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Abstract

:

The aim of this study was to determine the potential pharmaceutical applications of quercetin—a natural flavonoid compound with a polyphenolic structure—following its encapsulation in polymeric microspheres resistant to degradation. The microspheres were prepared from natural polymeric compounds (chitosan and sodium alginate) via a complex coacervation method, with the goal of protecting quercetin from the degradation reactions that can affect its bioactivity. After the microspheres were prepared, they were characterized using various analytical methods. The encapsulation efficiency (EE (%)), swelling index (idxSWL%), roughness (measured using confocal laser scanning microscopy—CLSM), and surface morphology (measured using scanning electron microscopy—SEM) were all analyzed. In addition, the release capacity of quercetin from the microspheres (mQrel%) and the antimicrobial activity of the microspheres were evaluated in vitro. Finally, a multivariate statistical analysis (MANOVA, p = 0.05, PCA, and AHC) was conducted. This analysis showed that chitosan–sodium alginate–quercetin microspheres (CAQ-Ms) entrap 86.91 ± 1.10–93.11 ± 0.72% quercetin; in vitro, 71.46 ± 0.25–91.06 ± 0.15% quercetin was released, and the swelling index was higher (6701.29 ± 0.39–10,009.30 ± 1.11%) in the phosphate-buffered solution with a pH of 7.4. The CLSM and SEM analyses showed that the polymer concentration in CAQ-Ms was increased, and the roughness and smoothness of the microspheres were also increased. SEM also showed that the external layer of CAQ-Ms was formed from chitosan and the internal layer was formed from sodium alginate. Antimicrobial tests showed that CAQ-Ms had antibacterial and antifungal effects on the analyzed strains and produced larger inhibition zones between 15.3 and 14.4 mm on Escherichia coli and between 13.3 and 14.2 mm on Candida albicans, and smaller inhibition zones, between 12.4 and 13.6 mm, on Staphylococcus aureus. According to the obtained results, after the multivariate statistical analysis, it can be observed that the best performance was presented by samples P1, P2, and P3. In conclusion, the method used for the formulation of CAQ-Ms was efficient because it enabled an increase in the solubility of quercetin in water and its protection against external and internal degradation in the gastrointestinal tract. This system can be further used to produce new pills for oral administration that are able to reach the small intestine, where they can then release loaded active drugs.
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1. Introduction


Microencapsulation is an advantageous technology for quality assurance, and for the maximization and preservation of the bioactivity of active pharmaceutical ingredients (API) found in any state of aggregation (solid, liquid, or gaseous). The content after encapsulation is closed into micron-sized capsules (named microparticles) that can be administered orally; under certain conditions, these can have a controlled release and can be protected against external factors (heat, temperature, pH), which may affect their bioactivity [1,2,3,4,5].



Among the microencapsulation methods that can be used to obtain microparticles, in this work, a complex coacervation technique was used. Using complex coacervation, a high encapsulation threshold of API 80%–99% [6,7,8] can be reached and over time this has been proven to be an adequate method for the controlled, prolonged, and sustained delivery of hydrophilic or hydrophobic API to the gastrointestinal (GI) tract. In complex coacervation, the API is covered with two biopolymers that have opposing charges and can interact electrostatically to produce a complex shell [9].



In the microencapsulation process, researchers found that, for obtaining efficient and stable products, the chosen technological process, as well as the nature, ratio, and properties of the walls of the material used, can influence the quality of the final product [3,10]. Material walls refer to the outer layer or coating that surrounds a tiny particle or droplet of a material (the core). These walls are typically made of a polymeric material and serve to protect and control the release of the core material. The size and composition of the wall can be tailored to achieve specific properties such as stability, solubility, and controlled release kinetics [11]. Good encapsulation material walls, in the opinion of Bayraktar O. et al., should improve the functioning and stability of the API [4]. Currently, a wide range of natural, synthetic, or semi-synthetic polymeric substances can be used as material walls. For building microparticle walls, the preferred and cheapest option is using natural polymers, as opposed to synthetic ones. They are biocompatible with the body and free from side effects [12,13]. Today, innovative mucoadhesive nanocapsules from natural polymers (NP) have been developed using a complex coacervation method for ocular delivery [14], and polymeric nanoparticles that increase the permeability, solubility, and prolonged release of cefixime [15], nanoparticles that can stimulate the production of glucose in skeletal muscle cells [16], and cross-linked chitosan microspheres for the prolonged release of levofloxacin have been created using the spray-drying method [17]. Two polymers were used in this study, chitosan and sodium alginate, with opposite charges [13,18,19]. Chitosan is a natural polycationic polysaccharide, positively charged at biological pH, which makes it possible to electrostatically interact via complex coacervation with negative polysaccharides [20]. Additionally, it is considered a biodegradable and biocompatible polymer, it has antimicrobial, antitumor, antioxidant, anti-inflammatory, analgesic, hemostatic, and anticholesterolemic actions [21,22,23], and its pharmaceutical form can be administered via different routes: oral, parenteral, percutaneous or mucosal [1,24]. On the other hand, sodium alginate is a natural polysaccharide with a negative charge, a linear structure, and it is biodegradable and biocompatible; it can be included in the matrix of particulate pharmaceutical systems because it has gelling and stabilizing properties and the ability to retain water [1,25].



Flavonoid polyphenols are widespread plant secondary metabolites with antioxidant properties, which can be used for the prevention of cancer, osteoporosis, diabetes, heart protection, and for the treatment of neurodegenerative diseases. Even though these substances have beneficial health effects on the body, their applicability in clinical studies is limited by flavonoids’ poor bioavailability [26], which is caused by their poor solubility in water [27], low absorption from the gastrointestinal tract, rapid metabolism, and poor stability under physiological conditions [28].



As a flavonoid polyphenolic compound presenting a good antioxidant action, but with low stability and water solubility, in our study, we investigated quercetin [29,30]. Quercetin is known to have some other beneficial effects: antihypertensive, antiatherogenic, neuroprotective, anticancer, antitumor, antiulcer, antiallergic, antiviral, antibacterial [31,32,33], anti-proliferative, and anti-inflammatory [34,35]. According to scientific information and clinical tests conducted on humans and laboratory animals, quercetin is currently considered a natural remedy that improves mental/physical performance, reduces the risk of infections, protects the body from metal ions, has an antiplatelet effect, and protects the arteriolar microcirculation from damaging ischemic episodes, determining vasodilatation [36,37,38]. Low water solubility, stability, and bioavailability limit the use of quercetin in clinical trials [39]. To overcome these obstacles in the literature, Aluani D. et al. reported that, by including quercetin in chitosan and sodium alginate nanoparticles using the ionic gelation technique, it is possible to increase the protective activity of quercetin against oxidative-stress-associated injuries [40]. Hazra et al. loaded quercetin into microparticles in a single step to modify the profile of low water-soluble quercetin and to increase the oral bioavailability of quercetin [41]. Nalini et al. successfully encapsulated the hydrophobic quercetin into sodium alginate and chitosan nanoparticles, improving the stability and bioavailability of quercetin using the ionic gelation method [34,35]. Through encapsulation methods, the bioactivity of natural compounds such as quercetin is maximized and preserved because it ensures protection from oxidation, dehydration reactions, and other unwanted reactions that can affect its bioactivity [4]. Compared to previous studies, our work lies in the preparation of other encapsulated pharmaceutical systems such as microspheres, using another technique—complex coacervation. The novelty of this work lies in the fact that quercetin could be used as an alternative medication in the treatment of various microbial infections, even when used in quantities of less than 0.2 g/mL in pharmaceutical preparations such as microspheres. Previous results reported in the literature showed that quercetin exhibits antimicrobial effects when included in chitosan films [42] and starch-aldehyde solution [43], but less so when included in microspheres prepared by the complex coacervation method. Although little is known about the biological activity of quercetin microspheres, in this study the results showed that quercetin exhibits a high antibacterial effect on Escherichia coli and Pseudomonas aeruginosa, as well as an antifungal effect on Candida albicans. Unlike other studies, this research only used natural materials for the encapsulation of quercetin in microspheres of chitosan obtained from shrimp, with a degree of deacetylation > 75% and high molecular weight, and sodium alginate which is, in fact, a sodium salt of alginic acid extracted from brown algae.



The aim of present study was to determine the potential pharmaceutical applications of quercetin in different antimicrobial therapies, because of its encapsulation in microspheres composed of natural polymers. By using an effective preparation method, such as coacervation, and by using an adequate amount of polymer and quercetin, prepared microspheres can ensure the increase of quercetin solubility in water, and can protect it from external and internal degradation in the gastrointestinal tract. Concomitantly, it can improve quercetin bioavailability and its targeted delivery to the specific sites of infection. This system can be further used to produce new oral pills capable of reaching the small intestine where a contained active drug can be yielded. In addition, quercetin usage in pharmaceutical formulation can provide a safer and more sustainable alternative to conventional antibiotics.



The novelty of the present paper is given by the fact that quercetin can be used as an alternative medication in the treatment of various microbial diseases, even if it is used in quantities lower than 0.2 g/mL. Quercetin-loaded microspheres present a high antibacterial effect on Escherichia coli, Pseudomonas aeruginosa, and an anti-fungal effect on Candida albicans. The successful encapsulation of quercetin in microspheres was due to the complex coacervation method and to the nature of the materials used—natural chitosan with a deacetylation degree > 75% and high molecular weight, and sodium alginate which is, in fact, sodium salt of alginic acid extracted from brown algae.




2. Materials and Methods


2.1. Materials and Reagents


The materials and reagents used in the present work were analytical grades. The chitosan (with a degree of deacetylation > 75% and a molar mass between 310,000 and 375,000 Da, obtained from shrimps) and quercetin hydrate were purchased from Sigma–Aldrich Co. (Burlington, MO, USA), alginic acid sodium salt from brown algae was purchased from Sigma–Aldrich (Saint Louis, MO, USA), anhydrous calcium chloride and sodium hydroxide 1M were from Chempur (Piekary Slaskie, Poland), and glacial acetic acid was from Promochem (Wesel, Germany).



The apparatus used in the preparation of Ms was: analytical balance of type Kern ABT 220-5DNM Kern and Sohn GmbH (Balingen, Germany), pH meter type pH 7310 Inolab Xylem Analytics GmbH (Wellheim, Germany), magnetic stirrer Ecostris Dlab Scientific Co., Ltd. (Beijing, China), universal centrifuge 320R Hettich GmbH and Co., KG (Tuttingen, Germany), and SLW 115 STD POL-EKO-APPLIANCES SPJ (Wodzislaw Slaski, Poland).




2.2. Preparation of Chitosan-Alginate-Quercetin Microspheres (CAQ-Ms)


The microspheres were prepared using the complex coacervation method [42,43] where it was necessary to prepare more aqueous colloidal solutions: chitosan of different concentrations (0.1, 0.2, and 0.4%) and sodium alginate of different concentrations (0.75%, 2%). After the desired amount of chitosan was dissolved in an aqueous solution of acetic acid (2%), calcium chloride 4% and NaOH 10% were added to each solution to obtain a pH of 5.5 suitable for obtaining microspheres. The sodium alginate was dissolved in distilled water to form a homogeneous solution, and then quercetin was added by dispersion (0.05, 0.075, and 0.1 g). The different formulations used for the preparation of different microspheres are detailed in Table 1.



The preparation of chitosan solutions involves dispersing 0.1 g, 0.2 g, or 0.4 g of chitosan in 99.9 mL, 99.8 mL, and 99.6 mL of 2% acetic acid solution, which is left to hydrate for about 20 min, after which it is magnetically stirred at 100 rpm for 30 min. For good homogenization, the solutions are introduced into an ultrasound bath for 30 min, and then 4 g of calcium chloride is added under magnetic stirring at a speed of 100 rpm, and the pH is read and adjusted to 5.5 using a 10% sodium hydroxide solution. From the obtained solution, 50 mL of Ch/sample was used. To prepare the Na-Alg solution, 0.75 g or 2 g of Na-Alg is dispersed in 99.25 mL or 98 mL of distilled water and left to hydrate for 35 min. The solution is magnetically stirred at 100 rpm for 30 min to prevent the formation of aggregates and to promote the complete dissolution of Na-Alg in water. Then, it is homogenized in an ultrasound bath for 20 min to promote the removal of air bubbles. To prepare the 10 samples, 20 mL of Na-Alg/sample was used from the viscous, clear solution and, in six of them, quercetin was dispersed in different amounts: 0.05 g, 0.075 g, and 0.1 g.



The preparation of CAQ-Ms is carried out by introduction of a 20 mL mixture of quercetin-sodium alginate into a syringe, with a needle size of 23 G, which was added drop wise into the 100 mL chitosan solution, with shaking for 60 min at 100 rpm. The microspheres obtained were separated by simple filtration, washed with distilled water, dried at a temperature of 30 °C, and were kept in brown containers, tightly closed at a temperature of 20 ± 2 °C until further use.




2.3. Characterization of Quercetin Microspheres by Analytical Methods


2.3.1. Determination of Entrapping Efficiency (EE(%))


The proportion of quercetin contained in microspheres was determined by measuring their absorbance, at a wavelength of 376 nm, using a UV-VIS T70+ spectrophotometer (PG Instruments Ltd., Lutterworth, UK) after weighing 0.25 g of Ms and vigorously stirring for 6 h at 500 rpm, before rotating for 15 min at 1500 rpm and 37 °C [44]. The experiment was performed three times and the outcomes are given as an average value with standard deviation (±SD). Equation (1) was utilized to calculate the entrapping efficiency:


  E E   %   =     w   Q e       w   Q i     100  



(1)




where:



    w   Q e     = the weight (grams) of the encapsulated quercetin;



    w   Q i     = the stipulated weight of quercetin (grams) that the microspheres should contain.




2.3.2. Analysis of the Swelling Index (idxSWL(%))


After immersing 5 dry microspheres, with known masses, in 3 mL of five different pH media, namely simulated gastric fluid—pH of 1.2, acetate buffer solution—pH of 3.0 and 5.0, and simulated intestinal fluid–phosphate buffer pH of 6.8 and 7.4., an idxSWL(%) examination [41] was carried out [45,46]. The idxSWL(%) of microspheres was calculated taking into account Formula (2), by weighing them at the analytical balance, every hour for eight hours, after wiping the excess water with a Whatman filter paper No.1. The analysis was performed in triplicate and the results of idxSWL(%) are expressed as the average (±SD).


  Swelling   index ( % ) =    M  s m   −    M  d m        M  d m     × 100  



(2)




where:



    M   s m     = mass of swollen microspheres, expressed in grams;



    M   d m     = mass of dried microspheres, expressed in grams.




2.3.3. Analysis by Confocal Laser Scanning Microscopy (CLSM)


Using a 405 nm laser light source and a 3D laser measuring microscope (Lext OLS 4000, Olympus, Tokyo, Japan), measurements of the roughness of Ms were made [47].




2.3.4. Analysis by Scanning Electron Microscopy (SEM)


Characterization of Ms by scanning electron microscopy was carried out using an FEI Quanta FEG 250 scanning microscope (Hillsboro, OR, USA). For this, given microspheres were analyzed. The SEM images recorded non-coated microspheres in a low-vacuum system so as not to affect the samples [48].





2.4. In Vitro Release Studies of Quercetin


Using the principles of the procedure established in United States Pharmacopeia (USP 43) [49], the quercetin release test from Ms was carried out within 24 h, using the Electrolab TDT-08L-Dissolving Tester (USP) testing device, which is equipped with 8 baskets of 400 mL capacity.



The in vitro release test was conducted under the following conditions: dissolution time of 24 h, temperature of 37 °C, spin frequency of 30 rpm for the device’s baskets, and a volume of 400 mL phosphate-buffered solution of pH 7.4 per basket [46].



The content of the quercetin, released from the microspheres, was determined [42] after which 0.25 g of dry microspheres were put into the baskets containing a phosphate-buffered solution of pH 7.4. From each basket, after 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, 6, 8, and 24 h, samples were taken, the absorbance of which was measured spectrophotometrically using a wavelength of 376 nm. The experiment was carried out in triplicate, and the results are presented as the total mean (±SD).




2.5. Determination of the Antimicrobial Activity


Microspheres were subjected to antimicrobial analysis, using the agar disk-diffusion method, in which various Gram-positive and Gram-negative bacteria (reference microbial strains and human clinical isolated) and yeasts were used. As reference strains, the American Type Culture Collection (ATCC) was used: Staphylococcus aureus (ATCC 25923), Pseudomonas aeruginosa (ATCC 27853), Escherichia coli (ATCC 25922), and Candida albicans (ATCC 90028), Microbiologics, Inc. USA. Mueller–Hinton agar (Oxoid) was used as culture medium for staphylococci, Escherichia coli, Pseudomonas aeruginosa, and Klebsiella pneumonia; Mueller–Hinton 2 agar + 5% sheep blood (BioMerieux) was used for streptococcal strains and for Candida albicans (Sabouraud) Gentamicin Chloramphenicol 2 agar (BioMerieux). Culture media were inoculated with the tested microorganism suspension and its concentration was adjusted to 108 CFU/mL by comparison with McFarland turbidity scale no. 0.5. Standard Sterile discs (Hi-Media Laboratories) impregnated with quercetin solution 0.1 mg/mL (dissolved in DMSO), chitosan 0.1, 0.2, 0.4% (dissolved in 2% glacial acetic acid solution), and sodium alginate 0.75, 2% (dissolved in distilled water); solutions of microspheres in which the amount of quercetin was 0.100 g (P3, P4, P5, and P6) were applied to the surface of the agar plates, after inoculation, at a distance of at least 13 mm from the edges of the plate and a minimum of 25 mm between two adjacent discs, using a sterile brush. As negative controls, filter papers impregnated with distilled water (20 μL) were used, and as positive controls, penicillin (10 U, Oxoid), vancomycin discs (30 μg; Oxoid), ofloxacin discs (5 μg; Oxoid), meropenem discs (10 μg; Oxoid), and fluconazole (25 μg; BD BBL) were used. Sample plates were incubated in an incubator at 37 °C for 24 h [50]. The inhibition areas obtained, in the case of the strains used, must be verified to be within the limits accepted by EUCAST, or the Clinical and Laboratory Standards Institute’s (CLSI), “Performance Standards for Antimicrobial Susceptibility Testing” (32nd informational supplement, (CLSI M100–S32 Clinical and Laboratory Standards Institute) CLSI, Wayne (PA), 2022). The reading is made from the point where there is complete inhibition able to be appreciated by the naked eye [51].




2.6. Statistical Analysis


The Design of the Experiment (DOE) was a multivariate analysis of more parameters: EE(%), idxSWL(%), and mQrel(%). The statistical multivariate analysis consisted of PCA (Principal Component Analysis), MANOVA (Multivariate ANOVA, p = 0.05), and AHC (Agglomerative Hierarchical Cluster Analysis). Multivariate analysis was performed [52] to decide which samples had the best combination performance regarding entrapping efficiency, swelling index, and in vitro drug release. Data for all sample parameters were analyzed in triplicate and the results obtained are presented as mean (±SD, n = 3, p = 0.05). Statistical analysis and graphical representations were carried out with homemade subroutines, including standardized statistical methods from MATLAB software (MatWorks Inc., 1 Apple Hill Drive, Natick, MA, USA).





3. Results and Discussions


3.1. Entrapping Efficiency (EE(%))


Determination of EE(%) of quercetin was made using UV-VIS spectrophotometry, taking into account the calibration curve of standard quercetin solution and Equation (1) of EE(%). From the analysis of the results obtained (Table 2), it can be seen that the average of the EE(%) was the highest and close in value for samples P4 (91.35 ± 1.07%), P5 (92.26 ± 0.27%), and P6 (93.11 ± 0.72%), in which the concentration of sodium alginate used was the highest (2%). The lowest EE(%) was observed into the microspheres with lowest alginate concentration (0.75%): P1 (86.91 ± 1.10%), P2 (87.02 ± 0.74), and P3 (88.16 ± 0.61%). Additionally, it was observed that the increase in quercetin concentration led to an increase in EE(%), so for the microspheres prepared using 0.05 g of quercetin, the entrapping was 86.91 ± 1.10%; furthermore, by using 0.075 g of quercetin, the entrapping increased to 87.02 ± 0.74%. When 0.100 g of quercetin was used, the entrapping was 88.16 ± 0.61%, 91.35 ± 1.07%, 92.26 ± 0.27%, and 93.11 ± 0.72% API. In conclusion, increasing the concentration of polymers and quercetin used as microspheres leads to an increase in EE(%).



Studies show that, while preparing microspheres, the concentration of the polymer used in their preparation should be taken into account, because it may affect the morphology, dimensions, and EE(%) of the API. Many studies show that, with an increase in the polymer concentration, the EE(%) of API increases and the viscosity of the polymeric solution increases [53]. If too low a concentration of polymer is used, microspheres with a low density, a large distribution surface, and a rapid release of the entrapped API are obtained [54].



The results obtained are in line with the results of other researchers who obtained microspheres through the oil-in-water emulsion process, who entrapped 74% quercetin [55], and, using the emulsion-assisted method, who entrapped 53.2% quercetin [56].




3.2. Swelling Index Analysis (idxSWL(%))


Microspheres are formed by a biodegradable and hydrophilic polymeric matrix, that tends to absorb water, which means that they have the property of swelling in contact with it [45,57]. Considering this property, microspheres were subjected to a swelling test on different pH media: 1.2, 3.0, 5.0, 6.8, and 7.4, in order to be able to determine the optimal time and pH at which their disintegration occurs. Results of the idxSWL(%) time series for samples (P1–P6, E1–E4) and all pH factor levels are presented in Table 3, Tables S1–S10—from the Supplementary Material and in Figure 1. From the analysis, it was observed that, after 8 h, samples reached the maximum swelling threshold and after 12 h they could no longer be weighed because they began to break, which is in line with the results obtained from the in vitro release test. Additionally, it can be seen that the swelling process was faster in the alkaline pH of 6.8 (4787.32 ± 0.63–7332.92 ± 0.43%) and pH 7.4 (6701.29 ± 0.39–10,009.30 ± 1.11%) for all samples, and slower in the acid pH 1.2 (537.76 ± 0.99–948.77 ± 1.98%), pH 3 (864.17 ± 1.06–1639.72 ± 1.06%), and pH 5 (1926.48 ± 0.43–4185.83 ± 1.09%), because this index was influenced by the concentration of the quercetin and polymers used (Table 3, Figure 1).



When samples were introduced into a buffer solution of pH 1.2 (Tables S11–S13—from the Supplementary Material), the swelling index of the microspheres was the lowest (537.76 ± 0.99–948.77 ± 1.98%), which means that microspheres have low solubility in acidic media. According to the literature, the small percent of swelling could be produced by the chitosan swelling, located on the outside of microspheres, due to the cationic character and the presence in the structure of aminic groups, that become easily ionizable and positively charged at low pH values. When samples were added into the buffer solutions with a pH of 6.8 (4787.32 ± 0.63–7332.92 ± 0.43%) or slightly basic 7.4 (6701.29 ± 0.39–10,009.30 ± 1.11%), the swelling tendency of samples was greater, due to the aminic groups of chitosan molecules that have a low load density. High water absorption, the rupture of the complex, and the hydrogen bonds formed between the chitosan, sodium alginate, and quercetin molecules, increased the affinity of the dissolution medium to the microspheres [58,59,60].



According to Table 3 and Table S14 in the Supplementary Material, idxSWL(%) decreases with increasing concentration of the two polymers in microspheres, therefore, empty samples (E1–E4) show the highest idxSWL(%) values (E1: 948.77 ± 1.98–10,009.30 ± 1.11, E2: 827.34 ± 0.32–9315.42 ± 0.35%, E3: 697.028 ± 0.54–8150.10 ± 0.98%, E4: 576.96 ± 0.62–7117.48 ± 0.77%), followed by quercetin samples (P1: 914.81 ± 1.12–9973.05 ± 0.51%, P2: 924.67 ± 0.77–9983.94 ± 0.25%, P3: 935.68 ± 1.2–9996.62 ± 0.79%, P4: 772.21 ± 0.8–9431.45 ± 0.82, P5: 623.97 ± 0.24–7582.58 ± 0.73, P6: 537.76 ± 0.99–6701.29 ± 0.39). For samples with higher quercetin amounts, the idxSWL(%) also increases at all pH levels and the highest values were recorded in the case of microspheres where the concentrations of polymers remained constant. Figure 1 and Figures S1 and S2 from the Supplementary Material, showed that, of the pH levels tested, in a pH of 7.4, all samples had the highest idxSWL(%) results; in other words, this was the most suitable pH for the disintegration of microspheres in vitro.



Other authors’ data analysis, unlike ours, proved that the quercetin-chitosan-pectin microspheres also had a low tendency to swell in the acidic medium of pH 2.1 [44], and that other chitosan-natrum alginate-isoniazid microspheres swelled more in an alkaline medium (pH of 7.4) than in an acidic medium (pH of 1.2) [61]. Other authors obtained ketoprofen-chitosan-sodium alginate microspheres, using the extrusion method, that did not swell in water and a pH of 1, but swelled in pHs of 6.8 and 7.4 [62].




3.3. Confocal Laser Scanning Microscopy (CLSM) Analysis


The determination of microsphere roughness was carried out by 2D and 3D laser scanning. The micrography obtained represents the areas on which roughness has been determined. The scanned surface showed 1279 × 1280 μm, and the magnification that was worked on was x 108. Using a specific formula, some parameters designate the texture or appearance of the analyzed samples. All the roughness values obtained for each sample are shown in Table 4.



The roughness values obtained for Sa and Sq were situated between 4.32 and 47.66 μm, respectively, between 8.91 and 112.45 μm. These parameters were used to designate the degree of roughness of the samples. The highest roughness was found in the P3 sample (Sa-47.66 ± 0.47 μm), in which the three constituents Ch: Na-Alg: Q exist in the mass ratio (g) of 0.4: 0.75: 0.100, followed by P2 (Sa-33.20 ± 0.53 μm), E1 (Sa-32.93 ± 0.88 μm), P1 (Sa-31.31 ± 0.12 μm), E2 (Sa-15.24 ± 0.63 μm), P4 (Sa-10.49 ± 0.36 μm), E3 (10.01 ± 0.21 μm), P5 (9.95 ± 1.09 μm), E4 (Sa-6.32 ± 0.08 μm), and P6 (Sa-5.95 ± 2.07 μm). The discrepancy between parameter values (Sa, Sq, and Sz), may be due to the zonal particularity of the analyzed area. For example, P3, whose Sq value is higher than in the case of sample P2. This may be due to the lower degree of wrinkling of the P3 sample compared to the P2 sample, which has a more uniform/smooth surface. The high roughness of microspheres creates a large contact surface and therefore, in our opinion, accelerates their swelling, which favors drug release. Roughness (Sa), Square root of the average roughness (Sq), Maximum height (Sp), and Maximum depth (Sv), in the case of P1, P2, P3, and E1 microspheres that contain a smaller concentration of polymers, were the highest (Sa: 47.66 ± 0.47–31.31 ± 0.12 μm, Sq: 112.45 ± 0.63–70.16 ± 0.71 μm, Sp: 773.21 ± 0.31–630.69 ± 0.63 μm, Sv: 668.63 ± 0.26–514.03 ± 0.35 μm) compared to in case of P4-P6 and E2-E4 microspheres that contain a higher concentration of polymers (Sa: 15.24 ± 0.63–5.95 ± 2.07 μm, Sq: 38.45 ± 0.18–16.99 ± 1.08 μm, Sp: 464.26 ± 0.15–60.80 ± 0.41 μm, Sv: 532.05 ± 0.40–219.23 ± 0.85 μm). The increased polymer concentration in samples decreased the roughness of the samples. As for appearance, the samples that contained 0.75% Na-Alg (P1, P2, P3, and E1) had a more wrinkled and approximately similar appearance compared to the other samples that contain 2% Na-Alg (P4–P6 and E2–E4), that have a smoother appearance that is free of roughness, wrinkles, and creases due to the higher amount of polymer.




3.4. Scanning Electron Microscopy Analysis (SEM)


SEM imaging technology proved the structure, appearance, and surface morphology of the CAQ-Ms. Based on the recorded micrograph presented in Figure 2 and Figure 3, it is possible to show the compact structure, roughness, and whetstone appearance of most microspheres, which makes the compounds relatively uniformly distributed throughout the CAQ-Ms. Microspheres P1, P2, and P3—where the concentration of chitosan and sodium alginate were constant (0.4% chitosan and 0.75% sodium alginate), and the amount of quercetin varied between 0.05 and 0.1 g—did not show morphological variations at first, but the detailed images revealed a veiled surface that tended to smooth with quercetin increase as well as the slight swelling tendency of Ms (P3). These observations correlate directly with the EE(%) degree of the samples. The CAQ-Ms swelling tendency is obvious in the series of samples P1-P6. Sample P6, which contains the highest concentration of natural polymers and has shown the highest degree of entrapment from a morphological point of view, has an unveiled surface with a granular aspect. Microspheres containing quercetin (P1-P6) have a higher rugosity degree than those without quercetin (E1-E4). The smoothest surface is the E4 sample, which has the highest concentration of sodium alginate (2 g%), and the highest concentration of chitosan, in the absence of quercetin.



An increase in Q concentration under the condition of keeping a constant concentration of Na-Alg (0.75%) and Ch (0.4%) causes some modification of the microspheres’ surface—a wrinkling and rippling of the surface, as well as an increase in surface roughness in series P1 < P2 < P3. Upon reaching the maximum Q concentration (P4) at the highest Na-Alg concentration (2%) and the lowest Ch concentration (0.1%), the microsphere surface presents a granular appearance, and prepared microspheres are spherical. This can be due to the Ms swelling into the presence of Na-Alg and the spherical shape is correlated with rigidity due to the presence of Ch. These considerations were also supported by the morphology of sample P6—maximum Ch and Na-Alg concentration leading to a spherical and rigid Ms structure. The role of Na-Alg in the spherical appearance can be observed by comparing the structure of the E1 sample with the E4.



According to Figure 2, after CAQ-Ms was sectioned, a morphological difference between the internal and external layer of the microsphere was observed. The core of the microsphere, consisting of sodium alginate, is enveloped/protected by a layer of chitosan. Based on these data presented in Figure 2b, we can observe that the external layer of quercetin microspheres presents a similar structure to chitosan. From this comparison, we can conclude that the external layer consists of chitosan. In our opinion, this coating may be thinner or thicker, depending on the concentration of chitosan used. From the structural analysis of CAQ-Ms, it can be seen that the internal layer is about 6 μm thick and consists of prismatic elements, while the external layer has a needle shape, with an average thickness of about 4 μm. The advantage of covering CAQ-Ms with a layer of chitosan derives from the fact that coverage favored protecting quercetin by the action of external physicochemical factors.




3.5. In Vitro Release Test of Quercetin (mQrel(%))


The in vitro release test of quercetin loaded in CAQ-Ms was performed at 37 °C temperature, in simulated intestinal fluid–phosphate buffer at a pH of 7.4, because the swelling test results were highest in this pH solution. The controlled release of API from the CAQ-Ms was complete after 24 h. According to Table 5, and Figure 4 and Figure 5, samples P1-P3, containing lower concentrations of sodium alginate (0.75%), trigger a much faster and higher quercetin release than samples P4-P6, containing higher concentrations of sodium alginate (2%). For example, the P3 sample released, after 24 h, 91.06% quercetin, compared to the P6 sample which released 71.46%. The slow or delayed release of API from CAQ-Ms that contained 2% sodium alginate, may be due to the rigid and compact polymeric matrix, through which quercetin is difficult to release [57].



Ms were subjected to an in vitro release study, in order to find out the amount of quercetin that can be released over time in the chosen dissolution medium, because the formulation can influence the release of the API. After being encapsulated in the polymeric matrix of microspheres (as observed in the SEM analysis) the release of quercetin was controlled by the diffusion and erosion process [45]. The sodium alginate and chitosan used to obtain these systems may favor the diffusion and release of quercetin through the polymeric matrix, as a result of its swelling (due to the insolubility of quercetin in water) [63,64]. In conclusion, after oral administration, these samples are not affected by the hard physiological environment of the gastrointestinal tract, because the polymers chosen for formulation have the ability to protect quercetin from gastric acidity and enzymatic activity, increasing its solubility in the lumen and its transport through the gastrointestinal barrier, unlike classical pharmaceutical forms, in which degradation can cause a loss of potential action [65].




3.6. Determination of the Antimicrobial Activity of Microspheres


The inhibition zones obtained from the microbial testing of quercetin, chitosan, alginate, and microsphere solutions are presented in Table 6 and Table 7.



Following the results from Table 6 and Table 7, among the control samples analyzed, only the samples that contained chitosan solutions (SCh0.1, SCh0.2, SCh0.4) presented an antimicrobial effect on the reference microbial strains and clinically isolated human strains. Among the three tested chitosan solutions, SCh0.4 showed the strongest degree of inhibition on the reference microbial strains: Gram + bacteria (Staphylococcus aureus—12.8 ± 0.4 mm), Gram—bacteria (Escherichia coli—12.4 ± 0.5 mm and Pseudomonas aeruginosa—11.5 ± 2.7 mm), Candida albicans—12.1 ± 0.4 mm, and on the clinically isolated human strains: Gram + bacteria (Staphylococcus aureus—12.9 ± 0.1 mm, Streptococcus pyogenes—12.3 ± 0.7 mm) and Gram—bacteria (Klebsiella pneumoniae—12.3 ± 0.8 mm). The other control sample tests (SQ0.1, SNa-Alg0.75, and SNa-Alg2) did not show any antimicrobial effect on the reference microbial strains and clinically isolated human strains.



According to studies, the chitosan solution may alter the permeability of bacterial cells, due to its interaction with the surface of the bacterial cells [66], and can be used in regenerative medicine for use as a biocompatible material in the production of orthopedic prostheses [67], as well as in the management of diabetes mellitus, in the form of nanoparticles that can stimulate the production of glucose in skeletal muscle cells [16]. After the introduction of a quercetin solution—SQ0.1—and sodium alginate solution (SNa-Alg0.75, SNa-Alg2) in chitosan solution, the antimicrobial effect of chitosan increased, and the mixture from which the CAQ-Ms is obtained (SP3, SP4, SP5, SP6) produced much higher inhibition zones than the solution of chitosan itself. Additionally, SP3 produced 12.2–13.9 mm inhibition zones, SP4: 12.3–12.9 mm, SP5: 12.3–13.4 mm, and SP6: 12.2–13.8 mm, on the tested microorganisms.



Among the analyzed microsphere solutions, the samples in which larger concentrations of chitosan were used (0.4%) showed the greatest antimicrobial effect (SP3, SP6). SP3 and SP6 showed the highest inhibition zones on the Escherichia coli (SP3—15.3 ± 0.3 mm, SP6—15.2 ± 0.3 mm), Candida albicans (SP3—14.2 ± 0.7 mm, SP6—14.2 ± 0.8 mm), and Staphylococcus aureus (SP3—13.9 ± 0.6 mm, SP6—13.8 ± 0.3 mm). The lowest antimicrobial effect was recorded in sample SP4, in which 0.1% chitosan was used, and in sample SP5, in which 0.2% chitosan was used. All these results may suggest that quercetin may exhibit antibacterial activity, even when it is included in low concentrations in different pharmaceutical formulations alongside chitosan, considering that sodium alginate has not shown an antibacterial effect.



To better understand the antimicrobial activity of prepared microspheres, studies of classical antibiotics against the same microbial strains were performed, the data of which are presented in Table 8.



From the data presented in Table 6, Table 7 and Table 8, one can observe that the prepared microspheres present significant antimicrobial activity against the studied microbial strains. As the literature showed, if quercetin is used at concentrations below 200 μg/mL, its solution may not exhibit antimicrobial effects [68], unless it is included (along with chitosan) in various pharmaceutical formulations. For example, chitosan-quercetin films showed an inhibitory capacity between 29.3 and 24.0 mm against Escherichia coli, Shigella sonnei, Proteus mirabilis, Morganella morganii, Staphylococcus epidermidis, and Bacillus subtilis [66]. In another study, a solution of quercetin (25 mg/mL), a mixture of starch-aldehyde-quercetin (25 mg/mL), and a mixture of starch-aldehyde (25 mg/mL) were subjected to antimicrobial testing. The results showed that Escherichia coli, Salmonella sp., Staphylococcus aureus, and Listeria monocytogenes strains were the most strongly inhibited (18.82–20.81 mm) by the quercetin solution, followed by the starch-aldehyde-quercetin solution that showed zones of inhibition located between 12.18 and 13.67 mm, and the least by the starch-aldehyde solution whose inhibition zones were 9.46–10.28 mm [69]. According to the literature, quercetin it is a flavonoid substance, that can produce an antibacterial effect by blocking the synthesis of nucleic acid, when the DNA-gyrase and nuclein are blocked due to increasing the permeability of the cytoplasmic membrane of the microbial cell [67,70,71].



While it is true that previous studies have shown that quercetin may not exhibit antimicrobial effects at concentrations below 200 μg/mL, the current study suggests that incorporating quercetin into pharmaceutical formulations with chitosan and sodium alginate could still be a promising approach for developing effective antimicrobial therapies, even at low concentrations. By incorporating quercetin into pharmaceutical formulations, it is possible to enhance the bioavailability and targeted delivery of quercetin to specific sites of infection. This could lead to the development of more effective antimicrobial therapies with reduced side effects. Furthermore, the use of natural compounds like quercetin in pharmaceutical formulations could provide a safer and more sustainable alternative to conventional antibiotics.




3.7. Statistical Analysis


To find which sample has the highest combination efficiency in quercetin release, a multivariate analysis was performed. The correct number of microparticle clusters and, consequently, their analysis, had to obtain the desired outcomes. Only after grouping the samples into clusters can we appropriately interpret the PCA findings. The principal component analysis (PCA), which generates the main coordinates (PC1-PC5) of examined parameters for all microspheres, is the first step in the multivariate data sequence (i.e., the quercetin and chitosan combinations). PC1 through PC2 account for 97.99% of the total explained variation. The variable vectors pointing in the direction where the relevant factor has the information updated, or concentration values, are shown in the PCA 2D bi-plots (Figure 6a,b). In this approach, PCA is an alignment multivariate statistical method that creates relative comparisons between examined samples depending on the parameter values.



The numerical parameters of the MANOVA test product were the PC1–PC5 matching main coordinates (p = 0.05). A matrix of the statistical importance of the bilateral sample evaluations (Bonferroni corrected levels, p = 0.05) and standard coordinates (Canon1–Canon5) of the variables for each microsphere sample of microspheres are the emerging findings of this procedure (Table 9).



The AHC clustering algorithm was applied to the coordinate values from Canon1 to Canon11 to produce the microsphere clusters. The AHC results are shown as heat maps with a dendrogram (Figure 7) and as a basic dendrogram with the cut-off similarity distance value (Figure 8), which is based on the MANOVA’s p-values matrix and used to determine the correct number of clusters (Table S8 in the Supplementary Material).



According to the PCA and heat map representation, the PC1–PC5 main coordinates have notable high values that might provide the right number of clusters when utilizing the AHC approach. To create the heatmap and the clustering dendrogram, linear discriminant analysis was applied to the chosen variables (like the PCA) and used with the AHC method. The results matched those of the PCA quite closely. Figure 9a,b display the 2D and 3D LDA biplots and highlight how they resemble PCA biplots. As a result, the LDA heatmap and LDA clustering dendrogram are not displayed, but Table 10 does provide the AHC with LDA canonical coordinates clustering findings (which are the same as with PCA coordinates).



All sample levels are singleton clusters, according to the PCA/LDA clustering results, which means that they are statistically significantly distinct based on their multivariate profiles.



At this point, the PCA biplots can be used to accurately compare the sample heights (i.e., microsphere samples). The maximum levels of EE (%) and mQrel(%) are shown in sample P3. Additionally, sample P3 shows swelling index values higher than those of P1 and P2. Despite this, the subsequent samples, P4, P5, and P6, exhibit higher values for EE (%), but lower levels of mQrel(%) and idxSWL(%), than in the P3. In conclusion, P3 which entraps enough quercetin with the maximum roughness and in vitro drug release study, is the finest microsphere specimen for quercetin entrapment and has high values for all criteria.





4. Conclusions


The complex coacervation method used for the encapsulation of quercetin in microspheres was efficient and offered the highest entrapment efficiency. A microscopic analysis using CLSM and SEM suggested that microspheres that contained a smaller concentration of polymers had a more wrinkled, were more veiled, and had a higher degree of roughness than those where the concentration of polymers was higher, which showed a smoother and rough spherical appearance. The SEM analysis of the cross-section of CAQ-Ms revealed the existence of the chitosan layer at the surface and the core consisting of sodium-alginate. It was also demonstrated that, by increasing the concentration of quercetin, the entrapping efficiency, the swelling index, and in vitro drug release are positively influenced.



The increase in Q concentration under the condition of keeping a constant concentration of Na-Alg (0.75%) and Ch (0.4%) caused some modification of the microspheres’ surface—a wrinkling and rippling of the surface as well as an increase in surface roughness in series P1 < P2 < P3. Upon reaching the maximum Q concentration (P4) at the highest Na-Alg concentration (2%) and the lowest Ch concentration (0.1%), microspheres have a granular surface and spherical shape. This may be due to the Ms swelling in the presence of Na-Alg, and the spherical shape is correlated with the rigidity due to the presence of Ch. These considerations were also supported by the morphology of sample P6, wherein the maximum Ch and Na-Alg concentrations led to a spherical and rigid Ms structure. The role of Na-Alg in the spherical appearance can be noticed by comparing the structure of the E1 sample with E4.



When increasing the concentration of polymers, it was observed that the entrapment efficiency increased but that the values of the swelling index and those of in vitro drug release decreased. As a result of antimicrobial studies, it has been observed that CAQ-Ms exhibit antimicrobial activity towards Escherichia coli, possibly due to the presence of chitosan. Based on the obtained data analysis, by correlating the microsphere swelling index with swelling time and pH, and by determining the entrapment efficiency, roughness, morphology, drug release, and antimicrobial activity, our statistical study can conclude that the CAQ-Ms can be further used for any in vivo and cell culture studies. Additionally, from these results, we can conclude that the CAQ-Ms can reach the small intestine where it can release the active drug and facilitate its adsorption, followed by its transfer into the circulatory system.
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Figure 1. Swelling index of CAQ-Ms as a function of pH. 
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Figure 2. Scanning Electron Microscopy (SEM) for microspheres. (a) SEM micrography of surface structure; (b) sodium alginate appearance in the internal layer; (c) chitosan appearance in the external layer; and (d) chitosan structure. 
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Figure 3. Scanning Electron Microscopy (SEM) for microspheres (P1–P6, E1–E4). 
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Figure 4. Evaluation of the in vitro release mode of quercetin from the (P1–P6) samples. 
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Figure 5. Graphic representation of the in vitro quercetin release from the P1–P6 samples, over 24 h. 
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Figure 6. Biplots of PCA results: (a) 2D representation for PC1 and PC2 principal components; (b) 2D representation for PC1 and PC3; (c) 2D representation for PC2 and PC3 principal components; and (d) 3D representation for PC1, PC2, and PC3. 
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Figure 7. Cluster analysis of MANOVA (p = 0.05) results: heatmap representation for PC1–PC5 principal coordinates. Different colors for grouping horizontal lines denotes a sample cluster. 






Figure 7. Cluster analysis of MANOVA (p = 0.05) results: heatmap representation for PC1–PC5 principal coordinates. Different colors for grouping horizontal lines denotes a sample cluster.



[image: Coatings 13 01376 g007]







[image: Coatings 13 01376 g008 550] 





Figure 8. Cluster analysis of MANOVA (p = 0.05) results: dendrogram representation for PC1–PC5 principal coordinates with the cut-off red line that generates the clusters. Different colors for grouping horizontal lines denotes a sample cluster. 
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Figure 9. Biplots of LDA result in (a) 2D and (b) 3D representation for Axis1 and Axis2 canonical components. 
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Table 1. Formulations of different microspheres.
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	Sample
	Amount of Q (g)
	Concentration of Ch (%)
	Concentration of Na-Alg (%)





	P1
	0.050
	0.4
	0.75



	P2
	0.075
	0.4
	0.75



	P3
	0.100
	0.4
	0.75



	P4
	0.100
	0.1
	2



	P5
	0.100
	0.2
	2



	P6
	0.100
	0.4
	2



	E1
	
	0.4
	0.75



	E2
	
	0.1
	2



	E3
	
	0.2
	2



	E4
	
	0.4
	2







Legend: P1–P6—represents quercetin-containing samples, E1–E4—represents the samples without quercetin, Q—quercetin, Ch—chitosan, Na-Alg—sodium alginate.
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Table 2. Entrapping efficiency of microspheres.
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	Sample
	EE(%)





	P1
	86.91 ± 1.10



	P2
	87.02 ± 0.74



	P3
	88.16 ± 0.61



	P4
	91.35 ± 1.07



	P5
	92.26 ± 0.27



	P6
	93.11 ± 0.72







Legend: P1–P6—represents the samples that contain quercetin, E1–E4—represents the samples without quercetin, EE(%)—entrapping efficiency.













[image: Table] 





Table 3. Swelling index of CAQ-Ms as a function of pH.
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Sample

	
idxSWL(%)




	
pH 1.2

	
pH 3

	
pH 5

	
pH 6.8

	
pH 7.4






	
P1

	
914.81 ± 1.12

	
1603.54 ± 0.37

	
4149.65 ± 0.40

	
7296.74 ± 1.07

	
9973.05 ± 0.51




	
P2

	
924.67 ± 0.77

	
1614.37 ± 1.08

	
4160.47 ± 0.36

	
7307.56 ± 0.65

	
9983.94 ± 0.25




	
P3

	
935.68 ± 1.2

	
1627.04 ± 0.42

	
4173.15 ± 0.45

	
7320.24 ± 1.02

	
9996.62 ± 0.79




	
P4

	
772.21 ± 0.8

	
1207.63 ± 1.13

	
2760.37 ± 0.64

	
6684.78 ± 0.54

	
9431.45 ± 0.82




	
P5

	
623.97 ± 0.24

	
977.14 ± 0.20

	
2247.39 ± 0.38

	
5387.67 ± 1.15

	
7582.58 ± 0.73




	
P6

	
537.76 ± 0.99

	
864.17 ± 1.06

	
1926.48 ± 0.43

	
4787.32 ± 0.63

	
6701.29 ± 0.39




	
E1

	
948.77 ± 1.98

	
1639.72 ± 1.06

	
4185.83 ± 1.09

	
7332.92 ± 0.43

	
10,009.30 ± 1.11




	
E2

	
827.34 ± 0.32

	
1388.50 ± 0.17

	
3332.77 ± 0.93

	
6671.29 ± 0.71

	
9315.42 ± 0.35




	
E3

	
697.028 ± 0.54

	
1086.89 ± 1.22

	
2483.18 ± 0.58

	
5999.07 ± 0.33

	
8150.10 ± 0.98




	
E4

	
576.96 ± 0.62

	
914.93 ± 0.36

	
2066.73 ± 0.45

	
5108.21 ± 0.21

	
7117.48 ± 0.77








Legend: P1–P6—represents the samples that contain quercetin; E1–E4—represents the samples without quercetin; and idxSWL(%)—represents the swelling index of the microspheres, in all five pH media.
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Table 4. Calculated roughness of microspheres.
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	Sample
	Evaluation

Area (µm2)
	Sa

(µm)
	Sq

(µm)
	Sp

(µm)
	Sv

(µm)
	Sz

(µm)





	P1
	1279 × 1280
	31.31 ± 0.12
	70.16 ± 0.71
	646.03 ± 0.66
	573.40 ± 0.23
	1219.44 ± 0.05



	P2
	1279 × 1280
	33.20 ± 0.53
	76.54 ± 0.28
	682.17 ± 0.45
	668.63 ± 0.26
	1350.81 ± 0.01



	P3
	1279 × 1280
	47.66 ± 0.47
	112.45 ± 0.63
	773.21 ± 0.31
	514.03 ± 0.35
	1287.25 ± 0.98



	P4
	1279 × 1280
	10.49 ± 0.36
	33.78 ± 1.27
	464.26 ± 0.15
	532.05 ± 0.40
	996.31 ± 1.30



	P5
	1279 × 1280
	9.95 ± 1.09
	27.14 ± 0.04
	311.50 ± 0.76
	311.13 ± 0.12
	622.63 ± 1.11



	P6
	1279 × 1280
	5.95 ± 2.07
	16.99 ± 1.08
	257.96 ± 0.54
	277.26 ± 0.02
	535.23 ± 0.46



	E1
	1279 × 1280
	32.93 ± 0.88
	71.31 ± 0.26
	630.69 ± 0.63
	560.65 ± 0.69
	1191.35 ± 0.47



	E2
	1279 × 1280
	15.24 ± 0.63
	38.45 ± 0.18
	313.77 ± 0.24
	272.16 ± 0.25
	585.93 ± 0.64



	E3
	1279 × 1280
	10.01 ± 0.21
	29.27 ± 0.46
	114.60 ± 0.72
	219.23 ± 0.85
	333.83 ± 1.07



	E4
	1279 × 1280
	6.32 ± 0.08
	18.91 ± 0.34
	60.80 ± 0.41
	260.74 ± 0.11
	321.55 ± 0.54







Legend: Sq—square root of the average roughness, Sp—maximum height, Sv—maximum depth, Sz—the sum of Sp and Sv, and Sa—average roughness.
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Table 5. In vitro release results of different microspheres.
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Sample

	
mQrel(%) pH 7.4




	
1 h

	
2 h

	
3 h

	
4 h

	
5 h

	
6 h

	
8 h

	
12 h

	
24 h






	
P1

	
14.05 ± 0.61

	
29.46 ± 0.15

	
41.37 ± 1.14

	
49.10 ± 0.71

	
56.65 ± 0.61

	
62.41 ± 1.06

	
68.68 ± 0.47

	
73.71 ± 1.42

	
81.40 ± 0.57




	
P2

	
16.71 ± 1.18

	
31.59 ± 0.71

	
42.37 ± 1.06

	
53.43 ± 0.44

	
61.65 ± 1.14

	
66.74 ± 1.01

	
71.54 ± 1.14

	
78.57 ± 0.69

	
85.41 ± 1.19




	
P3

	
22.05 ± 1.14

	
36.26 ± 0.95

	
44.70 ± 2.14

	
57.76 ± 0.91

	
61.45 ± 0.65

	
66.91 ± 0.90

	
73.33 ± 1.07

	
81.50 ± 1.27

	
91.06 ± 0.15




	
P4

	
12.05 ± 0.61

	
26.28 ± 0.87

	
37.86 ± 0.46

	
46.76 ± 1.14

	
55.51 ± 2.30

	
61.52 ± 0.79

	
66.83 ± 0.15

	
71.38 ± 1.20

	
80.73 ± 1.29




	
P5

	
8.46 ± 1.61

	
22.59 ± 1.39

	
33.37 ± 0.95

	
42.76 ± 0.95

	
50.94 ± 0.84

	
57.08 ± 1.16

	
62.57 ± 1.19

	
68.04 ± 0.27

	
76.87 ± 0.38




	
P6

	
5.05 ± 0.18

	
16.51 ± 0.57

	
28.48 ± 1.15

	
36.39 ± 0.47

	
46.94 ± 0.88

	
51.53 ± 0.31

	
57.60 ± 0.37

	
63.92 ± 1.28

	
71.46 ± 0.25








Legend: P1–P6—represents the samples that contain quercetin, E1–E4—represents the samples without quercetin, mQrel(%)—in vitro release of quercetin from microspheres, tested in phosphate buffer with a pH of 7.4, h—hour.
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Table 6. Results of testing the antimicrobial activity of the microspheres against different bacterial (Gram + and Gram -) and fungal strains.
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Microorganisms

	
Inhibition Zone in Diameter (mm)




	
SQ0.1

	
SNa-Alg0.75

	
SNa-Alg2

	
SCh0.1

	
SCh0.2

	
SCh0.4

	
SP3

	
SP4

	
SP5

	
SP6






	
Staphylococcus aureus ATCC 25923

	
NI

	
NI

	
NI

	
12 ± 0.1

	
12.5 ± 1.2

	
12.8 ± 0.4

	
13.5 ± 0.7

	
12.4 ± 0.3

	
12.7 ± 0.7

	
13.6 ± 0.9




	
Pseudomonas aeruginosa ATCC 27853

	
NI

	
NI

	
NI

	
11 ± 0.2

	
11.2 ± 0.5

	
11.5 ± 2.7

	
13.9 ± 0.1

	
13.1 ± 0.6

	
13.5 ± 0.1

	
14 ± 0.4




	
Escherichia coli ATCC 25922

	
NI

	
NI

	
NI

	
11.7 ± 0.1

	
12.3 ± 0.8

	
12.4 ± 0.5

	
15.3 ± 0.3

	
14.4 ± 0.7

	
14.9 ± 0.5

	
15.2 ± 0.3




	
Candida albicans ATCC 90028

	
NI

	
NI

	
NI

	
11.3 ± 0.2

	
11.9 ± 0.6

	
12.1 ± 0.4

	
14.2 ± 0.7

	
13.3 ± 0.3

	
13.9 ± 0.2

	
14.2 ± 0.8








Legend: SolQ0.1—quercetin solution 0.1 g, SolNa-Alg0.75—sodium alginate solution 0.75%, SolNa-Alg2—sodium alginate solution 2%, SolCh0.1—chitosan solution 0.1%, SolCh0.2—chitosan solution 0.2%, SolCh0.4—chitosan solution 0.4%, SolP3—P3 sample solution, SolP4—P4 sample solution, SolP5—P5 sample solution, SolP6—P6 sample solution, and NI—no inhibition.
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Table 7. Results of testing the antimicrobial activity of the microspheres against different bacterial strains (Gram + and Gram -) from clinical isolate strains.






Table 7. Results of testing the antimicrobial activity of the microspheres against different bacterial strains (Gram + and Gram -) from clinical isolate strains.





	
Clinical Isolates Strain

	
Inhibition Zone in Diameter (mm)




	
SQ0.1

	
SNa-Alg0.75

	
SNa-Alg2

	
SCh0.1

	
SCh0.2

	
SCh0.4

	
SP3

	
SP4

	
SP5

	
SP6






	
Staphylococcus aureus

	
NI

	
NI

	
NI

	
12.2 ± 0.1

	
12.6 ± 0.2

	
12.9 ± 0.1

	
13.9 ± 0.6

	
12.9 ± 0.3

	
13.4 ± 0.1

	
13.8 ± 0.3




	
Streptococcus pyogenes

	
NI

	
NI

	
NI

	
11 ± 0.2

	
11.7 ± 0.6

	
12.3 ± 0.7

	
12.2 ± 0.4

	
12.3 ± 0.7

	
12.3 ± 0.6

	
12.2 ± 0.2




	
Klebsiella pneumoniae SSP

	
NI

	
NI

	
NI

	
11 ± 0.2

	
11.8 ± 0.5

	
12.3 ± 0.8

	
12.4 ± 0.9

	
12.3 ± 0.6

	
12.3 ± 0.1

	
12.4 ± 0.8








Legend: SolQ0.1—quercetin solution 0.1 g, SolNa-Alg0.75—sodium alginate solution 0.75%, SolNa-Alg2—sodium alginate solution 2%, SolCh0.1—chitosan solution 0.1%, SolCh0.2—chitosan solution 0.2%, SolCh0.4—chitosan solution 0.4%, SolP3—P3 sample solution, SolP4—P4 sample solution, SolP5—P5 sample solution, SolP6—P6 sample solution, and NI—no inhibition.
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Table 8. Results of testing the antimicrobial activity of different antibiotics against different bacterial strains (Gram + and Gram -).
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Microorganisms

	
Inhibition Zone in Diameter (mm)




	
Penicillin

	
Vancomycin

	
Ofloxacin

	
Meropenem

	
Fluconazole

	
Cephalexin

	
Distillated Water






	
Staphylococcus aureus ATCC 25923

	
30 ± 0.8

	
18 ± 0.6

	
27 ± 0.8

	
30 ± 0.8

	
Not tested

	
Not tested

	
6




	
Pseudomonas aeruginosa ATCC 27853

	
Not tested

	
Not tested

	
19 ± 0.6

	
28 ± 0.8

	
Not tested

	
Not tested

	
6




	
Escherichia coli ATCC 25922

	
Not tested

	
Not tested

	
30 ± 0.8

	
29 ± 0.8

	
Not tested

	
Not tested

	
6




	
Candida albicans ATCC 90028

	
Not tested

	
Not tested

	
Not tested

	
Not tested

	
32 ± 1.2

	
Not tested

	
6




	
Streptococcus pyogenes

	
32 ± 0.7

	
22 ± 0.6

	
19 ± 0.6

	
Not tested

	
Not tested

	
Not tested

	
6




	
Staphylococcus aureus

	
22 ± 0.6

	
Not tested

	
24 ± 0.7

	
Not tested

	
Not tested

	
Not tested

	
6




	
Klebsiella pneumoniae SSP

	
Not tested

	
Not tested

	
Not tested

	
Not tested

	
Not tested

	
28 ± 0.9

	
6
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Table 9. Statistical significance p-values generated by MANOVA (p = 0.05) method in post hoc pairwise multiple comparisons. Values less than p = 0.05 denote significant statistical mean differences from pairwise sample comparison.






Table 9. Statistical significance p-values generated by MANOVA (p = 0.05) method in post hoc pairwise multiple comparisons. Values less than p = 0.05 denote significant statistical mean differences from pairwise sample comparison.





	MANOVA,

p-Values
	P1
	P2
	P3
	P4
	P5
	P6





	P1
	1
	<0.0001
	<0.0001
	<0.0001
	<0.0001
	<0.0001



	P2
	<0.0001
	1
	<0.0001
	<0.0001
	<0.0001
	<0.0001



	P3
	<0.0001
	<0.0001
	1
	<0.0001
	<0.0001
	<0.0001



	P4
	<0.0001
	<0.0001
	<0.0001
	1
	<0.0001
	<0.0001



	P5
	<0.0001
	<0.0001
	<0.0001
	<0.0001
	1
	<0.0001



	P6
	<0.0001
	<0.0001
	<0.0001
	<0.0001
	<0.0001
	1
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Table 10. Multivariate analysis final results on sample clusters content, according to MANOVA (p = 0.05) and AHC methods.






Table 10. Multivariate analysis final results on sample clusters content, according to MANOVA (p = 0.05) and AHC methods.





	Cluster_1
	Cluster_2
	Cluster_3
	Cluster_4
	Cluster_5
	Cluster_6





	P2
	P5
	P4
	P6
	P1
	P3



	P2
	P5
	P4
	P6
	P1
	P3



	P2
	P5
	P4
	P6
	P1
	P3
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
q

.@Ita@-\\ Sy [

& ¢
b [z )

A

mode | mag R WD sp HPW — lOleri —
SE 5000x | 108 mm | 3.5 | 25.4 ym microsfera

KV de N.u';'r va3 W PO -,;v: | S —T L R ———
1000kv  UD | SE 2000x 109mm 3.5 63.5pum micros{cre

y

det mode

det | mode ag W0 spot HPW 10 ym oo HV e e nag O WD spot HFW ) — 30 pm
10.00 kv | LFD | SE 5000x | 10.7 mm | 3.5 | 25.4 ym microsfera “4* | 15.00kv | BSED | ZCont | 4000x | 10.0 mm | 2.5 | 104 pm chitosan

4






nav.xhtml


  coatings-13-01376


  
    		
      coatings-13-01376
    


  




  





media/file18.png
AXxis 2

% 10%
|

I L
I 5

Axis 7

P3im

Axis 3






media/file16.png
€d

€d

€d 1

Sd

Sd

Sd

dd -

dd

dd

9d

9d

9d

Pd -

d -

vd

Td 1

Td

Td T

X 10B

o < {e] co

(*e'n) asueisip Ajiejlewisiq





media/file2.png
idxSWL(%)

10,000

8,000

6,000

4,000

2,000

mP1
m P2
mP3

P4
mP5
mPo6
mEl
mE2
mE3
mE4





media/file5.jpg





media/file3.jpg





media/file1.jpg
XSWL(%)

1000

om0

20m

H

i
r2
ars

P

wps

wps






media/file7.jpg
©
e} ©
n

o 2

T

<

1e g

o

a

2

S

4o E

L

]

o~

e f BN

o

o by
———

R EEEEEEEE]
29 § eI LSS A

(%)120W





media/file10.png
mQrel(%)

100

01234546 7 8 9101112131415161718192021222324
Time (h)

—8—P1 —0—P2 P3 P4 —@—P5 —@—P6






media/file12.png
PC2

P5

EE

paf

T T

mQrel_1/4h

mQrel_1/2h
mQrel_24h
mAQrel_1h

Jp3

idxSWL_1h
e,

 1aX idxSWL_5h
ideSWL 3h =

PC3






media/file9.jpg
mQrel(%)

100
90
80
70
60
50
a0
30
20
10

———————+
012345678 9101112131415161718192021222324

Time ()

—e—P1 —8—P2 ——P3 —0—P4 —6—P5 —8—P6






media/file0.png





media/file14.png
8 SIXY
L SIXY
9 SIXY
S SIXY
b SIXY
€ SIXY
T sixy
T SIXy






media/file8.png
o

o

—eo— %

50 -
48 +

46 +

a4 +

L
|
o
<

(%)19s0W

40 +
38 +

36 +
34 4
32 ==

30

P6

P3 P4 P5
Sample (P1-P6)

P2

P1





media/file11.jpg





media/file6.png
nag W
1000% |9.1mm

E2






media/file15.jpg
£
€
€
sa
sa
sd
2
N.
2
%
%
%
va
v
v
T
T
T

<100

(&) asueasip Ay






media/file17.jpg
®)

@





