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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 
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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. 
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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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