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Abstract: Chitosan (CS) and Polyvinylpyrrolidone (PVP)-based nanoparticles (NPs) are promising 
candidates for developing drug delivery systems due to their biocompatibility, biodegradability, and 
antimicrobial activity. This study aims to evaluate the potential of these NPs for controlled release 
and biological activity by encapsulating synthetic compounds (bis-THTT, JH1, and JH2) and natural 
antimicrobials (Honey bee and Propolis). NPs were synthesized using ionic gelation, optimizing the 
CS:PVP and CS-PVP: sodium tripolyphosphate (TPP) ratios. Encapsulation of the selected 
compounds was carried out, followed by physicochemical characterization using FTIR, TGA, XRD, 
and AFM. Biological activity was assessed via antimicrobial tests against Escherichia coli and 
Staphylococcus aureus, and cytotoxicity was evaluated using the MTT assay on 3T3 mouse fibroblasts. 
Drug release profiles were studied in artificial gastric fluid (pH 1.78). The optimal CS:PVP ratio was 
found to be 1:0.5, ensuring homogeneous NPs without aggregation. Encapsulation efficiencies 
ranged between 75–90%, depending on the compound. Antimicrobial assays demonstrated 
significant inhibition zones for JH1, JH2, Honey bee, and Propolis NPs against E. coli. Cytotoxicity 
evaluations revealed no toxic effects at concentrations of 5 and 10 µg/ml. Controlled release studies 
confirmed a sustained release of over 180 minutes for all encapsulated compounds. CS-PVP-based 
nanoparticles effectively encapsulate both synthetic and natural compounds, enhancing their 
stability, antimicrobial efficacy, and controlled release potential. These findings highlight the 
versatility of CS-PVP-based NPs as innovative platforms for drug delivery in biological therapies. 

Keywords: drug delivery systems; chitosan nanoparticles; PVP nanoparticles; antimicrobial capacity; 
Honey bee; Propolis; and bis-THTT 
 

1. Introduction 

Nanotechnology has transformed the landscape of modern medicine, offering innovative 
solutions for drug delivery systems (DDS) [1]. Among these, nanoparticles (NPs) have gained 
prominence due to their unique properties, such as biocompatibility, controlled release, and 
enhanced targeting capabilities [2]. The integration of biopolymers like chitosan (CS) and 
polyvinylpyrrolidone (PVP) into nanoparticle systems further expands their potential applications in 
therapeutic and antimicrobial treatments [3,4]. Despite the advantages, challenges such as poor 
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solubility and stability of drugs continue to hinder effective therapeutic outcomes, necessitating new 
delivery systems to address these limitations [5,6]. 

Natural products, such as honey bee and propolis, and synthetic compounds like bis-tetrahydro-
1,3,5-thiadiazine-2-thione (bis-THTT, JH1, and JH2), are known for their biological activity, including 
antimicrobial and antimalarial effects [7,8]. However, their clinical application is often limited by 
rapid degradation and suboptimal bioavailability [9]. Encapsulating these compounds in 
biopolymer-based nanoparticles can significantly enhance their stability, targeted delivery, and 
therapeutic efficacy [10]. 

The current study addresses these challenges by exploring CS-PVP-based nanoparticles as 
carriers for both synthetic and natural compounds. Previous research highlights the potential of CS 
for its mucoadhesiveness and antimicrobial activity and PVP for its stabilizing properties, yet the 
synergistic combination of these polymers remains underexplored. 

This work aims to synthesize, optimize, and characterize CS-PVP-based nanoparticles for the 
encapsulation of bis-THTT´s (JH1, JH2), and natural products (Honey bee, and Propolis). Investigate 
their physicochemical properties, antimicrobial activity, cytotoxicity, and drug release profiles. This 
study could establish a robust platform for developing multifunctional drug delivery systems (DDS), 
advancing treatments for microbial infections and malaria, and demonstrating the potential of 
integrating natural resources into cutting-edge nanotechnology [11,12]. 

2. Materials and Methods 

Raw materials used for the preparation of NPs include low molecular weight chitosan (LMWCS) 
and high molecular weight chitosan (HMWCS) from Sigma Aldrich (United States). Glacial acetic 
acid (AA) ACS grade 100% pure (Fisher Chemical, United States), polyvinylpyrrolidone (PVP) (M.W.: 
40,000 kDa), sodium hydroxide (NaOH) pellets (Sigma Aldrich, United States), sodium 
tripolyphosphate (TPP), and type I distilled water were used in this research. JH1 and JH2 (Figure 1) 
were synthesized in the Organic Synthesis Laboratory at the University of Havana and kindly 
donated by Professors Hortensia Rodriguez and Julieta Coro. Honey bees and Propolis were sourced 
from the community of Iruguincho, located in San Miguel de Urcuquí, Ecuador. 
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Figure 1. Bis-THTT (JH1 and JH2) chemical structures. 

2.1. Chitosan (CS)-Based Nanoparticles (CS-NPs) 

Both high and low-molecular-weight CS were separately dissolved in 10 ml of a 10% acetic acid 
solution under magnetic stirring. The resulting solution was then diluted with type I water to obtain 
a final chitosan concentration of 0.2% (w/v) [13]. The pH of the chitosan solution was adjusted to 5.85 
using 2 M sodium hydroxide (NaOH). A 0.07% (w/v) TPP solution was prepared [14] and added 
dropwise to the chitosan solution at volumetric ratios of CS:TPP of 1:0.5, 1:0.75, 1:1, and 1:1.25 under 
magnetic stirring at 1000 rpm for 2 hours at room temperature. The ionic gelation process was 
initiated by the addition of TPP, leading to the formation of CS NPs. The NPs were then separated 
by centrifugation [15] at 6000 rpm for 30 minutes. The supernatant was ultra-frozen at –80°C and 
freeze-dried for 72 hours. 
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2.2. Chitosan (CS)-Polyvinylpyrrolidone (PVP)-Based Nanoparticles (CS-PVP NPs) 

LMWCS (M.W.: 150-250 kDa, 76% deacetylation degree, Sigma Aldrich, United States) was 
mixed with PVP at LMWCS:PVP ratios of 1:0.5, 1:0.75, 1:1, and 1:1.25. The mixture was dissolved in 
10 ml of a 10% acetic acid solution and further diluted with type I water to reach a final concentration 
of 0.2% (w/v). The pH was adjusted to 5.79 with 2 M NaOH. A 0.07% (w/v) TPP solution was added 
in a volumetric ratio of 1:0.5 under continuous stirring at 1000 rpm for 1.5 hours. The nanoparticles 
were separated by centrifugation and processed as described above. 

2.3. Encapsulation of Bioactive Compounds 

The synthetic derivatives bis-THTT (JH1 and JH2) were pre-dissolved in DMSO to enhance their 
solubility in the acidic CS-PVP solution, whereas the natural products (Honey bee and Propolis) were 
directly dissolved into the solution before the ionic gelation method [16,17]. The final concentration 
of each compound was 0.1% (w/v). TPP was added to the solution at a 1:1 volumetric ratio under 
continuous stirring at 1000 rpm for 1.5 hours. The NPs were separated by centrifugation and freeze-
dried as described above. 

2.4. Nanoparticles Characterization 

Fourier-Transform Infrared Spectroscopy (FTIR): FTIR spectra were recorded using a 
Spectrum Two FTIR spectrometer (PerkinElmer, Inc., United States) with a diamond ATR accessory. 
The spectra were collected in the range of 4000 to 650 cm⁻¹. 

Thermogravimetric Analysis (TGA): TGA was performed using a TGA 55 thermogravimetric 
analyzer (TA Instruments, United States) with a heating rate of 20°C per minute from room 
temperature to 850°C in a nitrogen atmosphere. 

X-ray Diffraction (XRD): XRD analysis was conducted using a Minifelx 600 diffractometer 
(Rigaku Analytical Instruments, United States) with CuKα radiation. The diffraction pattern was 
recorded in the 2θ range from 20° to 90°. 

Atomic Force Microscopy (AFM): AFM imaging was performed using an AFM NX7 (Park 
Systems, Korea) to study the surface morphology of the NPs. Samples were prepared at a 
concentration of 0.0001% and deposited onto 1 cm² silicon plates. 

2.5. Antimicrobial Activity 

The antimicrobial activity of the NPs was evaluated using the disk diffusion method. Escherichia 
coli ATCC 25922 and Staphylococcus aureus ATCC 25923 were cultured in nutrient broth and plated 
on Mueller-Hinton agar. The nanoparticles were applied to sterile paper disks, and inhibition zones 
were measured after 24 hours of incubation at 35°C. The positive controls used were ampicillin for E. 
coli and vancomycin for S. aureus. 

2.6. Cytotoxicity Assay 

Cytotoxicity was evaluated using the MTT colorimetric assay. 3T3 mouse fibroblasts were 
cultured in a 96-well microplate and incubated with NP solutions at concentrations of 5 μg/ml and 
10 μg/ml. The MTT reagent was added to each well, and absorbance was measured at 490 nm after 
72 hours of incubation at 37°C. 

2.7. In Vitro Cumulative Release Study 

The controlled release of the encapsulated compounds was studied by dispersing 15 mg of 
lyophilized NP in 15 ml of artificial gastric fluid (AGF), simulating gastrointestinal conditions. The 
release profile was monitored by measuring the absorbance of the solution at 280 nm using a 
NanoDrop spectrophotometer. 
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2.8. Statistical Analysis 

All experiments were performed in triplicate, and data were analyzed using one-way ANOVA. 
The Shapiro-Wilk test was used to assess the normality of the data. Statistical significance was set at 
a p-value of 0.05. 

3. Results and Discussion 

Polymer nanoparticles were prepared using CS and PVP as scaffold structures. The synthetical 
procedures were optimized to establish better options related to CS/TPP, and CS/PVP ratios. Besides, 
NPs encapsulated bis-THTT (JH1 and JH2), Honey bees, and Propolis were prepared to test the 
potential of CS- and CS-PVP-based nanoparticles to be efficient carriers for synthetic compounds (JH1 
and JH2) and natural products (Honey bees and Propolis). 

3.1. CS-PVP-Based NPs Synthesis and Cargos Encapsulation 

LMWCS was selected to optimize CS-PVP-based NPs. HMWCS was also tested exhibiting early 
material agglomerations and phase separation, leading to its exclusion in this research. The CS-PVP-
based NPs were prepared using the ionic gelation method, which is based on ionic crosslinking in 
the presence of the inversely charged groups of the protonated amino groups of CS and negatively 
charged groups of the TPP (Figure 2), as it has been previously used [18]. In this context, different 
CS:PVP ratios were tested, starting from 1:0.5 and increasing the PVP proportion to 1:0.75, 1:1, and 
1:1.25. It was found that the CS:PVP ratio that gives the best result was 1:0.5. Also, different ratios 
between the CS-PVP solution and the cross-linking agent (TPP) were tested, finding that the CS-
PVP:TPP ratio of 1:0.5 shows the best results in terms of NP formation and quantity (Figure 3). 

 

Figure 2. CS-PVP NPs forming by ionic gelation. 
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Figure 3. CS-PVP nanoparticles mass after the freeze-drying process at different CS-PVP:TPP ratios. 

As the CS:TPP ratio increases, the resulting NPs exhibit larger sizes and a propensity to form 
agglomerates that precipitate at the bottom of the reaction vessel, consistent with previously reported 
findings [14].  

To leverage the synergistic properties of CS and PVP, NPs loaded with cargos (JH1, JH2, honey, 
and propolis) were prepared (Figure 4). The dissolution of the cargos in the CS-PVP matrix caused 
the cross-linking agent ratio to also change, obtaining a new optimal CS-PVP:TPP ratio of 5:2. This is 
because the addition of the new molecules into the CS-PVP matrix which also implies more 
interactions of the different functional groups present in the chemical structure of the cargos. 

 

Figure 4. CS-PVP NPs encapsulating cargos ((JH1, JH2, honey, and propolis). 

 
CS-PVP NPs encapsulating both, synthesized compounds (bis-THTT, JH1, and JH2), and natural 

products (Honey bee and Propolis) were obtained, and their full physicochemical characterization 
was carried out to corroborate their formation and main features. The CS-PVP-based NPs can 
leverage the advantages of both materials, resulting in NPs with enhanced properties. The 
biocompatibility, mucoadhesiveness, and antimicrobial activity of CS complement the solubility and 
stability provided by PVP.  

3.3. CS-PVP NPs Characterization 

3.3.1. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis 

FTIR analysis confirmed the presence of characteristic bands of the precursors: CS, and PVP 
(Figure 5), and the encapsulated compounds: bis-THTTs (JH1 NPs and JH2 NPs) (Figure 6), honey 
bee NPs and propolis NPs (Figure 7). Bands attributed to the amide bond (-NH) and hydroxyl groups 
(-OH) were observed in the range of 3200-3400 cm⁻¹ [19], indicating hydrogen bond interactions. The 
specific bands of PVP, such as those corresponding to the C=O groups, were found at 1660-1680 cm⁻¹ 
[20], confirming the integration of PVP into the NPs matrix (Figure 5). On the other hand, the spectra 
of bis-THTT NPs (JH1 NPs and JH2 NPs) showed characteristic peaks [21,22] of the C=N bond at 1520 
cm⁻¹ and the C-S bond at 700-750 cm⁻¹ [23], indicating their incorporation into the NPs (Figure 6).  
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Figure 5. FTIR spectra of PVP, CS, and CS-PVP NPs. 

 
Figure 6. FTIR spectra of JH1, JH1 NPs, JH2, JH2 NPs and CS-PVP NPs. 

The spectra of honey bee NPs and propolis NPs presented bands at 3200-3300 cm⁻¹, associated 
with hydroxyl groups (-OH) [24], and peaks at 1400-1600 cm⁻¹, corresponding to phenols and 
flavonoids [25], which confirmed their encapsulation (Figure 7).  
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Figure 7. FTIR spectra of Honey bee, Honey bee NPs, Propolis, Propolis NPs and CS-PVP NPs. 

These results show the formation of NPs and the interaction between the components, 
highlighting the role of CS and PVP in the stabilization and encapsulation of the investigated 
compounds. 

3.3.2. Thermogravimetric Analysis (TGA) 

The thermogravimetric behavior of starting materials CS and PVP, and the CS-PVP NP´s were 
studied. In the case of CS, an initial mass loss of 10-12% was observed between 50-100 °C (Figure 8a, 
black line), attributed to the removal of absorbed water [26]. The main decomposition occurred in the 
range of 250-350 °C, associated with the degradation of the polysaccharide (Figure 8a, black line) [27]. 
On the other hand, PVP exhibited a gradual weight loss between 150-350 °C, with a significant 
degradation peak at 360 °C approximately, due to the breaking of C-N bonds and the decomposition 
of its polymeric structure (Figure 8a, red line) [28,29]. CS-PVP NPs showed an improvement in 
thermal stability compared to the individual components (Figure 8a, blue line). Water loss occurred 
at 50-100 °C, while the main degradation was observed in the range of 398-473 °C, reflecting a 
synergistic interaction between chitosan and PVP. On the other hand, the cargos (JH1, JH-2, Honey 
bee, and Propolis) induce a lower thermal stability of the CS-PVP NPs [30] (Figure 8b). 
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Figure 8. Comparison of thermal stability: (a) CS, PVP, and CS-PVP NPs; (b) all prepared NPs. 

For JH1, the main decomposition range was 145–178 °C, while in JH1 NPs it was considerably 
broadened to 135–225 °C, indicating enhanced low-temperature resistance (Figure 8b). The maximum 
decomposition temperature increased from 321 °C in JH1 to 456 °C in JH1 NPs, reflecting a significant 
improvement in thermal stability. For JH2, the initial decomposition range was 135–175 °C, while in 
JH2 NPs it shifted to a higher range of 410–480 °C, evidencing significant thermal stabilization. The 
decomposition temperature decreased from 521 °C in JH2 to 323 °C in JH2 NPs, which may be a result 
of chemical interactions between the compound and the NP matrix [32]. Also, the residual mass 
increased from 0 % to non-encapsulated compounds (JH1 and JH2) to 38 % in loaded NPs, suggesting 
protection of the encapsulated material (Figure 8b) [31] (Supporting Information, Figure SI-A). 

For Honey bees, the main decomposition range was 170-260 °C, while in Honey bee NPs it was 
extended to 400-470 °C, showing an improvement in thermal stability. The maximum decomposition 
temperature increased from 225 °C in Honey bee to 541 °C in Honey bee NPs. The residual mass 
increased from 0 % in pure honey to 36 % in NPs, demonstrating effective protection against complete 
decomposition. For propolis, the main decomposition range was 170-240 °C, while in propolis NPs it 
shifted to 420-480 °C. The decomposition temperature increased from 268 °C in Propolis to 719 °C in 
Propolis NPs and the residual mass also increased from 1 % to 41 %. Empty CS-PVP NPs showed the 
highest thermal stability (Supporting Information, Figure SI-A). 

3.3.3. X-ray Diffraction (XRD) 

Consistent with its amorphous nature [33,34], CS and PVP displayed a broad, diffuse diffraction 
pattern (Supporting Information, Figure SI-B (a)). A notable increase in intensity at 2θ was observed 
in the range of 20°-30°, attributed to the presence of semicrystalline regions within the CS and PVP 
structure respectively [35]. A significant deviation in the XRD pattern was observed for CS-PVP NPs 
compared to their polymeric components [36]. The presence of multiple sharp and well-defined 
peaks, notably within at 2θ in the range of 15°-30°, provided evidence for the formation of a highly 
crystalline structure within the nanoparticles [17,37]. These results suggest that hydrogen bond 
formation between the pyrrolidine rings of PVP and the amino and hydroxyl groups of CS during 
NP formation facilitated an increase in the degree of order and crystallinity within the material [38]. 

The XRD results of cargos JH1 and JH2 showed that both are predominantly amorphous 
materials. JH1 exhibits a characteristic diffraction pattern of amorphous materials (Supporting 
Information, Figure SI-B (b)) and JH2 presents some weak peaks indicating a certain degree of 
crystalline order (Supporting Information, Figure SI-B (c)). Upon incorporating JH1 and JH2 into the 
NPs, a decrease in the intensity of the characteristic peaks of CS-PVP NPs and a slight shift towards 
higher 2θ angles was observed. As was expected, the presence of the synthetic cargo reduces the 
overall crystallinity of the system [39,40]. 

XRD analysis of loaded NPs with natural products (Honey bee NPs and Propolis NPs) also 
revealed a decrease in their crystallinity compared to empty CS-PVP NPs (Supporting Information, 
Figure SI-B (d)). While both Honey bee NPs and Propolis NPs presented multiple peaks at 2θ in the 
range of 15°-50°, the intensity and definition of these peaks were lower. This reduction in crystallinity 
is attributed to the presence of amorphous components and the more disordered nature of honey and 
propolis, in addition to the water content in these natural products. When comparing both, Propolis 
NPs showed a higher signal intensity, indicating a slightly higher degree of crystallinity compared 
to Honey bee NPs. 

The decrease in crystallinity of CS-PVP NPs containing cargos (synthetic products JH1 and JH2, 
and natural products such as Honey bee and Propolis) could be attributed to the increased structural 
disorder due to the complexity of the cargos and their interactions with the CS and PVP during the 
formation of the NPs.  
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3.3.4. Atomic Force Microscopy (AFM) 

Micrographs obtained by AFM (Figure 9) confirmed the successful formation of nanoparticles 
by the ionic gelation method. For CS-PVP NPs, a concentration of 0.0001% allowed clear images to 
be obtained. In the 3D model, these nanoparticles presented a three-peak structure with a height of 
approximately 8 nm and a width of 0.3 µm. 

JH1 NPs showed a smaller size compared to CS-PVP NPs, with an average height of 0.4 nm and 
a width of 40 nm, suggesting that interactions between components during ionic gelation reduced 
the particle size. On the other hand, JH2 NPs presented a more uniform morphology, with an 
approximate height of 6 nm and a width of 100 nm, which was also corroborated by the 3D model. 

 

 

Figure 9. AFM micrographs for unloaded and loaded CS-PVP NPs. 

The NPs encapsulating natural products showed distinct characteristics. Honey bee NPs formed 
agglomerates due to the moist nature of honey, although isolated NPs with heights of 0.37 nm and 
0.39 nm, and widths of 0.23 µm and 0.15 µm were identified. In the case of Propolis NPs, the 
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agglomerates were attributed to the sugars and phenolic compounds present, but three isolated 
nanoparticles with heights of 14.5 nm, 15 nm, and 17 nm, and widths of 0.10 µm, 0.15 µm, and 0.12 
µm, respectively, were also identified. 

3.4. Antimicrobial Activity 

The antimicrobial activities against S. aureus 25923 and E. coli ATCC 25922 were established 
through the disk diffusion method. The CS-PVP-based nanoparticles did not display antibacterial 
activity toward S. aureus 25923, probably due to the high resistance of this strain [41,42]. On the other 
hand, the prepared NPs displayed antibacterial activity toward E. coli ATCC 25922 (Supporting 
Information, Figure SI-C). In general, the prepared NPs demonstrated higher efficacy than non-
encapsulated cargos [43], although ampicillin as positive control and chloroquine (CQ) were the most 
effective materials (Supporting Information, Figure SI-C). 

JH1 NPs showed an inhibition halo of 0.52 mm (vs. 0.48 mm to JH1) and JH2 NPs showed 0.51 
mm (vs. 0.49 mm to JH2). In contrast, Honey bee NPs with 0.46 mm and Propolis NPs with 0.43 mm 
of inhibition halo, were less effective than their non-encapsulated forms (0.47 mm and 0.49 mm, 
respectively) (Supporting Information, Figure SI-C).  

The data followed a normal distribution according to the Shapiro-Wilk test (p > 0.05). ANOVA 
analysis revealed significant differences between at least nine types of nanoparticles (p < 0.05), 
confirmed in some cases by the Tukey test. 

3.5. Cytotoxic Evaluation 

Cytotoxicity analysis demonstrated that all investigated NPs have low cytotoxicity and maintain 
high cell viability in 3T3 mouse fibroblasts. JH1 NPs presented the highest average absorbances, with 
1.38 ± 0.03 at 5 µg/ml and 1.27 ± 0.07 at 10 µg/ml. JH2 NPs also showed positive results, with 
absorbances close to those of JH1 NPs, although slightly lower, supporting their low cytotoxicity 
(Supporting Information, Figure SI-E). 

Honey bee NPs presented absorbances of 1.25 ± 0.04 (5 µg/ml) and 1.22 ± 0.02 (10 µg/ml), while 
Propolis NPs maintained similar high absorbances. Although absorbances decreased at higher 
concentrations, all loaded NPs outperformed the positive control, confirming their safety for 
therapeutic applications [44–46]. Empty NPs (CS-PVP NPs) showed very high absorbances, similar 
to the loaded ones, indicating that the CS and PVP matrix are not cytotoxic on their own and 
contribute to the biocompatibility of the evaluated systems. ANOVA statistical analysis at 2 hours of 
incubation revealed significant differences between JH1 NPs and Honey bee NPs at 5 µg/ml (p = 
0.035), while at 10 µg/mL no significant differences were found between any of the nanoparticles (p 
> 0.05) (Supporting Information, Figure SI-D). 

3.6. Encapsulation Efficiency (EE%), Load Capacity (LC%), and Cumulative Release 

The NPs showed moderate encapsulation efficiencies (EE) and loading capacities (LC) according 
to the literature [47]. Propolis NPs stood out with an EE of 60 % and an LC of 28 %, being the highest 
(Supporting Information, Figure SI-E). JH2 NPs reached an EE of 55 % and an LC of 25 %, while JH1 
NPs presented the lowest values, with an EE of 44 % and an LC of 22 %. Honey bee NPs had an EE 
of 51 % and a LC of 26 %, reflecting good chemical compatibility with the polymeric matrix. 

In the release study (Supporting Information, Figure SI-F), JH2 NPs released approximately 20% 
of the encapsulated compound after 180 minutes, showing a more controlled and sustained release 
profile compared to Propolis NPs and Honey bee NPs. Shapiro-Wilk statistical analysis confirmed a 
normal distribution of the data (p > 0.05). ANOVA and Tukey test revealed significant differences in 
EE and LC between most nanoparticles (p < 0.05), except between JH2 NPs and Honey bee NPs (p = 
0.22) and between Propolis NPs and Honey bee NPs (p = 0.10), where no significant differences were 
found (Supporting Information, Figure SI-F). 
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NPs encapsulating natural products showed higher cumulative release. Propolis NPs achieved 
28% release and Honey bee NPs achieved 26% at the end of the 180 min (Supporting Information, 
Figure SI-F). This behavior is related to the chemical composition of natural products: the multiple 
phenolic and flavonoid compounds in propolis, together with the sugars, proteins, and phenolic 
compounds in honey bees [48,49], facilitate their encapsulation and controlled release.  

In NPs encapsulating synthetic compounds, JH2 NPs presented a higher cumulative release of 
20%, while JH1 NPs, which had the lowest encapsulation efficiency (EE) and loading capacity (LC) 
values, achieved only 15% cumulative release (Supporting Information, Figure SI-F). 

4. Conclusions 

Chitosan-polyvinylpyrrolidone (CS-PVP)-based nanoparticles (NPs) were successfully 
synthesized by ionic gelation method, using TPP as a cross-linking agent. The optimal proportions to 
control the size and avoid agglomeration of the NPs were CS:PVP (1:0.5) and CS-PVP:TPP (5:2). 
Characterization by FTIR, TGA, XRD, and AFM confirmed the formation of the NPs and the effective 
encapsulation of bis-THTT (JH1 and JH2) and natural antimicrobials (Honey bee and Propolis). 

FTIR evidenced interactions between polymers and encapsulated compounds, while TGA 
showed higher thermal stability in encapsulated NPs, especially for natural products (honey and 
propolis), which outperformed synthetic compounds (JH1 and JH2) in stability before 450 °C. XRD 
analysis revealed more ordered systems after NP formation, although some loss of order was 
observed upon incorporation of compounds. AFM micrographs validated the morphological 
formation of NPs. 

In terms of antimicrobial activity, NPs showed moderate efficacy against E. coli ATCC 25922, 
and none against S. aureus 25923, probably due to the higher intrinsic resistance of the latter. 
Chloroquine exhibited superior activity, while the inhibition zones observed for the NPs and their 
encapsulated compounds were significantly lower than that of the positive control. 

Cytotoxicity assessment confirmed that the NPs are not cytotoxic at concentrations of 5 and 10 
µg/ml in 3T3 fibroblasts after 4 hours of incubation, indicating their biocompatibility. Release studies 
demonstrated encapsulation efficiencies (44-60%) and loading capacities (22-28%), with Propolis NPs 
standing out in both parameters. The cumulative release did not exceed 30% in 180 minutes, which 
positions them as promising systems for the sustained release of therapeutic compounds. 

As a conclusion, CS-PVP cross-linked with TPP-based NPs show promising properties for 
encapsulating other therapeutic molecules. It could be envisaged that the encapsulation of more 
biologically active molecules will allow us to highlight the benefits of these NPs.   
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