.96 20.1  α-Fe2O3  1 0.37 –0.10 0.36 509.90 34.5  α-Fe2O3 

2 0.48 –0.05 0.354 531.0 8.1  δ-FeOOH          

3 0.47 –0.12 0.388 494.5 6.7  α-FeOOH  3 0.35 –0.17 0.76 364.8 7.0  α-FeOOH 

4 0.44 {0.75} 0.826  37.2  Fe3+
Oh  

4 0.33 {0.66} 0.55  58.5  Fe3+
Oh 

5 0.453  4.03  27.9  Fe3+
Oh  

H-C 

1 0.48 –0.10 0.384 526.07 16.1  γ-Fe2O3  1 0.37 –0.10 0.520 501.8 21.4  γ-Fe2O3 

2 0.44 {0.77} 0.839  57.4  Fe3+
Oh  

2 0.34 {0.67} 0.54  78.6  Fe3+
Oh 

3 0.45  7.8  26.5  Fe3+
Oh  

* δ is the isomer shift, ε (Δ=2ε) is the quadrupole shift (splitting), Γexp is the line width, Heff is the hyperfine magnetic field, S is the relative area of the subspectrum, α is as (1) 
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Structural Evolution and Morphological Features of Synthesized NPs 

The results of the XRD and Mössbauer spectroscopy data processing confirms that controlled synthesis 

through the dissolution–recrystallization of thermodynamically unstable ferrihydrite leads predominantly to 

goethite (α-FeOOH) NPs formation under suitable conditions. Ferrihydrite, a poorly crystalline iron oxide 

typically approximated by the formula 5Fe2O3∙9H2O, [8] is widely recognized as the first-formed phase dur-

ing iron(III) hydrolysis. However, its exact stoichiometry remains debated. The physicochemical parameters 

governing its transformation have been thoroughly investigated by Schwertmann et al., [14, 16] who demon-

strated that the final phase (goethite vs. hematite) is strongly dependent on pH and can proceed via either a 

dissolution–precipitation mechanism or solid-state transformation. 

Cudennec et al. [16] provided further mechanistic insights into goethite formation by comparing the 

crystallographic frameworks of relevant intermediates. In our study, the role of precursor chemistry emerged 

as a significant factor influencing both phase composition and morphology. For instance, in Sample A-N, an 

additional phase, identified as a paramagnetic Fe
3+

 component, was observed alongside goethite (79.4 %), 

likely resulting from the slower dissociation kinetics of Fe(NO3)3 compared to FeCl3. This delay in hydroly-

sis could favor the formation of metastable iron oxyhydroxide phases. 

Temperature also exerted a profound influence on phase evolution. In hydrothermal syntheses, elevated 

temperatures not only accelerated hydrolysis and crystallization kinetics but also altered the redox dynamics 

of Fe species and facilitated active oxygen species generation, especially under ultrasonic irradiation [1]. 

These thermal conditions favored the formation of hematite (α-Fe2O3), [16] particularly in systems using the 

weaker base NH4OH, which may suppress the formation of strongly basic iron hydroxides and thus shift the 

equilibrium toward oxide phases. Collectively, these parameters shaped not only the phase composition but 

also the particle morphology. 

Morphological Analysis by TEM 

Transmission Electron Microscopy (TEM) imaging (Fig. 3) revealed strong correlations between syn-

thesis conditions and NPs morphology.  

 

 

 

 

 

 
 

 

 

 

 

 

Figure 3. Transmission electron microscopy (TEM) images of iron (oxyhydr)oxide NPs samples 

Samples A-N, A-C, and U-C, which were identified as predominantly goethite by XRD and Mössbauer 

spectroscopy, exhibited the characteristic acicular (needle-like) or rod-like morphologies typical of α-

FeOOH [58–61]. These results are consistent with the observations of Maria et al. [1] (particularly for aging 

and hydrothermal pathways, despite our use of ferric (III) chloride hexahydrate instead of ferric (III) nitrate 

nonahydrate) and Mira et al. [20], who also reported needle-shaped goethite NPs formed via comparable syn-

thesis routes. Sample U-C, although morphologically similar to A-N and A-C, displayed slightly less-defined 

A-N U-N H-N 

A-C U-C H-С 
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crystallinity and structural uniformity. This effect is likely attributable to the mechanical stresses induced by 

ultrasonic treatment, which may introduce lattice defects or disrupt ordered growth. 

Interestingly, Sample H-C, despite containing only 1 % goethite according to XRD and being primarily 

composed of ferrihydrite (84.3 %) and hematite (14.7 %), also exhibited rod-like structures. This suggests 

that even minor amounts of goethite may dictate the overall particle morphology, either through templated 

growth or preferential aggregation within mixed-phase systems. 

Sample U-N presented a markedly different appearance. As shown in Figure 3, it consists mainly of 

disordered aggregates resembling amorphous or nanocrystalline ferrihydrite, [38] consistent with its high 

ferrihydrite content (79.7 % by XRD) and the presence of broad doublets in its Mössbauer spectrum. 

The morphology of Sample H-N (Fig. 3) closely resembles that of hematite, typically reported as 

rhombohedral or diamond-like in shape [62]. This observation correlates well with the high α-Fe2O3 content 

determined by XRD (76.7 %) and Mössbauer analysis. Previous studies [63, 64] have shown that mixed goe-

thite–hematite systems often form agglomerates in which distinct phases are not easily differentiated, partic-

ularly at elevated synthesis temperatures (e.g., 90 °C). Similar dual-phase morphologies were reported by 

Combes et al. [65] and observed again by Vu et al. [66], supporting the inference that hematite dominates the 

particle shape in these hybrid systems. 

Consistent with these findings, the morphology of Sample H-N reflects its dual composition, 7 % goe-

thite and >20 % hematite. Despite this complexity, nanocrystalline domains with an average length of 

78 ± 28 nm were readily distinguished via TEM imaging (Fig. 3), suggesting partial phase separation and 

crystallite coarsening within the sample. 

Particle Size Distribution and Polydispersity 

Although Samples A-N (79.4 % goethite), A-C (96.4 % goethite), and U-C (96 % goethite) share a pre-

dominantly goethite composition, their particle size distributions reveal notable differences influenced by 

synthesis conditions, particularly the application of ultrasonic treatment. Sample U-C, synthesized via ultra-

sonic conversion, exhibited the broadest size distribution, with an average particle length of 560 ± 105 nm 

and width of 85 ± 24 nm. In contrast, Sample A-N yielded particles with a length of 476 ± 83 nm and width 

of 113 ± 27 nm, while Sample A-C produced more compact particles, averaging 389 ± 75 nm in length and 

93 ± 28 nm in width (Fig. 4).  

 

    

    

   

Figure 4. Particle size distribution of iron (oxyhydr)oxide NPs 
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The broader distribution in Sample U-C likely reflects the cavitation-driven fragmentation and nuclea-

tion associated with ultrasonic treatment, which can both promote particle refinement and introduce hetero-

geneity. Interestingly, Sample U-N, also prepared under ultrasonic conditions, exhibited a markedly narrow-

er size distribution. This observation suggests that the nature of the precipitated phase plays a critical role in 

determining the effect of ultrasound on particle dispersion and growth kinetics. The homogeneity of particle 

size distribution was assessed by calculating the polydispersity index: 

  pK





, (2) 

where Kp is the polydispersity index (PDI), ∂ is the weighted average particle radius (accounting for the rela-

tive abundance of each particle size), and Δ is the arithmetic mean radius. A PDI value near 1 indicates a 

highly monodisperse population, whereas values approaching or exceeding 2 signify broader and more het-

erogeneous distributions. 

Considering the effect of iron salt ions (Cl
–
 and NO3

–
) on the polydispersity of goethite NPs, it can be 

assumed that the use of nitrate ions leads to the formation of monodisperse needle-shaped forms (PDI = 1.0–

1.2). Chloride ions observe the aggregation of particles with PDI = 1.6. Samples A-N and A-C, obtained via 

low-temperature aging of ferrihydrite, exhibited PDI values of 1.0, indicating exceptional homogeneity and 

monodispersity. 

The most uniform particle populations were still obtained under room-temperature aging conditions 

(Samples A-N and A-C), reinforcing the value of controlled, low-energy precipitation pathways in producing 

well-defined goethite nanocrystals. 

Conversely, broader distributions were observed in Samples U-N (PDI  = 1.6), H-N (PDI  = 1.2), and 

H–C (PDI  = 1.6), corresponding to syntheses involving elevated temperatures and/or hydrothermal treat-

ment. These higher PDI values reflect not only greater size variability but also increased morphological and 

compositional heterogeneity, emphasizing the cumulative influence of precursor type, basic agent, tempera-

ture, and reaction time on NPs uniformity. 

Textural Characteristics (BET/BJH Analysis) 

The textural properties of the synthesized NPs were investigated using nitrogen adsorption–desorption 

isotherms at liquid nitrogen temperature, with results summarized in Figure 5.  

 

   

 
  

Figure 5. Low-temperature (77 K) nitrogen adsorption/desorption isotherms  

and corresponding pore size distribution of iron (oxyhydr)oxide samples 
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According to the International Union of Pure and Applied Chemistry (IUPAC) classification, all sam-

ples exhibit Type IV isotherms, characteristic of mesoporous materials, indicating multilayer adsorption and 

the occurrence of capillary condensation within mesopores. 

Distinct hysteresis loop types were observed across different synthesis methods, reflecting variations in 

pore structure. Samples A-N and U-C displayed H3-type hysteresis loops, typically associated with cavita-

tion-controlled evaporation processes and slit-like pores formed between non-rigid aggregates of plate-like 

particles. In contrast, Samples U-N, H-N, and H-C demonstrated H4-type hysteresis, also indicative of slit-

shaped pores but more commonly associated with narrow, micropore-like structures within porous solids. 

In several samples, a pronounced uptake at low relative pressures (P/P₀ < 0.1) suggests the presence of 

micropores. Moreover, the absence of a plateau near P/P₀ ≈ 1 implies an open pore network with interparticle 

voids, lacking closed porosity. The SSA values calculated using the Brunauer–Emmett–Teller (BET) meth-

od, and average pore diameters, determined via the Barrett–Joyner–Halenda (BJH) model (Table 4), further 

elucidate the differences among samples. The goethite-dominant samples (A-N, A-C and U-C) exhibited 

moderately high SSA values ranging from 53 to 88 m² g
-1

. These values are consistent with samples demon-

strating the needle-like morphology observed in TEM micrographs and are typical of well-crystallized goe-

thite NPs with defined mesoporosity. 

T a b l e  4  

Textural properties of samples 

Sample 
BET BJH 

SSA, m
2
 g

-1
 Pore volume, cm

3
 g

-1
 Pore volume, cm

3
 g

-1
 Pore diameter, nm 

A-N 69.0 0.27 0.26 3.51 

A-C 87.8 0.15 0.12 3.40 

U-N 127.8 0.12 0.07 3.52 

U-C 52.5 0.21 0.20 3.44 

H-N 198.5 0.18 0.12 3.52 

H-C 260.5 0.20 0.11 3.60 

 

In contrast, the heterophase samples (U-N, H-N, and H-C), which contain various combinations of 

ferrihydrite, hematite (H-N and H-C) in addition to goethite, showed more variable SSA values. Notably, 

Sample H-C exhibited the highest SSA (260 m
2
 g

-1
) among all samples, which can be attributed to its 

ferrihydrite-rich composition and greater contribution of microporous features. 

As reported by Kail et al. [68], while high SSA generally offers more sites, goethite with a relatively 

lower SSA can sometimes exhibit increased surface roughness or defects, which may enhance sorption effi-

ciency by providing highly accessible active sites for adsorbate interaction. Conversely, high SSA values (as 

observed in Samples A-C, U-N, H-N, and H-C) often stem from microporous structures, which can impose 

diffusional constraints. The slow diffusion kinetics within narrow pores may, in certain applications, limit 

sorption efficiency despite the higher available SSA [69]. 

These findings underscore the importance of not only maximizing SSA in sorptive materials but also 

tailoring pore architecture and morphology to optimize accessibility and transport within the porous network. 

Conclusions 

This study provides a comprehensive framework for understanding the physicochemical principles that 

govern the controlled synthesis of biocompatible, phase-pure goethite (α-FeOOH) nanoparticles with tunable 

structural and morphological features. By systematically exploring multiple synthesis routes, including varia-

tions in temperature, reaction time, and ultrasonic treatment, and for the first time, precursor type (iron ni-

trate vs. chloride), alkalizing agent (NH4OH vs. NaOH), we have elucidated the critical parameters that dic-

tate nanoparticle formation pathways and final properties. 

Our results highlight that the choice of iron source and alkali was found to be equally consequential: 

FeCl3 and NaOH facilitated rapid hydrolysis and crystallization, promoting goethite formation, whereas 

NH4OH, particularly under hydrothermal conditions, often led to multiphase systems involving ferrihydrite 

and hematite. 

Regardless of iron source and alkalizing agent, temperature emerged as a dominant factor in driving 

crystal growth and phase transitions. Hydrothermal treatments at 90 °C resulted in markedly increased parti-
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cle sizes and more complex phase compositions, underscoring the importance of kinetic control in phase-

selective synthesis. 

Collectively, these findings advance the rational design of iron (oxyhydr)oxide nanoparticles by provid-

ing actionable insights into how synthesis variables, namely iron and alkali source translate into structural 

and functional outcomes. The ability to tailor goethite nanomaterials with predictable microstructures posi-

tions them as promising candidates for a wide spectrum of applications, including biomedical scaffolds, ca-

talysis, nanoscale sorbents. This work thus lays the groundwork for the future development of safe, function-

ally optimized iron-based nanomaterials with high application relevance. 
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Size and Magnetization Control of Magnetite NPs via Ethylene Glycol  

and Temperature for Ferrofluid and Magnetotargeting: Model Experiments 

Magnetic nanoparticles (NPs) are highly promising materials for diverse biomedical applications, particularly 

in magnetotargeting, owing to their tunable magnetic properties. Achieving precise control over their synthe-

sis parameters is critical for optimizing these properties and ensuring their efficacy. This study investigates 

the impact of synthesis the impact of synthesis conditions on the properties of magnetite (Fe3O4) nanoparti-

cles. A set of magnetite NPs were prepared via co-precipitation of ferrous and ferric ions by a base in ambient 

conditions, systematically varying the ratio of ethylene glycol/water (EG/water) solvents and temperatures 

(4, 20, and 70 °C). Crystal structure, morphology and magnetic parameters were analyzed. Additionally, 

rheological experiments were conducted to study the dynamic viscosity of ferrofluids containing varying siz-

es and concentrations NPs in polyglucinum. Results showed that Fe3O4 NPs size linearly increased with the 

EG/water volume ratio only at 70 °C. Increasing EG from 0 % to 50 % elevated magnetite stoichiometry from 

Fe2.72O4 to Fe2.912O4 with higher concentrations reducing it. The effect of temperature on stoichiometry varied 

depending on the ethylene glycol (EG) content. At low EG content, stoichiometry decreased with increasing 

temperature. But, at higher EG content, maximum stoichiometry was observed at 20 °C. Increasing 

polydispersity of NPs (0.07–0.13) decreased viscosity in polyglucinum from ~10 to ~4 mPa s (1–5 % EG). 

Evaluation tests of the magnetic induction gradient on NPs capture in a flow-through setup were also per-

formed. A sigmoidal relationship (R2 = 0.97) was established between the NPs capture efficiency and the 

magnetic induction gradient. These findings provide valuable insights for optimizing the synthesis and sus-

pension performance for magnetic fluids for magnetotargeting applications. 

Keywords: Synthesis of magnetic NPs, Ethylene glycol, Synthesis temperature, Oxidation, Size control, Satu-

ration magnetization, Rheology, Magnetic capture 

 

Introduction 

Magnetite (Fe3O4) is among the most extensively studied magnetic NPs due to its unique combination 

of various properties making it highly attractive for numerous biomedical applications, such as magnetic res-

onance imaging [1], drug/gene delivery [2–5], in catalysis [6–8], in ferroptosis therapy due to Fe
2+/

Fe
3+

 me-

diators of Fenton and Fenton-like reactions [9–11] as well as ferrofluids [12]. Uniformity of magnetite NPs 

size, shape, and crystalline structure is crucial in biomedical applications [13] that require the design and 

synthesis of NPs with the perfectly controlled features such as magnetization of NPs. The latter is a size de-

pendent property, so, it can utilize its size-in dependent version that is called saturation magnetiza-

tion (σs) [14]. Many reports of solution-phase synthesis of monodisperse magnetite nanocrystals (MNCs) 

have been published [15–17]. However, lack of reproducibility of MNC synthesis is a persistent problem, 

and the keys to producing monodisperse MNCs remain elusive [18]. The structural characteristics and subse-

quently magnetic properties of materials are greatly originated from their synthesis process [19–23]. In re-

cent studies of coprecipitation synthesis, there have been many reports on changing various experimental 

parameters to control the size of Fe3O4 NPs, such as altering the reaction temperature and reaction time in 

synthesis [24, 25], varying the Fe
2+

/Fe
3+

 cation ratio, and pH [26], stirring velocity [27], etc. Interfacial ten-

sion of the medium is also expected to be one factor in controlling the size NPs. Ethylene glycol (EG) is a 

solvent miscible with water at any composition [28]. Besides, EG have a high boiling point (246 °C) and a 
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low interfacial tension (47.99 mN m
–1

) [29]. It can be therefore expected that EG becomes a useful additive 

for controlling the size of magnetite produced by a forced hydrolysis reaction at an elevated temperature. 

Moreover, EG being a polyol capable of acting as a reducing and stabilizing agent, influencing stoichiometry 

of magnetite as well as nucleation and growth processes. Recent mechanistic work also shows that, in alco-

hol-based systems, the water fraction and oxygen access can be decisive for iron nanoparticle oxidation 

pathways and kinetics, underscoring why solvent composition must be treated as a primary control parame-

ter [30]. This paper demonstrates a synthesis of magnetite NPs via co-precipitation of ferrous and ferric ions 

by a base in ambient conditions of 10 to 34 nm in diameter regulated by changing the ratio of EG/water and 

temperature from 4 to 70 °C. We investigated in this paper the influence of both EG and temperature on the 

size, polydispersity, stoichiometry and saturation magnetization (σs) of NPs. Selected NPs samples were test-

ed under model conditions to assess their effect on the dynamic viscosity of polyglucinum-based ferrofluids, 

as well as the influence of magnet induction on NPs capture in a model flow-through setup. 

Experimental 

Preparation of Fe3O4 NPs 

Magnetite NPs Fe3O4 with different sizes were synthesized using the co-precipitation method by 

Elmore reaction [31] by changing the volume ratio of ethylene glycol/water (EG/water) and temperature 

while keeping the other experimental conditions the same. 150 mL of a 0.05 M FeSO4·7H2O and 0.1 M 

FeCl3·6H2O solution was poured in a beaker in ambient (air) conditions for technological reason and the so-

lution’s temperature was maintained at 4, 20 or 70 °C. 1 M NaOH was added dropwise into the solution in 

order to reach pH 9 and stirred at 300 rpm for 30 min. pH control was over time. The product was harvested 

by magnetic separation, washed repeatedly with deionized water 3 times with a hydromodulus of 1:50 and 

then dried at 70 °C. Storage conditions was in a sealed container in a dark place. Synthesis conditions and 

cipher of NPs are presented in Table 1. 

T a b l e  1  

Synthesis conditions and cipher of NPs 

Т, °С EG, volume ratio 

 0 25 50 75 

4 4/0* 4/25 4/50 4/75 

20 20/0 20/25 20/50 20/75 

70 70/0 70/25 70/50 70/75 
*the code in the name of the samples indicates the temperature (first index) 

and the volumetric content of EG. 

 

Characterization of NPs 

NPs samples were characterized using X-ray diffraction (XRD) analysis, transmission electron micros-

copy (TEM), and vibrating sample magnetometer (VSM) analysis. Method descriptions are provided in Sup-

porting Information (SI). 

Results and Discussion 

The Influence of Ethylene Glycol Concentration and Temperature on the Morphology of NPs 

The TEM images taken to determine the morphology, shape and size distribution for the selected NPs 

produced at the different volume ratios EG/water and temperature are shown in Fig. 1. The resulting magnet-

ite nanoparticle samples are found to be nearly of spherical/cubic shape. For samples 4/25, 20/25 and 70/25, 

the average particle size was 16.7, 19.1 and 14.1 nm, respectively; for samples 70/0, 70/50 and 70/75, it was 

9.8, 22.6 and 33.6 nm, respectively. The size particle distribution histograms constructed from TEM images 

show that with increasing EG in the synthesized solution, the range of particle sizes increases. The electron 

diffraction patterns in the selected region obtained by TEM are shown in Fig. S1 (SI). The ring diameters of 

the corresponding atomic planes indicate that the main phase of the NPs is magnetite [AMCSD 0002400, 

Supplementary Materials]. 
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Figure 1. TEM images and plotted particle size distribution histograms 

For these samples, graphs were constructed showing the dependence of NPs size on the EG content in 

the solution and the synthesis temperature. The results are presented in Figure 1a, b. 
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a 

 

b 

 

Figure 2. Dependence of NPs size on the EG content (a) and the synthesis temperature (b) 

Although size distribution NPs with irregular shapes (Fig. 1) could be found due to the inevitable fluc-

tuations in a coprecipitation system, the trend that the size and shape of the NPs controlled by the synthesis 

conditions was obvious. Figure 2a shows that with increasing EG content, the particle size increases, which 

is due to an increase in the viscosity of the solution, since the density of EG is higher than the density of wa-

ter, and the density of the solution increases with increasing EG concentration (from 0.41 to 2.3 mPa s for 

water and 75 % EG, respectively, at 70 °C). A statistically significant difference exists only between samples 

70/0 and 70/75, p-value = 0.009. Xu et al. found that anisotropic octahedral Fe3O4 NPs vary the particle sizes 

from 30 to 115 nm by changing the volume ratios of ethylene glycol/diethylene glycol in hydrothermal syn-

thesis [32]. 

Temperature can play a crucial role in the phase formation in process, e.g. due to the increased loss of 

ammonia (in case of NH4
+
 present in the system) with increased temperature and its implications for the 

phase formation kinetics [33]. According to [33] in aqueous solution, synthesis at the lowest temperature of 

5 °C exhibit magnetite phase, while increase in the growth temperature to 95 °C leads to pure maghemite 

phase. Authors noted that since the temperatures used here are too small for solid state transformations, the 

observed changes should occur primarily in the particle formation process itself where the role of precursor 

radicals can be temperature sensitive. Moreover, the grains in the case of the 27 °C sample are much smaller 

(6–8 nm), in the case of the 95 °C sample, the grains are somewhat bigger than the 27 °C case and they are 

again better faceted though smaller than the 5 °C case. But, in our experiments no dependence of NPs size is 

observed on the temperature of EG-assisted synthesis. The above phenomena about the influence of tempera-

ture on the size of Fe3O4 particle can be interpreted by thermophysical properties of EG: heat capacity and 

thermal conductivity decrease (compared to water) by up to 20 % with increasing EG concentration and de-

creasing operating temperatures in the low zone; kinematic and dynamic viscosity are 2–3 times higher than 

that of water at positive temperatures and increase by 8–10 times as the concentration increases to the practi-

cal limit of 65 %. 

X-Ray Diffraction Analysis 

The phase composition of magnetic NPs was also investigated by XRD (Figure 13). A typical diffrac-

tion pattern was observed, confirming the presence of the magnetite phase (Fe3O4). The content of magnetite 

and maghemite was calculated using the Rietveld method (Fig. 3). The obtained unit cell parameter values 

for all samples were smaller than those of magnetite (8.396–8.400 Å according to ICDD-PDF 19–629), but 

larger than those of maghemite (8.33–8.34 Å according to ICDD-PDF 39–1346). This is explained by partial 

oxidation of Fe
2+

 ions during drying and/or storage and modification, leading to the formation of non-

stoichiometric magnetite with the formula Fe3-δO4, where δ can vary from zero (stoichiometric magnetite) to 

1/3 (fully oxidized). 
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Figure 3. Diffraction patterns of NPs 

The calculated stoichiometric formulas of magnetite samples and crystallite sizes calculated using the 

Williamson-Hall method [34] are presented in Table 2. 

T a b l e  2  

Formula and crystallite size of iron oxide NPs 

Sample а, Å (GoF)
2
 Composition Amount, % D, nm No. COD 

4/0 8.363 0.7 Fe2.83O4 88.1 8.40 9005838 

4/25 8.374 1.1 Fe2.90O4 96.1 22.20 9005838 

4/50 8.358 1.6 Fe2.80O4 92.6 29.00 9005838 

4/75 8.354 0.9 Fe2.77O4 96.2 18.40 9005838 

 

20/0 8.361 0.8 Fe2.82O4 96.4 12.50 9007706 

20/25 8.373 0.8 Fe2.89O4 96.5 26.00 9005839 

20/50 8.378 1.0 Fe2.912O4 96.5 31.50 2101926 

20/75 8.368 1.1 Fe2.86O4 96.4 24.40 9005839 

 

70/0 8.345 1.0 Fe2.72O4 96.2 11.80 9002319 

70/25 8.359 0.9 Fe2.81O4 96.5 20.80 9005842 

70/50 8.376 0.6 Fe2.91O4 96.1 27.90 2101926 

70/75 8.357 0.6 Fe2.79O4 95.9 28.20 9005839 

 

The average size of NPs for the 70/0, 70/25, 70/50 and 70/75 samples are close to the results obtained 

using TEM. According to X-ray diffraction data, the presence of EG in the reaction mixture, compared to 

temperature and solution viscosity, is the most significant factor influencing crystallite size (Fig. 4a). The 

maximum magnetite content and its most stoichiometric form (with a 3-δ parameter in the range of  

2.89–2.91) were observed at a solution viscosity of 1.3–4.5 mPa s and an EG content of 25–50 % (Fig. 4b). 

This confirms the active participation of EG in the reduction of iron (III) salts in an alkaline medium. A fur-

ther increase in the EG concentration to 70 % and the observed decrease in the stoichiometry of magnetite 

are associated with a decrease in the equivalent water content in the system required for coprecipitation 

methods where the hydrolysis of ferrous and ferric ions, ferrous hydroxide (Fe(OH)2) and goethite  
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(-FeOOH), are coprecipitated as precursors in an alkaline solution according to Elmore reaction. For the 

samples synthesized at 20 and 70 °C, the peak stoichiometry was achieved at a content of 50 % EG and 

amounted to Fe2.912O4 and Fe2.91O4, respectively, while at 4 °C the peak stoichiometry was achieved at a con-

tent of 25 % EG and amounted to Fe2.9O4 (i.e. mixture 60 % magnetite and 31 % maghemite) [35]. Our pre-

vious studies showed that a change in the stoichiometry of magnetite, associated with the partial transfor-

mation to maghemite phase, leads to a change in the biological activity of NPs compared to stoichiometric 

magnetite [36, 37]. 

The stoichiometry of magnetite is important and essential parameter because the Fe
3+

/Fe
2+

 ions pair me-

diates Fenton oxidation-reduction reactions, which are the primary mechanism triggering ferroptosis [38]. 

The magnetite stoichiometry in samples prepared at volume ratios of 0/100 and 25/75 (EG/water) steadily 

decreases with increasing synthesis temperature, likely due to the oxidation of iron ions. In contrast, samples 

prepared at 50/50 and 75/25 (EG/water) exhibited a peak at 20 °C of coprecipitation conditions followed by 

decline. This behavior is explained by the fact that, at this temperature, the reducing potential of EG out-

weighs the oxidizing effect of increasing temperature. 

 

a b 

  

Figure 4. Dependence of crystallite size (a) and magnetite stoichiometry (b)  

on solution viscosity and synthesis temperature 

The optimal EG content facilitates controlled synthesis due to two factors: firstly, as a reducing agent, it 

determines the kinetics of magnetite nucleation; secondly, by modifying the viscosity of the medium, it in-

fluences the diffusion coefficient of the reactants, slowing the growth rate and promoting the formation of 

larger, more perfect crystals with a minimum of defects. 

Magnetic Properties of Magnetite NPs 

The results of the analysis of the magnetic properties of magnetite are presented as hysteresis loops 

(Fig. 5). Table 3 presents the values of saturation magnetization (σs), remanent magnetization (σr), and 

coercivity (Hc) for magnetite NPs. 
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Figure 5. Hysteresis loops of magnetite samples 

T a b l e  3  

Magnetic characteristics of magnetite samples 

Sample σs, emu g
–1

 σr, emu g
–1

 Hc, Oe 

4/0 33.5 2.5 30.0 

4/25 70.5 8.0 58.0 

4/50 68.7 7.0 55.0 

4/75 61.8 4.0 41.0 

20/0 41.2 2.5 36.5 

20/25 71.9 6.5 45.5 

20/50 59.5 9.3 98.0 

20/75 68.3 6.7 55.0 

70/0 56.7 2.5 25.5 

70/25 58.7 2.9 35.5 

70/50 67.0 7.7 65.0 

70/75 72.0 7.2 70.0 

 

The saturation magnetization (σS) of magnetite NPs demonstrates variations influenced synthesis tem-

perature (Fig. 5). Specifically: at a synthesis temperature of 4 °C and 25 % EG content, the saturation mag-

netization reaches a peak of 70.5 emu g
–1

 before subsequently decreasing. At 20 °C, σS does not show a clear 

correlation with increasing EG content. At 70 °C, σS increases from 56.7 to 72 emu g
–1

 as EG content chang-

es. When EG content is 0 % and 75 % in the synthesis solution, σS increases from 33.5 and 61.8 emu g
–1 

to 

56.7 and 72 emu g
–1

, respectively. At 25 % EG, σS decreases from 70.5 to 56.7 emu g
–1

, at 50 % EG, σS does 

not exhibit a clear dependence on increasing synthesis temperature (Fig. 6). 
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The samples exhibiting the highest σS values are those synthesized at 20 °C with 25 EG (20/25) and at 

70 °C with 75 % EG (70/75). 

 

 

Figure 6. Dependence of saturation magnetization on the EG content in the synthesis solution 

As a result, the key factors determining the magnetic characteristics of the synthesized NPs were identi-

fied as follows: 1) crystallite size: larger NPs have a smaller specific surface area, which reduces the propor-

tion of disordered spins in the surface layer and leads to an increase in the total magnetic moment; 2) mag-

netite stoichiometry (Fe3-δO4): the saturation magnetization of magnetite directly depends on maintaining the 

balance between Fe
2+

 and Fe
3+

 ions in the octahedral positions of the crystal lattice, since their electron ex-

change ensures ferrimagnetic order. 

Optimal conditions for synthesizing magnetite NPs with high Fe
2+ 

content (Fig. 4b) and saturation mag-

netization (Fig. 6), suitable for ferroptosis-inducing applications were determined to be 25 % EG at 4 °C and 

25 °C, and 50 % EG at 70 °C. 

Changes in the Viscosity of Nanofluids at NPs Different Concentrations in Polyglucinum 

To investigate the influence of NPs on viscosity, samples synthesized at 70 °C were selected. TEM data 

revealed a linear increase in NPs size from 10 to 34 nm with increasing EG concentration. The intrinsic dy-

namic viscosity of the PG base fluid, measured at room temperature, was 3.952 mPa
 
s. Figure 7 presents the 

dynamic viscosity values of PG suspensions containing varying volumes and average particle sizes of Fe3O4 

NPs with different PDI. 

 

 

Figure 7. Influence of volume concentration, size and dispersion on the absolute viscosity  

in Fe3O4-PG suspensions (EG/water ratios, vol.%: 70/0, 70/25, 70/50, 70/75) 

As shown in Figure 7, the volume concentration of NPs in the PG suspensions ranged from 1 % to 5 %. 

An increase in NPs content was observed to correlate with an increase in viscosity. At a constant particle 

size, increasing the NPs concentration causes the flow behavior to transition from Newtonian to shear-
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thinning, and subsequently to shear-thickening. In Newtonian regime, low NPs interaction predominates. 

Shear-thinning arises as weak particle interactions are disrupted at higher shift deformations. At higher parti-

cle concentrations, physical collisions and aggregation lead to shear-thickening behavior. 

The nanofluid’s viscosity increased with larger NPs sizes and decreasing polydispersity index (from 

0.13 to 0.07). This is due to the fact that NPs with a wider size span (PDI = 0.13) pack more efficiently than 

monodisperse particles (PDI = 0.07), creating more free space for NPs movement. Consequently, the fluid 

flows more easily, resulting in lower viscosity. 

Model Experiments: Influence of Magnet Induction on NPs Capture in a Flow-Through Setup 

The NPs test sample was synthesized via coprecipitation with EG/water volume ratio of 70/50. This 

sample exhibited minimal viscosity change in PG, a monodisperse particle size distribution (PDI = 0.08), and 

high stoichiometry (3–δ = 2.91). These characteristics are crucial for the efficient occurrence of Fenton and 

Fenton-like processes. 

An experimental setup was assembled, considering both hydrodynamic and magnetic parameters 

(Fig. S2). The setup parameters included: distance from the magnet (0; 0.5; 1; 2; 3; 5 cm); a flow velocity of 

9.5 mm s
–1

 (appr. 56.61 cm min
–1

); introduced NPs masses (0.02, 0.04, 0.08, 0.1, 0.2, 0.3, 0.5 g), and a Neo-

dymium disk magnet (50×20 mm, NbFeB, N42, 298 g) with axial magnetization. The conversion of the dis-

tance (r) from the magnetite surface to the NPs localization site into magnetic field induction (B) is detailed 

in SI. Experiments were conducted at room temperature using distilled water as the liquid medium. Gravi-

metric data analysis, aimed at determining the optimal fixed mass of magnetite NPs on a magnet based on 

external magnetic field induction, is presented in Table S3 and Figure S4. A mathematical model describing 

the dependence of NPs capture efficiency on magnetic field parameters and target distance is proposed in 

Table S4. 

A sigmoidal relationship (R
2 
= 0.97) was established between the NPs capture efficiency and the mag-

netic induction (based on the gradient of distance from the target) (Fig. 8). The injection mass at which the 

proportion of captured NPs reaches its maximum corresponds to the injection mass that maximizes particle 

capture efficiency. This is defined as the optimal injection mass for maximum injection efficiency (Fig. S5b 

and Table S5). 

 

a b 

  

Figure 8. Sigmoid models illustrating the dependence of optimal captured NPs masses (a)  

and the dependence of the saturation mass on magnetic induction (b) 

Figure 8a presents an approximation of the optimal captured NPs masses. Additionally, the maximum 

capacity line, shown in Figure 8b, is significant as it allows for the estimation of the maximum NPs mass 

reaching the target organ at a given magnetic induction. 

Conclusions 

In summary, NPs size regulation of Fe3O4 can be effectively achieved by adjusting the volume ratio of 

EG to water. X-ray diffraction data demonstrated that the presence of EG in the reaction mixture, compared 

to temperature and solution viscosity, is the most significant factor influencing crystallite size. Increasing the 
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EG concentration to 50 % enhances the Fe3O4 stoichiometry, indicating improved oxidation states, while 

higher concentration beyond this point lead to a decline likely due to restricted hydrolysis pathways that im-

pede Fe3O4 NPs formation. Temperature variations influence the magnetite’s composition differently de-

pending on EG content with optimal stoichiometry achieved at specific combinations, which correlates di-

rectly with saturation magnetization. Additionally, rheological studies with Fe3O4-polyglucinum suspensions 

revealed that viscosity decreases as the particle size distribution broaden from 0.07 to 0.13. This is due to the 

fact that NPs with a wider size span pack more efficiently than monodisperse particles, creating more free 

space for NPs movement. Consequently, the fluid flows more easily, resulting in lower viscosity. A mathe-

matical model is proposed to describe the dependence of NPs capture efficiency. A sigmoidal relationship 

(R
2 
= 0.97) was established between the NPs capture efficiency and the magnetic induction gradient. These 

findings provide insights into controlling NPs synthesis parameters in ambient conditions and suspension 

properties for advanced magnetic fluid applications. 
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Dispersion Technique May Change Structure  

and Bio-Oxidative Activity of Magnetic MOF Nanoparticles 

The overlooked influence of routine operations on hydrophobic nanosuspensions can induce polymorphic 

transformation, a critical factor that contributes to their instability and significantly limits their applications. 

Techniques such as ultrasonication are commercially employed for producing nanosuspensions. However, the 

impact of routine operations, including mechanical grinding and ultrasound, on obtaining stable suspensions 

has not received sufficient attention, despite their potential to alter microstructure, morphology, and conse-

quently, functional properties. In this study, Fe3O4-asсorbic acid/ metal-organic coordination polymer (MOF) 

MIL-88b (Fe3O4-AA-MOF) nanoparticles (NPs) were subjected to grinding in a mortar (GM). Subsequently, 

1.0 wt.% of aqueous suspensions were ultrasonicated (GM+US) for 3 min at 30 kHz and 37 °C. The structure 

and oxidative properties of the homogenized suspensions were investigated using X-ray diffraction technique, 

dynamic light scattering (DLS), and scanning electronic microscope (SEM), with native NPs serving as a 

control. Homogenization treatment significantly affected the microstructure and oxidative behavior of Fe3O4-

AA-MOF NPs. The combination of milling and ultrasound led to a change in the stoichiometry of magnetite, 

partial destruction of MOF, and simultaneously, an acceleration of the Fenton reaction and increased stability 

of NPs in suspension. These findings underscore that the influence of routine sample preparation operations 

on the functional properties of NPs cannot be underestimated. 

Keywords: metal organic framework, MOF, magnetic iron oxide nanoparticles, nanosuspensions, sample 

preparation operations, grinding in the mortar, ultrasonication, structure, oxidative properties 

 

Introduction 

The reproducibility crisis of scientific experiments can stem from various factors affecting chemical re-

actions, including solvent variability, temperature fluctuations, vessel configuration, heat and mass transfer 

within the reaction mixture, challenges with thorough mixing, reagent and intermediates purity, and contam-

ination or phantom reactivity, as highlighted by [1]. However, another often-overlooked factor significantly 

impacting the reproducibility of biological experiments, particularly those involving insoluble chemical 

compounds like magnetite nanoparticles (NPs), is the mandatory sample preparation. These routine opera-

tions, justified by the logic of in vitro and in vivo experiments, include grinding samples and dispersing them 

to achieve the required sizes for administration, such as intravenous injection. Such operations are frequently 

considered so routine and insignificant that they are often omitted from experimental methodology. Never-

theless, they can induce changes not only in particle size but also in their microstructure and, consequently, 

their functional properties. 

In a recent Nanofocus paper [2], the authors identified the need for improved nanotechnology tools and 

methods as one of 33 key questions in nanoscience and nanotechnology. As a crucial characteristic of NPs, 

size profoundly influences the efficiency of passive or active targeted drug delivery and other biomedicine 

applications. This influence extends to circulation time, biodistribution, accumulation, and penetration, cellu-

lar uptake, and subcellular distribution [3, 4]. While the preferred size for intravenous injection typically 

ranges from 2 to 200 nm, as larger NPs (>200 nm) are prone to phagocytosis by macrophages and thus can-

not leverage the enhanced permeability and retention effect [5, 6]. NPs generally range from 10 to 1000 nm 

in size [7]. Furthermore, numerous properties, including size, dictate their in vivo behavior, encompassing 

stability in blood and other body fluids, biodistribution, margination, circulation time, phagocytic uptake, 

organ-specific accumulation, drug release, attachment and penetration into target cells, excretion and toxicity 
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[3, 5, 6, 8–12]. Stability is a critical prerequisite for most of the biopreparations, as it ensures predictable and 

controllable behavior. Consequently, nanofluids are desired to possess thermodynamic, kinetic, chemical, 

and dispersion stabilities. Due to inter-particle adhesion forces, NPs tend to agglomerate, and their settlement 

can occur due to the gravitational forces [13]. Concurrently, an increasing number of newly developed drugs 

exhibit poorly solubility, leading to bioavailability challenges. A promising alternative approach to overcome 

these issues is the production of stable nanosuspensions with controlled size or post-production processing of 

NPs [14]. To prepare stable nanofluids, extensive investigations into colloidal dispersions have been con-

ducted, focusing on particle motion analysis under various flow conditions and sedimentation characteristics 

of suspended NPs in base fluids [15]. Two primary methods exist for producing nanofluids; (i) the one-step 

direct evaporation method, which involves the direct formation of NPs within the base fluids, and (ii) the 

two-step method, which entails forming NPs and subsequently dispersing them in the base fluids [15]. In the 

latter approach, various dispersion techniques are employed, including stirrers, ultrasonic baths, ultrasonic 

disruptors, high-pressure homogenizers, and modified magnetron sputtering systems, to prepare nanofluids. 

Among these techniques, ultrasonication is widely used
 
[13] due to its technical simplicity and cost effec-

tiveness. During homogenization, particle fracture is achieved through cavitation, high-shear forces, and in-

ter-particle collisions [16]. It is commonly assumed that longer ultrasonication durations are more beneficial 

for nanofluid preparation [13]. However, no standardized protocols have been established to nanofluid prepa-

ration, particularly regarding optimal homogenization duration, sonicator power amplitude, or the type and 

duration of pulse mode operation. Nevertheless, the National Institute of Standards and Technology (NIST, 

Gaithersburg, MD), in collaboration with the Center for the Environmental Implications of Nanotechnology 

(CEINT of Duke University), has initiated efforts to develop standardized and validated protocols for NPs 

dispersion [17]. Proposed guidelines include the use of cooling baths, pulse mode operation, and cylindrical 

flat-bottom beakers. It is important to note that ultrasonication is a complex physicochemical process that 

can both break down agglomeration and induce further aggregation, alongside other effects together and 

chemical reactions [17]. For iron-containing nanoparticles, even trace water and dissolved oxygen can shift 

the oxidation pathway and kinetics, as shown for zerovalent iron nanoparticles in isopropanol where the 

presence of water and air governs the transformation into oxide particles [18]. Ultrasonic dispersion is also 

frequently employed to obtain stable nanosuspensions for biomedicine [19–21]. Despite its routine use, au-

thors often overlook the state of NPs microstructure after dispersion. The harsh effect of cavitation can not 

only lead to re-aggregation [17], but also cause a change in the sample’s microstructure and surface chemis-

try [22]. According to Li et al
 
[22], ultrasonic irradiation can alter the dealloying process, activate particles 

by removing the oxide layer, and influence the morphology and structure of the products. Li et al. demon-

strated that ultrasonic irradiation leads to chemical dealloying of Co-Al NPs. Similarly, Zhang et al
 
[23] 

showed that extensive sonication severely damages the crystal structures of carbon nanotubes, thereby de-

grading the mechanical properties of carbon nanotube films and their composites. However, we have found 

no studies investigating the structure and functional properties of NPs after ultrasonic dispersion specifically 

for injection applications. 

Iron-based metal-organic coordination frameworks (MOFs) serve as efficient catalysts for heterogene-

ous Fenton reactions due to their high porosity, large specific surface area, and numerous, uniformly distrib-

uted unsaturated iron sites [24, 25]. We utilized, MIL-88b (Fe), a three-dimensional porous MOF composed 

of 1,4-benzenedicarboxylic acid and octahedral trinuclear Fe clusters (Fe3-μ3-oxo) with vacant coordination 

sites accessible to hydrogen peroxide (H2O2) molecules. The resulting MIL-88b was modified with ascorbic 

acid (AA) to accelerate the Fe
2+

/Fe
3+

 redox cycle and iron oxides, particularly magnetite Fe3O4, for localized 

drug delivery [26]. In this study, an aqueous suspension of Fe3O4-AA-MOF was homogenized using a me-

chanical grinding and ultrasound treatment as a routine procedure for injection. The effect of this homogeni-

zation, as a sample preparation step for injection, on both the crystal structure and oxidative characteristics of 

NPS was investigated. 

Experimental 

Preparation of the Fe3O4-AA-MOF 

The Fe3O4-AA-MOF complex was synthesized following a procedure as described in [26]. Briefly, The 

Fe3O4–MOF complex was prepared in an inert atmosphere (argon) in two steps. In the first step, magnetite 

NPs were obtained by coprecipitation of aqueous solutions of iron(II) and iron(III) salts with a base using the 

Elmore method
 
[27] in an inert atmosphere (argon). Briefly, 3.07 g FeCl3×6H2O and 1.13 g FeSO4×7H2O 

were dissolved in 0.35 L of deionized water and stirred using a mechanical stirrer (1400–1500 rpm). Then 
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6.8 mL of 25 % NH4OH solution were slowly added with stirring, adjusting the pH to 9. Then, ascorbic acid 

(0.1 g AA per 1 g MOF), 5.90 g (0.035 mol) terephthalic acid (TPA) and 8.70 g (0.0118 mol) 

[Fe3O(C8H4O4)3(H2O)3]Cl were added to the suspension containing magnetite NPs. The mixture was contin-

uously stirred with a mechanical stirrer (900 rpm) for 60 min. The precipitate was filtered off on a paper fil-

ter and washed repeatedly with degassed distilled water and 96.5 % ethanol. The resulting sample was dried 

in a dynamic vacuum at low heating (60 °C). Elemental analysis revealed an iron content of 44.4 %. Infrared 

spectroscopy (KBr pellet) confirmed the expected structure, with characteristic peaks observed at 3423 cm
–1

 

(O–H), 2925 cm
–1

 (CH), 1564 and 1392 cm
–1

 (COO–), 1155 cm
–1

, and 1018, 822, 749, 613, and 551 cm
–1

 

(Fe–O). 

Pretreatment 

Intravenous administration of NPs requires their dispersion to reduce their size: dispersion was carried 

out sequentially by the gentle manual grinding in an agate mortar using agate pestle for 10 min in air-

ambient conditions and/or treatment in an ultrasonic bath (30 kHz, 50 W) for 3 min at 37 °C. Thus, three 

samples were selected for subsequent analysis of structure and morphology: initial Fe3O4-AA-MOF (IN), 

after grinding in the mortar (GM) and after both grinding and ultrasonication (GM+US). 

X-Ray Diffraction Analysis 

Transmission geometry was used for X-ray diffraction (XRD) analysis on a Philips X-pert 

diffractometer (Philips Analytical, Eindhoven, The Netherlands) with Cr-Ka radiation (λ = 2.29106 Å) and a 

step size of 0.0121. Quantitative analyses were performed by refinement of the total multiphase spectrum 

method (the Rietveld method) with a fundamental parameters approach, using the Profex software. Back-

ground was handly calculated and a fixed seven-line Kα plus an intensity-refined Kβ emission profile was 

adopted. 

Fourier Transform Infrared Spectroscopy 

The functional groups present in the samples were analyzed using Fourier transform infrared (FTIR) 

spectroscopy. Measurements were performed on an FTIR IR-200 spectrometer (ThermoNicolet, Waltham, 

MA, USA) in the range of 4000 to 400 cm
–1

. For analysis, powdered samples were mixed with high purity 

potassium bromide (KBr) at a ratio of 1 mg sample to 150 mg KBr. The mixture was then pressed into pel-

lets with a diameter of 13 mm using a force of 6 tons. 

Scanning Electron Microscopy 

To examine the size and shape of the particles, we used scanning electron microscopy (SEM). First, a 

double-sided sticky tape was attached to small sample holders (SEM stubs), and the particles were placed 

onto the stubs. To enhance image quality, a thin layer of platinum (10 nm thick) was sputtered onto the sam-

ples. Finally, the particles were observed using a Tescan Vega 3 microscope operating at 20 kV, equipped 

with a specialized detector for secondary electrons. 

Determining the Degree of Methylene Blue Decolorization. 

The degree of methylene blue decolorization was assessed as an indirect indicator of OH-radicals pro-

duction during the Fenton reaction (H2O2 decomposition) using UV-Vis spectroscopy. This method relies on 

the colour change of MB caused by these radicals. The experiments were carried out under conditions simu-

lating the microenvironment of tumor cells 0.1 M buffers (NaAc for pH 4.5) [28, 29]. Briefly, 10 mg of the 

sample was suspended in 1.5 mL of 0.1 M buffers (NaAc for pH 4.5) and MB. The mixture was heated to 

37 °C and stirred at 700 rpm. 30 % H2O2 (100 mM) was then added to initiate the Fenton reaction. To enable 

comparison of the experimental results with literature data, the H2O2 concentration was chosen in accordance 

with model experiments by other authors [30, 31]. At specific points in time (0, 30, 90, and 180 min), the 

reaction was stopped, and the supernatant was separated by centrifugation at 6000 rpm for 2 min. The ab-

sorbance of the supernatant was measured at 652 nm using a Cary UV-Vis-NIR Spectrophotometer (Agilent 

Technologies). 

Determination of the Equilibrium Concentration of Fe
2+

 and Fe
3+

 in Solution 

To detect iron ions, the powder was suspended in 0.1 M buffers (NaAc for pH 4.5) then subjected to 

centrifugation (6000 rpm, 5 min) after 0, 30, 90, 180 min, and 24 h. Appropriate ion detection reagents were 

added to the supernatant after separation. To detect Fe
3+

, 200 µL of potassium thiocyanate KSCN (50 % so-

lution) and 200 µL of HCl (18.25 % solution) were added to 5 mL of supernatant since the reaction between 

Fe
3+

 and KSCN proceeded in a strongly acidic medium at pH close to 2. The solution was then kept for 
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20 min to reach equilibrium, and the absorption spectrum in the region of 480 nm was measured. In order to 

detect Fe
2+

 ions, 2 mL o-phenanthroline C12H8N2 H2O (2.5 % solution) and 600 µL of ammonium acetate 

buffer solution (250 mL of NH4OH and 900 mL of glacial acetic acid) were also added to 5 mL of the super-

natant. The solution was also kept for 20 min to reach equilibrium (no color change) and examined in the 

region of 510 nm. The absorbance was detected by UV-Vis-NIR spectrophotometry (Cary UV-Vis-NIR 

Spectrophotometer, Agilent Technologies). 

Results and Discussion 

Effect of Sample Preparation on the Crystal Structure and Morphology of NPs 

The NPs powder underwent sample preparation, which involved grinding in a mortar followed by dis-

persion in deionized water using an ultrasonic bath for 3 min at 30 kHz and 37 °C. Our primary interest was 

to determine whether this sample preparation alters the structure and morphology of the NPs, as such chang-

es could subsequently affect their functional properties. The Fe
2+

 located at tetrahedral sites on the surface of 

magnetite NPs are highly susceptible to rapid oxidation under ambient conditions, leading to alterations in 

composition and properties [32]. This sensitivity to oxygen often restricts their application, as distinct mag-

netic properties and particle size can be compromised. To accurately determine the Fe
2+

/Fe
3+

 ratio in our 

samples, employed X-ray diffraction (XRD) analysis (Figure 1), which can reveal changes in the crystal 

structure indicative of a complete atomic rearrangement that occurs during the oxidation process. As evident 

from the diffraction pattern, peaks observed at 2θ values of 30.14, 35.53, 43.32, 53.51, 57.20, and 62.69 cor-

respond to those of magnetite (ICDD-PDF 19–629). Additionally, peaks at 17.37, 25.20, and 27.91 corre-

spond to an impurity phase, specifically unreacted TPA ligand (CCDC 1269122). This impurity may be at-

tributed to the entrapment of ligand molecules within the pores of MOF. Low intensity peaks at 39.6° and 

41.1° are highly likely due to NH4Cl (ICDD 34-0710), which was formed as a by-product of the reaction be-

tween ferric chloride and ammonia. 
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Figure 1. XRD of initial sample (IN), after grinding in the mortar (GM)  

and after both grinding and ultrasonication (GM+US) 

Rietveld analysis, performed using Profex 2.5.4 program (goodness of fit, GoF) values are presented in 

Table 1), was used to determine the lattice parameters for samples containing iron oxide NPs. Interestingly, 

all samples displayed lower lattice parameters compared to standard magnetite (8.396–8.400 Å according to 

ICDD-PDF 19–629), yet higher values than those of maghemite (8.330–8.340 Å according to ICDD-PDF 

39-1346). This observation suggests partial oxidation of Fe
2+

 during drying, storage, or modification, leading 

to the formation of non-stoichiometric magnetite. Stoichiometric magnetite refers to the mineral phase with 

an ideal Fe
2+ 

content, corresponding to the Fe3O4 formula. As magnetite undergoes oxidation, its Fe
2+

/Fe
3+

 

ratio changes, resulting in a nonstoichiometric or partially oxidized form, represented by the formula Fe3-σO4 

(where σ ranges from zero for stoichiometric magnetite to 1/3 for fully oxidized maghemite) [33]. 



Dispersion Technique May Change Structure and Bio-Oxidative Activity … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 155 

T a b l e  1  

XRD and statistical parameters of Rietveld refinement 

 Unit lattice, Å GOF Formula
 

IN 8.3756±0.0002 1.06 Fe2.89O4 

GM 8.3742±0.0004 1.07 Fe2.89O4 

GM+US 8.3574±0.0001 1.09 Fe2.79O4 

 

This analysis confirms the formation of non-stoichiometric magnetite Fe2.89O4 within the MOF matrix, 

which contains both magnetite and maghemite NPs (Figure 1). This is likely due to the oxidation of Fe
2+

 ions 

in the pre-synthesized magnetite. The synthesis, storage, and use of iron oxide NPs can lead to oxidation and 

phase transformations. The mechanism for this process involves: (1) adsorption of oxygen: oxygen adsorbs 

onto the NPs surface, where it is ionized by the electrons released during the oxidation of Fe
2+

 to Fe
3+

, (2) 

concentration gradient and diffusion: further surface oxidation creates a concentration gradient, promoting 

diffusion of iron ions to the surface and the formation of vacancies [34]. Gentle manual grinding of NPs in a 

mortar does not significantly alter the elementary cell parameter or magnetite content (Table 1). In contrast, 

ultrasonic dispersion results in a notable change in the unit cell parameter, indicating partial oxidation of Fe
2+

 

to Fe
3+

 and the subsequent transformation of Fe3O4 to γ-Fe2O3. This partial oxidation of divalent iron ions 

may be attributed to the unique conditions of ultrasonic irradiation, such as the acoustic cavitation process, 

which generates localized hot spots with temperature up to 5000 K, pressures up to 2000 atm, cooling rates 

of 1010 K s
-1

. In addition to these hot spots, sonochemical processes also produce shock waves and microjets 

[35]. Interestingly, while US-exposure can lead to magnetite oxidation, possibly due to the mechanical ef-

fects of cavitation, it can also induce the reduction of iron ions depending on the specific conditions. For ex-

ample, Stolyar et al [36] reported the formation of α-Fe metal phase from iron oxide and iron oxyhydroxide 

NPs when exposed to ultrasound, but only in the presence of albumin. 

As revealed by Infrared (IR) spectroscopy (Figure 2), all three samples exhibited identical absorption 

bands before and after pretreatment, which demonstrates the stability of the sample’s microstructure to both 

mechanical and ultrasound treatment. In all samples, a broad absorption band in the 2800–3600 cm
–1

 region 

was observed. This band is attributed to the stretching vibrations of hydroxyl (OH) groups, originating from 

both physically adsorbed and crystallizing water molecules. 
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Figure 2. IR-spectra of initial sample (IN), after grinding in the mortar (GM)  

and after both grinding and ultrasonication (GM+US) 

The IR-spectra dispayed stretching vibration peaks correspondimg to the =C–H bonds of the 

terephtaluic acid (TPA) molecules between 2950 and 2640 cm
–1

, with the most prominent at 2817 cm
–1

). 

Additionally, peaks approximately 1600 cm
–1

 and ~1400 cm
–1

 are assigned to the asymmetric and symmetric 

stretching vibrations of the carboxylate anion (–COO) within the MOF. A vibration peak located at approxi-

mately 530 cm
–1

 correspond to the Fe–O bond, which is present in both the MOF and the iron oxide compo-

nents. 
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SEM analysis (Figure 3) confirmed that the morphology of Fe3O4-AA-MOF was preserved after grind-

ing in a mortar. As shown in Figures 3a and b, the characteristic bipyramidal shape of the MIL-88B compo-

nent remained intact [37–39]. 

 

a b c 

   

    

 

  

 

   

Figure 3. SEM images of IN (a) [26], GM (b) and GM+US (c).  

The size distribution for MOF length and width is based on the analysis  

of at least 100 particles per image, with at least three images used for each calculation.  

(PDI=0 — monodisperse distribution; PDI=1 — polydisperse distribution) 

Following the mechanical dispersion, the average particle length decreased from 564 to 492 nm, and the 

width decreased from 179 to 149 nm. In contrast, subsequent dispersion in an ultrasonic bath resulted in the 
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partial destruction of the MOF structures (Figure 3c), although the iron oxide immobilized on its surface was 

preserved. The size of these Fe3O4 particles was measured to be 62 nm. 

To evaluate the stability of the Fe3O4-AA-MOF in 0.9 % NaCl solution following the treatments, the 

concentration of TPA was monitored. The samples were suspended for 180 min with continuous shaking at 

300 rpm (Figures 4a and b). 
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Figure 4. UV-Vis spectra of the samples after grinding in a mortar and dispersion in an ultrasonic bath  

during 180 min (a); Concentration of TPA in IN, GM, GM + US samples during 180 min (b) 

As shown in Figure 4b, the concentration of TPA increased by a factor of approximately 1.7 over the 

three-hour period. This increase is likely attributable to the release of unreacted TPA from the pores of the 

MOF, a funding that is consistent with the X-ray diffraction data. Concurrently, the variation in TPA concen-

tration between the untreated and treated samples did not exceed 20 %. This limited variation indicates the 

sample’s stability against both mechanical and ultrasound exposure, which corroborates the findings from IR 

spectroscopy and X-ray diffraction analyses. 

Study of Prooxidant Properties of the Sample Before and After Treatment 

In this study, methylene blue (MB) was selected as a model dye to systematically investigate the degra-

dation mechanism and reactive oxygen species (ROS) generation in iron-containing systems. A reduction in 

absorbance at λmax is typically associated with the oxidation of the chromophore group by hydroxyl radicals 

(•OH). Dye decolorization was monitored by measuring the decrease in absorbance at its characteristic wave-

length of λmax (652 nm) under the experimental conditions. suggesting that the dye was likely converted into 

colorless, smaller molecules [40]. To correlate the model data with the in vivo experimental results, sample 

concentrations of 7.5 and 15 g L
–1

 were chosen, corresponding to doses of 25 and 50 mg kg
–1

. 

An investigation into the effect of sample preparation method used in in vivo experiments revealed that 

mechanical grinding in a mortar, or mechanical treatment followed by ultrasonic dispersion, led to a two-fold 

increase in the reaction rate. Complete decolorization occurred within 90 min, compared to 180 min for the 

native sample (Figure S1, SI). 

Mechanical dispersion in a mortar resulted in a statistically significant 1.4-fold increase in the Fenton 

reaction rate. The rate constant increased from 0.015 min
–1

 for the native sample to 0.02 min
–1

 for the ground 

sample (Figure 5). Conversely, additional dispersion in an ultrasonic bath did not lead to statistically signifi-

cant changes in the prooxidant properties or any deterioration compared to the original preparation. 
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Figure 5. Fenton reaction rate constant of samples in the presence of hydrogen peroxide 

The contribution of the Fenton reaction to MB degradation was estimated by calculating the difference 

between the supernatant absorbance after sorption without H2O2 and its absorbance after the Fenton reaction 

in the presence of H2O2. It was observed that both mechanical grinding and a combination of grinding with 

ultrasonic dispersion resulted in a statistically significant acceleration of the Fenton reaction. It is well-

documented that coupling the Fenton reaction with external energy sources like ultraviolet (UV) or ultra-

sound (US) is of great interest due to a higher yield of hydroxyl •OH radicals or the ability to use lower con-

centrations of Fenton reagents [41, 41]. Accordingly, the oxidation rate of a process like UV/Fenton is accel-

erated through generation of additional radical •OH radicals within the system [42, 43]. 

To elucidate the mechanism underlying the effect of sample preparation on the prooxidant properties of 

the Fe3O4-AA-MOF sample, the release of Fe
2+

 and Fe
3+

 ions was investigated. As illustrated in the corre-

sponding graph, sample preparation generally leads to an increased concentration of both released Fe
2+ 

and 

Fe
3+ 

ions over the course of the experiment. Figure 6 shows an estimate of the Fe
2+

/Fe
3+

 ion ratios for differ-

ent sample preparation methods 90 minutes after the experiment began. The data indicate that mechanical 

grinding, as well as its combination with ultrasonic dispersion, leads to a decrease in the relative Fe
2+

 con-

centration. This is presumably due to the oxidation of these ions in localized hot spots generated by the 

sonochemical process. Nevertheless, despite the oxidation of Fe
2+

 ions during sample preparation, the net 

increase in the total concentration of released ions leads to the observed acceleration of the Fenton reaction 

(Figure 6). 

 

 

Figure 6. Kinetics of Fe
2+

 and Fe
3+

 release from Fe3O4-AA-MOF before and after sample preparation 

Several additional reasons for the increased catalytic activity of magnetite NPs are highlighted in the 

literature. Changes in the catalytic activity of the modified magnetite have been attributed to the existence of 

thermodynamically favorable redox pairs of cations on the catalysts surface. These pairs are reported to en-

-20 0 20 40 60 80 100 120 140 160 180 200

0,0

0,2

0,4

0,6

0,8

1,0  Fe3+ _ IN

 Fe3+ _ GM

 Fe3+ _ GM+US

 Fe2+ _ IN

 Fe2+ _ GM

 Fe2+ _ GM+US

R
e

le
a

s
e
 o

f 
F

e
, 

%

Time, min



Dispersion Technique May Change Structure and Bio-Oxidative Activity … 

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 159 

hance Fenton degradation of probe molecules through three primary pethways (i) direct involvement in the 

Fenton oxidation cycle and generation of •OH radicals via the Haber-Weiss mechanism; (ii) the regeneration 

of Fe
2+

 cations; and (iii) the acceleration of electron transfer during the oxidation reaction within the magnet-

ite structure [44, 45]. Futhermore, Costa et al. proposed the generation of oxygen vacancies as another possi-

ble reason for enhanced catalytic activities [46]. These vacancies, which arise from adjustments for unequal 

replacements or cationic deficiency in the modified iron oxide structure, can act as active sites. They may 

contribute either directly to the degradation of probe molecules or indirectly by facilitating the decomposi-

tion of H2O2 [47]. Additional factors, such as enlarged surface area and consequently higher concentrations 

of hydroxyl groups on the catalyst surface, have also been reported in numerous studies [48]. Regarding the 

MOF component, under ultrasonic conditions, MIL-88B can be stimulated to produce electron-hole (e
–
h

+
) 

pairs. The resulting electrons can react with O2 to generate superoxide radicals (•O2
–
), while the holes can 

react with OH
–
 or H2O to generate hydroxyl radicals (•OH), also leading to an acceleration of the Fenton re-

action [49]. 

It can be concluded that the observed enhancement of iron ions release and functional properties is 

caused by the samples preparation steps of mortar grinding and subsequent dispersion. This outcome is likely 

the result of a decrease in particle size and a corresponding increase in surface area, or the partial destruction 

of the MOF. These changes would create more active sites on the surface for contact with H2O2 and promote 

the release of Fe
2+

/Fе
3+

 ions. 
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Figure 7. Change in hydrodynamic diameter of NPs before and after treatment for 5 min 

The hydrodynamic diameter of NPs was evaluated by DLS in 0.9 % NaCl medium, as shown in Fig-

ure 7. A particle size distribution analysis in deionized water confirmed that all prepared samples were 

polydisperse, exhibiting polydispersity indices between 0.004 and 0.007. The initial average particle diame-

ters at time zero were measured as 890±60 nm for the initial NPs (IN), 1308±83 nm for particles subjected to 

grinding in a mortar (GM), and 906±76 nm for particles that were ground and subsequently treated with 

ultrasonication (GM+US). The untreated NPs consisted of two primary fractions with sizes around 800 nm 

and 4000 nm. The process of grinding in a mortar lead to a statistically significant decrease in the proportion 

of the micron-sized fraction from 13.9±9.2 to 1.9±0 (Figure S1, SI). This fraction was further reduced to 0 % 

in samples with ultrasonication. 

To assess their suitability for animal studies, the aggregation stability of NPs was investigated over a 

5-minute period, mimicking the time from suspension to administration. This study revealed that after 

5 minutes of storage, the hydrodynamic diameter of the initial (IN) and ground (GM) particles increased by 

approximately 200 nm and 400 nm, respectively. Conversely, for particles prepared by grinding and 

ultrasonication (GM+US), the hydrodynamic diameter decreased by about 200 nm, a change attributed to 

contribution of newly observed 204 nm fraction (5.5 %). Importantly, holding the ultrasonically dispersed 

particles for 5 minutes did not result in the appearance of a micron fraction. This observation suggest that 

these samples are sufficiently stable for use in in vivo applications. 
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Conclusions 

This work investigated the effect of homogenization treatment on the crystal structure and oxidative 

performance of NPs. The results revealed that the NPs initially formed within MOF-cylinder as surface 

Fe3O4-spheric samples. However, after homogenization treatment involving mortar grinding and 

ultrasonication (3 min at 30 kHz and 37 °C), these particles transformed into compact, near-spherical struc-

tures. Crucially, the oxidative behavior of NPs was remarkably improved by both milling and ultrasonic ho-

mogenization. The enhanced oxidative oxidative performance of the homogenized samples is primarily at-

tributed to the increased release of Fe
2+

/Fe
3+

 ions. Furthermore, the ultrasonically-treated samples exhibited 

sufficiently low hydrodynamic diameters and higher stability compared to the initial samples. These findings 

underscore that the influence of routine sample preparation operations on the structure and functional proper-

ties of NPs cannot be underestimated. 
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