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Abstract

:

This study presents a green protocol for the fabrication of a multifunctional smart nanobiocomposite (NBC) (ZnO-PIACSB-TiO2) for secure antimicrobial and antibiofilm applications. First, shrimp shells were upgraded to a polyimidazolium amphiphilic chitosan Schiff base (PIACSB) through a series of physicochemical processes. After that, the PIACSB was used as an encapsulating and coating agent to manufacture a hybrid NBC in situ by co-encapsulating ZnONPs and TiO2NPs. The physicochemical and visual characteristics of the new NBC were investigated by spectral, microscopic, electrical, and thermal methods. The antimicrobial indices revealed that the newly synthesized, PIACSB-coated TiO2–ZnO nanocomposite is an exciting antibiotic due to its amazing antimicrobial activity (MIC/MBC→0.34/0.68 μg/mL, 0.20/0.40 μg/mL, and 0.15/0.30 μg/mL working against S. aureus, E. coli, and P. aeruginosa, respectively) and antifungal capabilities. Additionally, ZnO-PIACSB-TiO2 is a potential fighter of bacterial biofilms, with the results being superior to those of the positive control (Cipro), which worked against S. aureus (only 8.7% ± 1.9 biofilm growth), E. coli (only 1.4% ± 1.1 biofilm growth), and P. aeruginosa (only 0.85% ± 1.3 biofilm growth). Meanwhile, the NBC exhibits excellent biocompatibility, as evidenced by its IC50 values against both L929 and HSF (135 and 143 µg/mL), which are significantly higher than those of the MIC doses (0.24–24.85 µg/mL) that work against all tested microbes, as well as the uncoated nanocomposite (IC50 = 19.36 ± 2.04 and 23.48 ± 1.56 µg/mL). These findings imply that the new PIACSB-coated nanocomposite film may offer promising multifunctional food packaging additives to address the customer demand for safe, eco-friendly food products with outstanding antimicrobial and antibiofilm capabilities.
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1. Introduction


Antibiotic resistance (ABR) and antibiotic-adverse drug reactions (ADRs) are significant problems in public health, leading to prolonged and costly treatments, increased morbidity and mortality rates, and reduced quality of life among patients. ABR occurs when infected cells develop immunity to numerous medicines. This phenomenon has become a significant public health concern, as it leads to the failure of treatments and increases the morbidity and mortality rates of infectious diseases. There are various causes of ABR, including the overuse of drugs, the overexpression of efflux pumps, alterations in drug targets or pathways, changes in drug metabolism, and genetic mutations [1,2]. On the other hand, ADRs are a major concern in clinical practice, especially in elderly patients with multiple comorbidities and polypharmacy circumstances. ADRs can be classified into two groups, Type-A and Type-B. Type-A reactions are predictable, dose-dependent, and related to the pharmacological properties of the drug, whereas Type-B reactions are unpredictable, dose-independent, and are not related to the pharmacological properties of the drug. Type-B reactions are often immune-mediated, idiosyncratic, or genetic in nature [3,4,5]. To tackle these challenges, innovative approaches are being developed and implemented. One such approach is the use of precision medicine. Precision medicine involves tailoring the treatment to an individual’s genetic makeup, lifestyle, and environment. This approach can help healthcare providers identify which antibiotics will work best for a particular patient, reducing the risk of antibiotic resistance and adverse drug reactions [6]. Another promising approach is the development of new antibiotics and alternative treatments. Scientists are exploring new compounds and technologies to create antibiotics that are effective against resistant bacteria. For example, researchers are investigating the use of bacteriophages, which are viruses that can infect and kill bacteria. They are also exploring the use of probiotics, which are live microorganisms that can restore the balance of bacteria in the gut and reduce the risk of infections [7,8].



Bacterial biofilm formation is a complex process that involves the adherence of bacterial cells to a surface and the development of a three-dimensional matrix of extracellular polymeric substances. This matrix serves as a protective barrier against environmental stresses, such as antibiotics and disinfectants, thereby promoting ABR [9]. In addition, biofilms can also have negative impacts on human health. Targeting and inhibiting biofilm formation is important for preventing these issues. The formation of biofilms is regulated by a quorum-sensing (QS) mechanism involving signal molecules, which is essential for the formation of biofilms in many bacterial species, including P. aeruginosa, E. coli, and S. aureus [10]. One promising approach to preventing biofilm growth is the inhibition of signal molecules, such as QS molecules. Other approaches have been developed to eradicate bacterial biofilms, including the use of monoclonal antibodies that can target specific surface proteins on bacteria, preventing them from adhering to surfaces and forming biofilms; the use of enzymes that degrade the extracellular matrix; the use of bacteriophages that specifically target the bacterial host; and the use of nanoparticles that can penetrate the biofilm matrix and disrupt the biofilm structure [11,12].



Despite the availability of multiple strategies intended to overcome ABR and ADR issues, such as combination therapies, the development of new antibiotics, and targeted therapy [13,14], the optimal approach to addressing ABR and ADRs has not yet been attained. In this context, pharmaceutical researchers have been striving to develop effective nanostructured delivery systems and microstructured drug delivery systems (NDDSs and MDDSs) to enhance the therapeutic outcomes of antibiotics, as well as to tackle the current challenges of ABRs, ADRs, and the low aqueous solubility of the drug [15]. In recent years, metals and metal oxide nanoparticles (MNPs/MONPs) have gained increasing attention in the field of biomedicine regarding their ability to reduce ABRs and ADRs due to their unique physicochemical and biological properties [16,17]. One promising approach is the use of MONPs to enhance the effectiveness of existing antibiotics. MONPs have been shown to possess antimicrobial properties and can enhance the penetration of antibiotics into bacterial cells by disrupting the bacterial membrane. In addition, MONPs can also inhibit bacterial efflux pumps, which are a major mechanism of antibiotic resistance. Therefore, the use of MONPs in combination with antibiotics resulted in a significant reduction in the minimum inhibitory concentration (MIC) of several antibiotics acting against resistant strains of bacteria [18,19]. Particularly, TiO2NPs and ZnONPs have been singled out as two of the most promising MONPs for use as antimicrobials. TiO2NPs and ZnONPs are promising antimicrobials due to their physicochemical properties that make them effective against a wide range of microorganisms. TiO2NP is an excellent photocatalyst that can effectively generate reactive oxygen species (ROS) when exposed to light, which can damage the cell membrane of microorganisms and lead to their death. In addition, the ultra-small size of TiO2NPs and ZnONPs enhances their ability to interact with bacteria and viruses. On the other hand, ZnONPs are effective antimicrobials due to their high surface area and their ability to release zinc ions that can disrupt the cell membrane of microorganisms [20,21,22]. However, the potential toxicity and environmental risks of these nanoparticles are major concerns that need to be addressed for safe biomedical applications [23]. Several strategies have been proposed to mitigate the potential toxicity of TiO2NPs and ZnONPs, such as surface modifications, size and shape control, the use of natural antioxidants, chelation therapy, and encapsulation by biocompatible materials [20,24].



The encapsulation of these MONPs with biocompatible and biodegradable biopolymers is considered a promising strategy to mitigate their potential toxicities. The use of biopolymers in encapsulation has been shown to improve the stability, bioavailability, and therapeutic efficacy of MONPs. These biopolymers provide a protective barrier that limits the interaction of the nanoparticles with living organisms, reducing their adverse effects. Furthermore, encapsulation can improve the pharmacokinetics of NPs by increasing their circulation time in the bloodstream, thus enhancing their therapeutic efficacy [25,26,27]. Amongst encapsulating materials, chitosan-based materials are the best choice because of their superior properties and potential, including their antimicrobial and antioxidant efficacy, biodegradability, biocompatibility, nontoxicity, chelating abilities, and film-forming capabilities [25,28]. Polyimidazolium chitosan Schiff bases (PICSBs) are novel and biocompatible materials that have recently gained attention for their potential applications in various fields, such as biomedicine, water treatment, and energy storage. PICSBs exhibit excellent thermal stability and remarkable mechanical properties, making them ideal coating stabilizing agents for metallic nanoparticles. Furthermore, PICSBs have been shown to exhibit antibacterial and antifungal activities, making them potential candidates for use in biomedical and food-packaging applications. Overall, the unique properties of PICSBs make them promising materials for a wide range of applications; further research in this area is needed to fully explore their potential [29].



These remarkable findings served as our inspiration and as a new step in our ongoing exploration and development of innovative pharmacological substances [30,31,32]. The objective of the current study is to create a novel polyimidazolium-supported amphiphilic chitosan Schiff base (PIACSB) that can tightly adhere and co-encapsulate a ZnONP and TiO2NP cocktail in situ to create ternary nanobiocomposite (NBC) (ZnO-PIACSB-TiO2) for safe antimicrobial and antibiofilm applications.




2. Results and Discussion


2.1. Chemistry of Preparation Processes


As shown in Figure 1, a series of consecutive physical processes and chemical reactions were used to upgrade the shrimp shells to the PIACSB. In the pathway, chitosan was extracted from the shrimp shells through several consecutive steps, including deproteinization (to remove proteinaceous materials from shrimp shells) by treatment with NaOH solution, demineralization (to remove insoluble carbonates) by treatment with HCl solution, and deacetylation by treatment with NaOH solution, to convert the obtained chitin to chitosan. Afterward, the partial degradation of chitosan by treatment with H2O2 yielded the corresponding low molecular weight chitosan (LMC). In another route, the salicylaldehyde-functionalized imidazolium ionic liquid (SIIL) was prepared by the chloromethylation of salicylaldehyde, followed by the quaternization of 1,2-dimethylimidazole, to give SIIL. A Schiff base condensation reaction was performed between LMC and SIIL to produce a polyimidazolium-tagged chitosan Schiff base (PICSB) that was subjected to an O-quaternization process with GDMHAC to form the intended PIACSB. Eventually, the PIACSB was applied as an encapsulating agent during the in situ preparation of ternary the NBC (ZnO-PIACSB-TiO2) by the co-precipitation of ZnONPs while preparing TiO2NPs; this process used a sol-gel method from their respective precursors, mediated by ultrasonic irradiation in a PIACSB dispersion. An aqueous NaOH solution was used as a gelling and precipitating agent in this technique.




2.2. Physicochemical Characterization


2.2.1. Physical Characterization


The average molecular weight (Mav) of LMC, PACSB, and PIACSB solutions in aqueous NaCl (0.1 M) was determined by measuring their intrinsic viscosity “η” and applying the Mark–Houwink–Sakurada formula (Equation (1)) [33]:


[η] = K (Mav)α



(1)







The Mav for the LMC, PACSB, and PIACSB samples were found to be 24.48, 35.42, and 49.05 KDa, respectively, which are equivalent to degrees of polymerization (DP) of ~143, ~140, and ~138, respectively.



The zeta “ζ” potential of a nanocomposite is an important factor that affects its physical stability and performance in aqueous media. The ζ-potential of this nanocomposite is known to have a significant impact on its properties and performance, including its stability, dispersibility, and antibacterial activity. Table S1 (Supplementary Materials) shows that the NBC and its encapsulating agent (PIACSB) both have extremely high positive ζ-potential values (PIACSB, +56.81 mV; NBC +47.22 mV), well over the characterized stability limit for nanoformulations (30 mV) [34], which is in line with their cationic nature.



On the other hand, thermogravimetric analysis (TGA) and differential thermal analysis (DTA) are essential tools in nanocomposite characterization that have been used to determine its thermal stability, composition, and degradation kinetics. According to the TGA and DTA thermograms (Figure 2A), the ZnO-PIACSB-TiO2 NBC is thermally stable up to ~250 °C; however, ultimately it undergoes degradation through three thermal decomposition stages. Initially, the NBC lost the physically adsorbed water within the temperature range of 43–127 °C, with an endothermic maximum of 78 °C and a 2.77% weight loss. The first (241–453 °C, endothermic maxima at 249 °C) and second (476–770 °C, endothermic maxima at 486 °C) decomposition stages with major mass losses could be attributed to the degradation of the PIACSB chain, which occurred by the initial loss of the segments grafted on the LMC surface and then the decomposition of the chitosan chain. The last endothermic event, which occurred between 775 °C and 966 °C at a peak of 832 °C, could be attributed to the complete de-encapsulation of the ZnO-PIACSB-TiO2 NBC and the formation of a ZnO-TiO2 nanocomposite [32].




2.2.2. Structural Characterization


Initially, the titrimetric and elemental analyses (EA) results were used. As described in our earlier work [29,33], we first used the results from titrimetric and elemental analyses (EA) to determine the degrees of deacetylation (DD%) in LMC, grafting (GD%) in PICSB, and quaternization (QD%) in PIACSB. The results from these computations are shown in Table S1 (Supplementary Materials). It is noteworthy that there are remarkable variations between the values of nitrogen-to-carbon ratios in the LMC (0.195), PICSB (0.183), and PIACSB (0.117) that are indicative that the grafting and quaternization processes were successful. In addition, the EA results for PICSB and PIACSB (Table S1, Supplementary Materials) further suggest partial grafting and quaternization processes because they do not agree with the full Schiff base condensation of the NH2 group of LMC with SIIL or the quaternization of the OH group of PICSB with the GDMHAC fragment.



On the other hand, energy-dispersive X-ray spectroscopy (EDS) was used to qualitatively and quantitatively estimate the elemental composition of PICSB and its ternary nanobiocomposite (ZnO-PIACSB-TiO2) at a microscopic level. The results of the EDS analysis showed that the PIACSB (Figure S1, Supplementary Materials) contains elemental carbon, oxygen, nitrogen, and chlorine. The presence of C, N, and O is due to both the chitosan chain and salicylidene imidazolium brushes, while the Cl is due to the imidazolium ionic liquid. On the other hand, the EDS analysis of the NBC (Figure S2, Supplementary Materials) displayed new titanium and zinc peaks in addition to the native C, N, O, and Cl peaks; however, this resulted in different percentages, as indicative of the homogeneous distribution of TiO2NPs and ZnONPs into the PIACSB network.



Comparing the FTIR spectrum of PIACSB (Figure 2A) with those of its native components (LMC, SIIL, and PICSB) (Figures S3–S5, Supplementary Materials) provided another element of the proof of its successful production. The NH2 bending absorption peak (1588 cm−1) is still present in the PICSB spectrum, albeit with a much weaker intensity than in the LMC spectrum; two additional peaks appear at 1618 and 1271 cm−1 that may be attributed to the vibration of the azomethine and aryl-O groups, respectively. Additionally, the characteristic carbonyl peak of the SIIL (1669 cm−1) nearly vanished in the PICSB spectrum. According to these results, the PICSB is formed by the partial Schiff base condensation reaction of LMC with SIIL [35]. Meanwhile, the presence of vibration bands typical of the PICSB (3348 cm−1 for O-H/N-H, 1618 cm−1 for azomethine, 1271 cm−1 for aryl-O, and 836 cm−1 for the glycoside group) and the GDMHAC segment (2961 and 2883 cm−1 for the methyl groups; 1510 and 667 cm−1 for R4N+) in the spectrum of PIACSB (Figure 2B), albeit with remarkable changes in their intensities and/or sites due to the quaternization reaction, is indicative of the successful formation of the PIACSB [33]. As for the NBC, the immobilization of ZnO and TiO2 into the matrix of the PIACSB, as well as the mode of interactions between the PIACSB polymeric chain and inorganic nanoparticles (ZnO and TiO2), can be made evident by the significant effects of these nanoparticles on the characteristic FTIR peaks of the PIACSB. As can be seen in Figure 2B, the intermolecular interactions between the PIACSB and ZnO-TiO2 nanoparticles are validated by the alteration of the main characteristics (intensity and site) of the key peaks for the functional groups of the PIACSB (OH, NH, azomethine, and aryl-O). Among other things, the O-H peak was moved from 3346 cm−1 in the PIACSB spectrum to 3321 cm−1 in the NBC spectrum. Additionally, the nanocomposite spectrum showed a negative shift of about −9 cm−1 in the azomethine peak. Moreover, the site of the aryl-O peak has been found to have shifted negatively (∆ν = −12 cm−1). These results demonstrate that interactions with ZnO and TiO2 share hydroxyl, azomite, and phenolic groups [36]. Additional proof that metallic nanoparticles have adhered to the PIACSB surface was provided by the appearance of new FTIR peaks in the spectra of the nanocomposite at 853, 719, and 506 cm−1, which are characteristic of the Zn-O-Ti, Ti-O, and Zn-O, respectively [36].



To further validate the immobilization of the ZnO and TiO2 nanoparticles into the PIACSB matrix, UV-Vis spectroscopy was utilized, which is a powerful tool to provide valuable insight into the NBC’s optical properties. To proceed with this, we obtained ZnO and TiO2 nanoparticles from our previous work [32] and compared the UV spectrum of the NBC (ZnO-PIACSB-TiO2) to those of native components (PIACSB and nascent nanoparticles) (see Figure 2C). Two absorption bands, one faint at 298 nm and one strong at 319 nm, were seen in the PIACSB spectrum. These bands might be attributed to the π→π* and n→π* transitions of the benzene ring and the carbonyl/azomethine groups of the chitosan and the salicylidene fragment, respectively [35,37]. When comparing the UV spectrum of the NBC with those of its native ingredients, it can be seen that the NBC spectrum combines the characteristic absorption peaks of PIACSB, TiO2NPs, and ZnONPs; however, this takes place with blue or red shifts as a result of their mutual interactions. Noticeably, the NBC spectrum exhibited two absorption bands at 295 and 315 nm, which were attributed to the electronic transitions in the PIACSB (blue-shifted). In addition, the peaks observed at 367 and 439 nm could be attributed to the bandgap absorption of the TiO2–ZnO nanocomposite. The red shifts in the bandgap absorption of the nanocomposite indicated the formation of a heterojunction between TiO2 and ZnO, leading to an increase in the separation of photogenerated electron-hole pairs [38]. These results prove that a nanocomposite of PIACSB and metallic oxide was successfully formed by coating a TiO2-ZnO nanocomposite with PIACSB film.



Multiple configurations of proton peaks can be seen in the 1H NMR spectrum of PIACSB (Figure S6, Supplementary Materials). The first set of proton configurations (singlet and multiplet peaks) can be seen in the low-field region (10.19–7.34 ppm) of the PIACSB spectrum, assignable to the nuclear resonances of intramolecular H-bonded phenolic OH, azomethine, salicylidene, and imidazolium protons. The other two sets of proton configurations derived from the resonances of the protons belong to the chitosan chain; the GDMHAC segment can be seen in the high-field region (5.13–1.12 ppm) as very crowded proton signals with various splitting patterns and chemical shifts due to the huge number of protons in various chemical environments. Further evidence for chemical modification of the LMC skeleton with SIIL and GDMHAC, while maintaining the structural identity of the chitosan chain, is provided by the 13C NMR spectra of the PIACSB (Figure S7, Supplementary Materials). In this context, the carbon skeletons of LMC and GDMHAC are responsible for the signals between 97.77 and 16.14 ppm, whereas the carbon atoms in the salicylidene-imidazolium segment are responsible for the signals between 154.87 and 109.65 ppm. In addition, the two distinctive signals at 177.07 ppm and 160.72 ppm are those of the carbon atoms that are bound to the oxygen and nitrogen in the phenol and azomethine, respectively.





2.3. Morphological Characterization


SEM micrographs of the PIACSB and its ternary NBC (Figure 2D,E) were used to preliminarily inspect their surface morphologies. As can be seen in Figure 2D, the ASCSB’s surface has a rough and wrinkled appearance. The SEM micrograph of the ternary NBC (ZnO-PIACSB-TiO2) (Figure 2E), in contrast, showed a smooth surface with minute spherical and semi-spherical particles immobilized in its matrix. These results demonstrate that the metallic TiO2-ZnO nanocomposite successfully adheres to the surface of the PIACSB. Additionally, the TEM nanograph of the NBC (Figure 2F) provides a more in-depth look into its morphological aspects. The TEM nanograph of PIACSB-coated TiO2-ZnO nanocomposite (NBC) shows that the PIACSB forms a single-layered protective shell around the TiO2-ZnO that reduces the aggregation of nanoparticles and allows them to remain dispersed in a homogenous mixture. Further, TiO2-ZnO had a predominantly spherical shape, with a mean particle diameter (MPD) of 54.92 nm (see Figure 3G) and a low degree of polydispersity (PDI = 0.17), indicating that the size distribution of the TiO2-ZnO was almost evenly distributed.




2.4. Antimicrobial Activity Evaluation


Food spoilage is a major concern for both food producers and consumers. In most foods, the surface growth of microorganisms is the major shelf-life limiting factor. Microorganisms are responsible for the spoilage of food products, leading to significant economic losses and a considerable threat to public health. The development of microorganisms, such as bacteria, fungi, and yeasts, results in microbial spoilage, which lowers the quality of food products by producing unpleasant odors, off-flavors, and texture changes. Therefore, inhibiting the growth of microorganisms on the surface of food products is a major challenge for the food industry [39]. Despite the fact that various preservation techniques, such as pasteurization, sterilization, and refrigeration, have been developed to control microbial growth and improve the shelf life of food products, the development of antimicrobial food packaging offers a promising solution to the challenges of food spoilage. This innovative technology is efficient in preventing the growth of harmful microorganisms, thereby extending the shelf-life of food products and reducing food waste. It not only ensures the safety and quality of food but also offers a sustainable approach to food preservation [40,41].



2.4.1. Antibacterial Study


S. aureus and E. coli are among the most common bacteria that cause food spoilage. These microorganisms thrive in various food products, including dairy, meat, and vegetables, and can lead to serious health risks. Moreover, Pseudomonas species have been found to be the primary cause of spoilage in dairy products, such as milk, cheese, and yogurt. These bacteria can grow at low temperatures and are known for their ability to produce enzymes that break down proteins and fats, causing off-flavors, off-odors, and curdling in dairy products [41]. Therefore, it is essential to practice proper food handling and packaging techniques to prevent contamination and spoilage. In this context, the antibacterial performance of the NBC and its native ingredients (PIACSB, ZnO, and TiO2) was evaluated using agar well-diffusion (AWD) and colony-forming unit (CFU) methods against S. aureus, E. coli, and P. aeruginosa. The findings of the AWD assay (see Figure 3A–C) revealed that the ternary NBC had exceptional antibacterial activity that acted against all tested bacterial strains, as compared to their native components (PIACSB, ZnO, and TiO2). Overall, the AWD experiment showed that Gram-negative (G−) bacteria (E. coli and P. aeruginosa) were more susceptible to the nanocomposite than Gram-positive (G+) bacteria (S. aureus). For instance, the antibacterial inhibition zone diameters (IZD) for ZnO-PIACSB-TiO2 dispersion (100 μg/mL) against the different bacterial strains, S. aureus (Figure 3A), E. coli (Figure 3B), and P. aeruginosa (Figure 3C), were measured as 38.11 ± 1.56 mm, 39.81 ± 1.49 mm, and 47.84 ± 1.26 mm, respectively. These IZD values verified that P. aeruginosa is the most susceptible to the NBC film treatment.



According to the outcomes of the AWD experiments, the hybrid metallic oxide nanoparticle-based NBC outperformed its native constituents (PIACSB, ZnO, and TiO2) in terms of bactericidal efficacy. Further antibacterial tests against the tested bacterial strains were therefore carried out on this nanocomposite and its bar nanocomposites (TiO2-ZnO). To that end, the impacts of serial concentrations of these materials (12.5 μg/mL to 50 μg/mL) on bacterial cultures of S. aureus, E. coli, and P. aeruginosa with bacterial concentrations of 1.9 × 106, 2.1 × 106, and 1.8 × 106 CFU/mL, respectively, were investigated using the CFU assay. The results shown in Figure 3D–F and Figure 4 provide evidence that the use of the nanocomposite treatment has a significant impact (p < 0.05) on reducing bacterial concentrations in cultures, with a pathogen- and dose-dependent performance. For example, the colonization of S. aureus, E. coli, and P. aeruginosa declined by 93.8%, 94.1%, and 98.1%, respectively, in their cultures after treatment with 12.5 μg/mL of the nanocomposite. In contrast, when the nanocomposite treatment dose was raised to 50 μg/mL the bacterial populations of S. aureus, E. coli, and P. aeruginosa decreased to reach minimum values of 1.2%, 0.6%, and 0.1%, respectively.



The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values for the newly synthesized materials were determined using the broth dilution (BD) assay, at concentrations ranging from 0.05 to 500 μg/mL, against the tested bacterial strains. When compared to its native constituents (PIACSB, ZnO, and TiO2) and an uncoated nanocomposite (ZnO-TiO2), the MIC and MBC values of the ternary nanobiocomposite (ZnO-PIACSB-TiO2) against all examined bacterial species are much higher (Table 1). Furthermore, the MIC and MBC results showed that each nanocomposite was more effective against G− bacteria (E. coli and P. aeruginosa) than against G+ bacteria (S. aureus), with MIC values ranging from 0.15 to 15.25 μg/mL for the former and from 0.34 to 21.75 μg/mL for the latter. Moreover, the MBC/MIC ratio is a critical measure used to determine the susceptibility or resistance of bacteria to various antibiotics. This test has been widely used to investigate the tolerance levels of bacteria and their responses to different treatments. According to Gonzalez et al., an MBC/MIC ratio (tolerance level) of ≤4 indicates that the antibiotic is bactericidal, meaning that it can kill bacteria effectively. On the other hand, an MBC/MIC ratio (tolerance level) of >4 indicates that the antibiotic is only bacteriostatic, meaning that it can only inhibit bacterial growth [42]. All tested bacterial strains had a tolerance level of <4 toward the ZnO-TiO2 and ZnO-PIACSB-TiO2 nanocomposites, indicating that they were effective bactericidal agents. Overall, the new nanocomposite (ZnO-PIACSB-TiO2) offers a promising new strategy for combating the rise of antibiotic resistance and could potentially be used as a supplement or alternative to traditional antibiotics.




2.4.2. Antifungal Study


A. flavus is a fungus that is known to produce toxic compounds called aflatoxins, which can contaminate food and feedstuffs and pose a serious threat to human and animal health. In recent years, there has been an increasing focus on developing safe and effective strategies for controlling A. flavus growth and preventing aflatoxin contamination [43]. One promising approach is the use of hybrid nanocomposites, which have been shown to possess potent antifungal properties [43]. In this context, the antifungal activities of the bar hybrid nanocomposite (ZnO-TiO2) and PIACSB-coated ternary nanobiocomposite (ZnO-PIACSB-TiO2) were evaluated against A. flavus at serial concentrations in the range of 0–300 μg/mL, in comparison with their native constituents (PIACSB, ZnO, and TiO2). Table 1 shows that the hybrid ZnO-TiO2 nanocomposite has greater antifungal activity against A. flavus than its precursor nanoparticles (ZnO and TiO2) due to its high specific surface area (see Table S1, Supplementary Materials). The nanocomposite’s antifungal efficacy was traced to its propensity to produce reactive oxygen species (ROS), which are toxic to microorganisms. In addition, a higher specific surface area boosts the chances of chemical reactions and the generation of reactive oxygen species at the surface [44]. Intriguingly, the antifungal activity of the hybrid nanocomposite against A. flavus is greatly improved after being coated with a PIACSB film. This could be attributed to the amphiphilic nature of the PIACSB that allows for better interaction with the fungal cell membrane, leading to the disruption of the membrane and ultimately the death of the fungal cell. Additionally, the chitosan component of the PIACSB has been shown to have inherent antifungal properties, further enhancing its efficacy against A. flavus [45]. Notably, ZnO-TiO2 and ZnO-PIACSB-TiO2 both had much lower MIC values (38.55 and 24.85 μg/mL) against A. flavus than their respective native precursors (PIACSB, ZnO, and TiO2). On the other hand, the minimum fungicide concentrations (MFC) for ZnO-TiO2 and ZnO-PIACSB-TiO2 were 77.10 and 49.70 μg/mL, respectively. Overall, the fungicide activity of the PIACSB-coated ZnO-PIACSB-TiO2 hybrid nanobiocomposite was greater than that of the bare ZnO-TiO2 nanocomposite.





2.5. Antibiofilm Activity


Bacterial biofilms in the food industry have been a growing concern in recent years. These colonies of bacteria can form on various surfaces in food processing facilities, leading to the potential contamination of food products and a risk to public health. Thus, prevention and control strategies for bacterial biofilms are crucial to ensure the safety and quality of food products. In this context, we investigated the ability of ZnO-TiO2 nanocomposites to hinder the in vitro growth of S. aureus, E. coli, and P. aeruginosa biofilms on polystyrene surfaces. The findings demonstrated that both nanocomposites were strongly effective in reducing the viability of bacterial biofilms when compared to the growth controls. Generally, the antibiofilm activities of the ZnO-TiO2 nanocomposites were shown to be more effective against enterococcal and P. aeruginosa biofilms than against staphylococcal biofilms. Particularly, the PIACSB-coated hybrid nanobiocomposite (ZnO-PIACSB-TiO2) exhibited very strong antibiofilm effects against S. aureus (only 8.7% ± 1.9 biofilm growth), E. coli (only 1.4% ± 1.1 biofilm growth) and, P. aeruginosa (only 0.85% ± 1.3 biofilm growth), which were superior to those of the positive control (Cipro) (22.3% ± 2.1, 2.9% ± 1.7, and 2.1% ± 1.7 for the same sequence of bacterial biofilms, respectively) (see Figure 5).




2.6. Proposed Molecular Mechanisms of Antimicrobial and Antibiofilm for Action of NBC


The superior antibacterial activity of ZnO-PIACSB-TiO2 nanocomposite could be attributed to the physicochemical properties and synergistic effects of its ingredients. The high nanocomposite surface area allows for greater interaction between the bacterial cells and the nanocomposite, while the zinc and titanium ions can disrupt the bacterial cell wall and interfere with its metabolic processes. Secondly, the ZnO-TiO2 nanocomposite’s antibacterial activity is attributed to the release of reactive oxygen species (ROS), which can damage the bacterial membrane and inhibit its growth. The acidic environment created by the nanocomposite can trigger the release of hydrogen ions, which can further damage the bacterial membrane and increase its susceptibility to the nanocomposite’s antibacterial effects [46,47]. On the other hand, there are a variety of reasons behind the excellent antibacterial action of the PIACSB film. One of the reasons is that its positively charged surface interacts with the negatively charged membranes of microorganisms, causing the leaking of proteinaceous and other internal contents of the pathogen [48,49]. In particular, the chitosan matrix has been shown to be more efficient against G− bacteria than G+ bacteria [50]; nonetheless, chitosan on the surface of the G+ cell can form a polymeric wall that restricts nutrients from entering the cell [51], ultimately causing cell death. Further, the amphiphilic chitosan disrupts the bacterial cell membrane, leading to the leakage of intracellular contents and ultimately cell death. This membrane-disrupting effect of amphiphilic chitosan is attributed to its ability to interact with the lipid bilayer of the bacterial cell membrane. The hydrophobic alkyl chains of the amphiphilic chitosan interact with the hydrophobic tails of the membrane lipids, while the hydrophilic chitosan backbone interacts with the hydrophilic head groups of the lipids. This interaction leads to the formation of pores in the membrane, which results in the leakage of intracellular contents and eventually leads to cell death (see Figure 6). Finally, the presence of both hydrophilic and hydrophobic groups allows amphiphilic chitosan to self-assemble into micelles, which can enhance its solubility and bioavailability, as well as provide a means for the targeted delivery of the antimicrobial agent [52,53].



Several factors were responsible for the superior antibiofilm activity of the PIACSB-coated hybrid nanocomposite (ZnO-PIACSB-TiO2). Initially, the smaller size of the NBC allows it to penetrate the biofilm matrix more easily, leading to a better interaction with the bacterial cells and enhanced antibiofilm activity [54]. The synergistic antibiofilm effects the NBC ingredients (TiO2, ZnO, and PIACSB) through multiple mechanisms. TiO2NPs have been shown to exhibit antibiofilm activities due to their ability to generate reactive oxygen species (ROS). These ROS can cause damage to the bacterial cell membrane, leading to bacterial death. Additionally, TiO2NPs have been shown to disrupt biofilm formation by inhibiting the attachment of bacteria to surfaces and disrupting the bacterial cell wall and membrane. The nanoparticles can also induce oxidative stress and damage DNA, leading to bacterial death. Furthermore, TiO2NPs can interfere with quorum-sensing, a process that regulates gene expression in bacteria and plays a critical role in biofilm formation. Finally, the nanoparticles can disrupt the communication between bacterial cells, preventing them from coordinating the formation of a biofilm [55,56,57]. The superior antibiofilm activities of ZnONPs could be attributed to several factors [58]. Firstly, the unique physicochemical properties of ZnONPs enable them to interact with bacterial cells. Secondly, ZnONPs can interact with bacterial membranes and disrupt their integrity. Lastly, ZnONPs can inhibit quorum-sensing and virulence genes, which are essential for biofilm formation [59]. In addition, the superior antibiofilm activity of amphiphilic chitosan is a promising solution in the fight against microbial infections. This remarkable property can be attributed to several factors, including the ability of the PIACSB to penetrate both hydrophilic and hydrophobic components of the biofilm matrix, allowing the ZnO-TiO2 nanocomposite to enter the bacterial cells more efficiently, inducing further bacterial biofilm destruction. Further, the high surface charge density enables it to disrupt cell membranes and the antiadhesive properties prevents bacterial attachment and colonization [60]. Based on these findings, it can be concluded that the new hybrid NBC is a promising material for the development of biofilm inhibition strategies for the prevention of biofilm-associated infections.




2.7. Antimicrobial NBC vs. Previous TiO2-ZnO-Based Nanocomposites


According to a previous study, the values of MIC and MBC reported for various TiO2-ZnO nanocomposites were in the ranges of MIC/MBC 15.8/15.8–1000/2000 μg/mL, 31.2/31.2–2000/3000 μg/mL, and 9.6/9.6–31.2/31.2 μg/mL against S. aureus, E. coli, and P. aeruginosa, respectively (see Table S2, Supplementary Materials) [61,62,63,64]. However, the newly synthesized PIACSB-coated TiO2-ZnO nanocomposite is particularly exciting due to its amazing antimicrobial activity (MIC/MBC→0.34/0.68 μg/mL, 0.20/0.40 μg/mL, and 0.15/0.30 μg/mL against S. aureus, E. coli, and P. aeruginosa, respectively) and unique properties. PIACSB is a biocompatible and biodegradable polysaccharide that has been shown to enhance the antimicrobial activity of nanoparticles. When combined with TiO2-ZnO nanocomposites, it forms a highly effective antibacterial agent that could be used in a wide range of medical applications. The PIACSB coating also helps to improve the stability and biocompatibility of the nanocomposites, making them safer and more effective for use in both in vitro and in vivo studies. Overall, the promising results of this study suggest that PIACSB-coated TiO2-ZnO nanocomposites could offer a new and effective way to combat bacterial infections and improve human health.




2.8. Cytotoxicity


The cytotoxic effects of two types of nanocomposites, bar hybrid (ZnO-TiO2) and PI-ACSB-coated hybrid (ZnO-PIACSB-TiO2), were assessed in vitro using the MTT assay on mouse (L929) and human skin (HSF) fibroblast cell lines. Concentrations ranging from 3.125 to 200 µg/mL were used. The PIACSB-coated nanocomposite has lower cytotoxicity against fibroblasts compared to the uncoated nanocomposite (ZnO-TiO2), as shown in Figure S8 (Supplementary Materials). At a 100 µg/mL dose, application of the PIACSB-coated nanocomposite resulted in 36.1% and 29.4% toxicity against L929 and HSF, respectively, while the application of the uncoated nanocomposite resulted in 74.3% and 69.9% toxicity against L929 and HSF, respectively. Meanwhile, excellent nanocomposite biocompatibility is demonstrated by an IC50 value for the PIACSB-coated nanocomposite against both cell lines, which is substantially high (IC50 135–143 µg/mL). According to the Food and Drug Administration (FDA), biocompatibility refers to the ability of a material to perform its intended function without causing adverse effects on living tissue. In this regard, the IC50 values of the nanocomposite against both fibroblasts have been shown to be within the 135–143 µg/mL range, which is significantly higher than that of the MIC doses (0.24–24.85 µg/mL) against all tested microbes. Therefore, this indicates that the nanocomposite has biocompatibility according to ISO 10993-5 “Biological evaluation of medical devices-part 5-Tests for in vitro cytotoxicity” [65], which is essential for antimicrobial food packaging applications. The reason for this higher biocompatibility was attributed to the presence of biocompatible amphiphilic chitosan film in the NBC [66]. These results suggest that the nanocomposite has better biocompatibility, making it a promising candidate for biomedical and food packaging applications; nevertheless, additional future research will be performed to comprehensively comprehend the intricate biocompatibility and cytotoxicity impacts of this nanocomposite before its implementation in the food packaging sector.





3. Materials and Methods


The Supplementary Materials section includes comprehensive information on the properties and sources of all chemicals, solvents, and other materials utilized in this study. The starting materials, glycidyldimethylhexadecyl ammonium chloride (GDMHAC), lower molecular weight chitosan (LMC), ZnONPs, and TiO2NPs, were obtained from our previous work. In addition, the preparation and characterization of the functionalized imidazolium ionic liquid (2), polyimidazolium-supported chitosan Schiff base (PICSB), and PIACSB are described in the Supplementary Materials section. The structural characteristics of the novel materials were inspected using microanalytical and spectral techniques (FTIR, UV-Vis, NMR, and ESI-MS), as well as physical measurements. The Supplementary Materials section also included specifics on the instruments utilized to conduct these studies.



3.1. In Situ Preparation of Hybrid Nanobiocomposite (NBC) (ZnO-PIACSB-TiO2)


Figure 1 shows a detailed step-by-step methodology for preparing the starting ingredients and intended NBC. The ZnONPs were synthesized using a co-precipitation technique while preparing the TiO2NPs using a sol-gel method mediated by ultrasonic irradiation in a PIACSB dispersion [32,67]. The first step was to prepare stock solutions of 1.0% PIACSB, 0.3 M Ti4+ precursor (titanium isopropoxide, Ti(OiPr)4), and 0.27 M Zn2+ precursor (zinc acetate, Zn(OAc)2) in 1% aqueous acetic acid/ethanol (1:1 v/v), isopropanol, and deionized water, respectively. Subsequently, the ternary mixture was concocted through the blending of 10 mL of PIACSB dispersion with 1 mL of Ti4+ and Zn2+ solutions each while being subjected to magnetic stirring. The mixture was then subjected to ultrasonic irradiation for 15 min, followed by the gradual addition of 10 mL of NaOH solution (1.355 M) (1 mL/min) under magnetic stirring. A further 20 min of ultrasonic irradiation (200 W, Bandelin, SONOPULS, 20 kHz, Berlin, Germany) was applied once the NaOH addition was finished. The obtained ternary nanocomposite (NBC) (ZnO-PIACSB-TiO2) was collected by centrifugation at 15 × 103 rpm for 30 min, thoroughly washed in ethanol and deionized water, and finally dried at 150 °C for 2 h.




3.2. Antimicrobial Study


AWD and CFU methods were used to evaluate the new materials for their antimicrobial activities against the most prevalent foodborne pathogens Staphylococcus aureus (S. aureus, ATCC 29737), Escherichia coli (E. coli, ATCC 10536), Pseudomonas aeruginosa (P. aeruginosa, ATCC 27853), and Aspergillus flavus (A. flavus, ATCC 46283), which were provided by VACSERA, Egypt, in accordance with our previously published antimicrobial test procedures [54,68], which are briefly described in the Supplementary Materials section. The antibiotic ciprofloxacin (Cipro) served as a reference standard.




3.3. Antibiofilm Study


Our earlier research [54] was used to guide the antibiofilm assay of the novel nanocomposites. Briefly, an aqueous sample solution was applied to 96-well flat-bottom microtiter plates (10 μg/mL, 30 μL/well) and allowed to dry at 37 °C for 24 h. A negative control was provided by deionized water (DIW). After overnight cultivation of the bacterial species at 37 °C on tryptic soy agar (TSA), a few colonies from each bacterium were suspended in 2% glucose-containing tryptic soy broth (TSB). The suspension was subjected to a 60 s vortexing; then, its OD600 (nm) value was set to 0.08, equivalent to a concentration of around 107 CFU/mL. Two hundred microliters of the diluted bacterial suspension was then applied to each pre-coated well; wells without inoculated TSB medium served as growth controls. Finally, after 24 h of incubation at 37 °C, the biofilm growth was quantified by staining the plates with crystal violet and measuring the absorbance at 600 nm on a microplate reader.




3.4. In Vitro Cytotoxicity Study


The cytotoxicity performances of the novel pharmaceutical materials were studied against two fibroblast cell lines, mouse (L929) and human skin (HSF) fibroblasts. These investigations were conducted using the MTT test in accordance with our prior research [30] and are briefly described in the Supplementary Materials section.




3.5. Statistics


In this work, the data obtained were subjected to graphical presentations, statistical analyses, and mathematical treatments using the software packages of OriginPro 9.1.32 and SPSS v17 programs, which ensured the accuracy and reliability of the results. In addition, the p-value was used as a measure of statistical significance. If the p-value of an outcome was less than 0.05, it was regarded as statistically significant.





4. Conclusions


This study presents a new environmentally friendly method for producing a multifunctional nanocomposite (NBC) (ZnO-PIACSB-TiO2) with excellent antimicrobial and antibiofilm properties. The NBC is created by co-encapsulating and capping a mixture of ZnONPs and TiO2NPs. Initially, a series of consecutive physical processes and chemical reactions (deproteinization, demineralization, deacetylation, partial degradation, Schiff base condensation with SIIL, and eventually O-quaternization by GDMHAC) were used to upgrade the shrimp shells to the PIACSB. Subsequently, the PIACSB was utilized as both an encapsulating and coating agent in the in situ synthesis of a hybrid NBC (ZnO-PIACSB-TiO2) through the simultaneous in situ formation of ZnONPs and TiO2NPs. The new materials were physically, structurally, and mophologically characterized based on the “ζ” potential measurements, thermal, elemental analysis, spectral, and microscopic techniques. The new hybrid NBC has the significant potential to synergistically inhibit the colonization of foodborne pathogens (bacteria and fungi) and prevent the development of bacterial biofilms. This study found that the PIACSB-coated hybrid nanocomposite (ZnO-PIACSB-TiO2) had higher antimicrobial indices (MIC/MBC, tolerance, and MIC/MFC) compared to the uncoated hybrid nanocomposite (ZnO-TiO2), indicating its superior effectiveness in inhibiting bacterial and fungal growth. Its activity surpassed that of the clinical antimicrobial medication Cipro. Meanwhile, acceptable nanocomposite biocompatibility is demonstrated by IC50 values for the PIACSB-coated nanocomposite acting against L929 and HSF cell lines that are substantially greater (IC50 135–143 µg/mL) than those of an uncoated one (IC50 = 19.36 ± 2.04–23.48 ± 1.56 µg/mL). These results suggest that the new PIACSB-coated nanobiocomposite film may provide promising multifunctional food packaging additives, meeting the needs of customers for safe and eco-friendly food items with superior antimicrobial and antibiofilm properties.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/antibiotics12071110/s1. Supplementary File S1: 1. Materials and instrumentation; 2. 5-chloromethyl-2-hydroxybenzaldehyde (1); 3. Synthesis of 5-(1,2-dimethylimidazolium) salicylaldehyde chloride (SIIL, 2); 4. Extraction of chitin from shrimp shells; 5. Preparation of chitosan; 6. Preparation of low molecular weight chitosan (LMC); 7. Synthesis of polyimidazolium-supported chitosan Schiff base (PICSB); 8. Synthesis of polyimidazolium-supported amphiphilic chitosan Schiff base (PIACSB); 9. Antimicrobial activity; 10. In vitro cytotoxicity activity. Figure S1: EDS spectrum of PIACSB; Figure S2: EDS spectrum of ZnO-PIACSB-TiO2 (NBC); Figure S3: FTIR of SIIL (2); Figure S4: FTIR of LMC; Figure S5: FTIR of PICSB; Figure S6: 1HNMR (200 MHz) of PIACSB in D2O; Figure S7: 13CNMR (125 MHz) of PIACSB in D2O. Figure S8: Inhibitory effects of serial doses (3.125–200 μg/mL) of (A) ZnO-TiO2 and (B) ZnO-PIACSB-TiO2 on the proliferative activities of L929 and HSF cells; Table S1: Molecular structure indices (Mav, EA, DD, and QD) of new stabilizers (SIIL and PIACSB) and TiO2-ZnO nanocomposites; Table S2: Antimicrobial NBC vs. previous TiO2-ZnO-based nanocomposites





Author Contributions


W.A.E.-F.: Methodology, visualization, analyzing the data, and writing the original draft paper, review, and editing; M.Y.A.: Funding acquisition, supervision, visualization, analyzing the data, and writing the original draft paper; J.A.: Methodology, visualization, analyzing the data, and writing the original draft paper; H.A.R.: Investigation, Methodology, analyzing the data, visualization, writing the original draft paper; A.A.S. and S.E.I.E.: Investigation, Methodology, visualization, and analyzing the data, writing the original draft paper; R.F.M.E.: Coordinating the work, performed the synthesis and characterization, writing the original draft paper, review and editing; I.K.: Methodology, data curation, visualization, and analyzing the data, writing the original draft paper, review, and editing; M.M.S.: Investigation, visualization, and analyzing the data, writing the original draft paper. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the Ministry of Education in KSA for funding this research work through project number KKU-IFP2-H-28.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors extend their appreciation to the Ministry of Education in KSA for funding this research work through the project number KKU-IFP2-H-28.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tanwar, J.; Das, S.; Fatima, Z.; Hameed, S. Multidrug resistance: An emerging crisis. Interdiscip. Perspect. Infect. Dis. 2014, 2014, 541340. [Google Scholar] [CrossRef]

	



Szakács, G.; Paterson, J.K.; Ludwig, J.A.; Booth-Genthe, C.; Gottesman, M.M. Targeting multidrug resistance in cancer. Nat. Rev. Drug Discov. 2006, 5, 219–234. [Google Scholar] [CrossRef]

	



Coleman, J.J.; Pontefract, S.K. Adverse drug reactions. Clin. Med. 2016, 16, 481. [Google Scholar] [CrossRef]

	



Wiffen, P. Adverse drug reactions in hospital patients-A systematic review of the prospective and retrospective studies. In Bandolier; NHS Centre for Reviews and Dissemination: York, UK, 2002; pp. 1–14. [Google Scholar]

	



Patton, K.; Borshoff, D.C. Adverse drug reactions. Anaesthesia 2018, 73, 76–84. [Google Scholar] [CrossRef] [PubMed]

	



Lohse, S. Mapping uncertainty in precision medicine: A systematic scoping review. J. Eval. Clin. Pract. 2023, 29, 554–564. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Xiao, P.; Wang, Y.; Hao, Y. Mechanisms and control measures of mature biofilm resistance to antimicrobial agents in the clinical context. ACS Omega 2020, 5, 22684–22690. [Google Scholar] [CrossRef]

	



Li, Y.; Fang, C.; Zhuang, W.-Q.; Wang, H.; Wang, X. Antimicrobial enhancement via Cerium (II)/Lanthanum (III)-doped TiO2 for emergency leak sealing polyurea coating system. NPJ Mater. Degrad. 2022, 6, 41. [Google Scholar] [CrossRef]

	



Rather, M.A.; Bhuyan, S.; Chowdhury, R.; Sarma, R.; Roy, S.; Neog, P.R. Nanoremediation strategies to address environmental problems. Sci. Total Environ. 2023, 886, 163998. [Google Scholar] [CrossRef]

	



Kumar, L.; Patel, S.K.; Kharga, K.; Kumar, R.; Kumar, P.; Pandohee, J.; Kulshresha, S.; Harjai, K.; Chhibber, S. Molecular Mechanisms and Applications of N-Acyl Homoserine Lactone-Mediated Quorum Sensing in Bacteria. Molecules 2022, 27, 7584. [Google Scholar] [CrossRef] [PubMed]

	



Kharga, K.; Kumar, L.; Patel, S.K. Recent Advances in Monoclonal Antibody-Based Approaches in the Management of Bacterial Sepsis. Biomedicines 2023, 11, 765. [Google Scholar] [CrossRef]

	



Lu, J.; Hu, X.; Ren, L. Biofilm control strategies in food industry: Inhibition and utilization. Trends Food Sci. Technol. 2022, 123, 103–113. [Google Scholar] [CrossRef]

	



Bush, K.; Courvalin, P.; Dantas, G.; Davies, J.; Eisenstein, B.; Huovinen, P.; Jacoby, G.A.; Kishony, R.; Kreiswirth, B.N.; Kutter, E. Tackling antibiotic resistance. Nat. Rev. Microbiol. 2011, 9, 894–896. [Google Scholar] [CrossRef] [PubMed]

	



Walesch, S.; Birkelbach, J.; Jézéquel, G.; Haeckl, F.P.J.; Hegemann, J.D.; Hesterkamp, T.; Hirsch, A.K.H.; Hammann, P.; Müller, R. Fighting antibiotic resistance—Strategies and (pre) clinical developments to find new antibacterials. EMBO Rep. 2023, 24, e56033. [Google Scholar] [CrossRef]

	



Khan, M.I.; Hossain, M.I.; Hossain, M.K.; Rubel, M.H.K.; Hossain, K.M.; Mahfuz, A.M.U.B.; Anik, M.I. Recent Progress in Nanostructured Smart Drug Delivery Systems for Cancer Therapy: A Review. ACS Appl. Bio Mater. 2022, 5, 971–1012. [Google Scholar] [CrossRef]

	



Allahverdiyev, A.M.; Kon, K.V.; Abamor, E.S.; Bagirova, M.; Rafailovich, M. Coping with antibiotic resistance: Combining nanoparticles with antibiotics and other antimicrobial agents. Expert Rev. Anti Infect. Ther. 2011, 9, 1035–1052. [Google Scholar] [CrossRef] [PubMed]

	



Dizaj, S.M.; Lotfipour, F.; Barzegar-Jalali, M.; Zarrintan, M.H.; Adibkia, K. Antimicrobial activity of the metals and metal oxide nanoparticles. Mater. Sci. Eng. C 2014, 44, 278–284. [Google Scholar] [CrossRef]

	



Raghunath, A.; Perumal, E. Metal oxide nanoparticles as antimicrobial agents: A promise for the future. Int. J. Antimicrob. Agents 2017, 49, 137–152. [Google Scholar] [CrossRef]

	



Alavi, M.; Hamblin, M.R.; Martinez, F.; Kennedy, J.F.; Khan, H. Synergistic combinations of metal, metal oxide, or metalloid nanoparticles plus antibiotics against resistant and non-resistant bacteria. Micro Nano Bio Asp. 2022, 1, 1–9. [Google Scholar]

	



Khan, M.; Khan, M.S.A.; Borah, K.K.; Goswami, Y.; Hakeem, K.R.; Chakrabartty, I. The potential exposure and hazards of metal-based nanoparticles on plants and environment, with special emphasis on ZnO NPs, TiO2 NPs, and AgNPs: A review. Environ. Adv. 2021, 6, 100128. [Google Scholar] [CrossRef]

	



Khan, S.T.; Al-Khedhairy, A.A.; Musarrat, J. ZnO and TiO2 nanoparticles as novel antimicrobial agents for oral hygiene: A review. J. Nanoparticle Res. 2015, 17, 276. [Google Scholar] [CrossRef]

	



Khezerlou, A.; Alizadeh-Sani, M.; Azizi-Lalabadi, M.; Ehsani, A. Nanoparticles and their antimicrobial properties against pathogens including bacteria, fungi, parasites and viruses. Microb. Pathog. 2018, 123, 505–526. [Google Scholar] [CrossRef]

	



De Matteis, V. Exposure to inorganic nanoparticles: Routes of entry, immune response, biodistribution and in vitro/in vivo toxicity evaluation. Toxics 2017, 5, 29. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, R.; Xie, H. Nanoparticles in daily life: Applications, toxicity and regulations. J. Environ. Pathol. Toxicol. Oncol. 2018, 37, 209–230. [Google Scholar] [CrossRef] [PubMed]

	



Alavi, M.; Rai, M. Topical delivery of growth factors and metal/metal oxide nanoparticles to infected wounds by polymeric nanoparticles: An overview. Expert Rev. Anti-Infect. Ther. 2020, 18, 1021–1032. [Google Scholar] [CrossRef]

	



Negrescu, A.M.; Killian, M.S.; Raghu, S.N.V.; Schmuki, P.; Mazare, A.; Cimpean, A. Metal Oxide Nanoparticles: Review of Synthesis, Characterization and Biological Effects. J. Funct. Biomater. 2022, 13, 274. [Google Scholar] [CrossRef] [PubMed]

	



Vishvakarma, V.; Kaur, M.; Nagpal, M.; Arora, S. Role of Nanotechnology in Taste Masking: Recent Updates. Curr. Drug Res. Rev. Former. Curr. Drug Abus. Rev. 2023, 15, 1–14. [Google Scholar]

	



Raza, Z.A.; Khalil, S.; Ayub, A.; Banat, I.M. Recent developments in chitosan encapsulation of various active ingredients for multifunctional applications. Carbohydr. Res. 2020, 492, 108004. [Google Scholar] [CrossRef]

	



Elshaarawy, R.F.M.; Dechnik, J.; Hassan, H.M.A.; Dietrich, D.; Betiha, M.A.; Schmidt, S.; Janiak, C. Novel high throughput mixed matrix membranes embracing poly ionic liquid-grafted biopolymer: Fabrication, characterization, permeation and antifouling performance. J. Mol. Liq. 2018, 266, 484–494. [Google Scholar] [CrossRef]

	



Elshaarawy, R.F.M.; Eldeen, I.M.; Hassan, E.M. Efficient synthesis and evaluation of bis-pyridinium/bis-quinolinium metallosalophens as antibiotic and antitumor candidates. J. Mol. Struct. 2017, 1128, 162–173. [Google Scholar] [CrossRef]

	



Elshaarawy, R.F.M.; El-Azim, H.A.; Hegazy, W.H.; Mustafa, F.H.A.; Talkhan, T.A. Poly(ammonium/pyridinium)-chitosan Schiff base as a smart biosorbent for scavenging of Cu2+ ions from aqueous effluents. Polym. Test. 2020, 83, 106244. [Google Scholar] [CrossRef]

	



Refaee, A.A.; El-Naggar, M.E.; Mostafa, T.B.; Elshaarawy, R.F.M.; Nasr, A.M. Nano-bio finishing of cotton fabric with quaternized chitosan Schiff base-TiO2-ZnO nanocomposites for antimicrobial and UV protection applications. Eur. Polym. J. 2022, 166, 111040. [Google Scholar] [CrossRef]

	



El-Sayed, W.N.; Alkabli, J.; Aloqbi, A.; Elshaarawy, R.F.M. Optimization enzymatic degradation of chitosan into amphiphilic chitooligosaccharides for application in mitigating liver steatosis and cholesterol regulation. Eur. Polym. J. 2021, 153, 110507. [Google Scholar] [CrossRef]

	



Hassan, Y.A.; Alfaifi, M.Y.; Shati, A.A.; Elbehairi, S.E.I.; Elshaarawy, R.F.M.; Kamal, I. Co-delivery of anticancer drugs via poly(ionic crosslinked chitosan-palladium) nanocapsules: Targeting more effective and sustainable cancer therapy. J. Drug Deliv. Sci. Technol. 2022, 69, 103151. [Google Scholar] [CrossRef]

	



Alkabli, J.; Rizk, M.A.; Elshaarawy, R.F.M.; El-Sayed, W.N. Ionic chitosan Schiff bases supported Pd(II) and Ru(II) complexes; production, characterization, and catalytic performance in Suzuki cross-coupling reactions. Int. J. Biol. Macromol. 2021, 184, 454–462. [Google Scholar] [CrossRef] [PubMed]

	



Bhanvase, B.A.; Veer, A.; Shirsath, S.R.; Sonawane, S.H. Ultrasound assisted preparation, characterization and adsorption study of ternary chitosan-ZnO-TiO2 nanocomposite: Advantage over conventional method. Ultrason. Sonochem. 2019, 52, 120–130. [Google Scholar] [CrossRef]

	



Elbehairi, S.E.I.; Ismail, L.A.; Alfaifi, M.Y.; Elshaarawy, R.F.M.; Hafez, H.S. Chitosan nano-vehicles as biocompatible delivering tools for a new Ag(I)curcuminoid-Gboxin analog complex in cancer and inflammation therapy. Int. J. Biol. Macromol. 2020, 165, 2750–2764. [Google Scholar] [CrossRef]

	



Rilda, Y.; Damara, D.; Putri, Y.E.; Agustien, A. Synthesis of ZnO-TiO2/Chitosan nanorods by using precipitation methods and studying their structures and optics properties at different precursor molar compositions. IOP Conf. Ser. Earth Environ. Sci. 2019, 217, 12015. [Google Scholar] [CrossRef]

	



Paik, J.S.; Dhanasekharan, M.; Kelly, M.J. Antimicrobial activity of UV-irradiated nylon film for packaging applications. Packag. Technol. Sci. Int. J. 1998, 11, 179–187. [Google Scholar] [CrossRef]

	



Malhotra, B.; Keshwani, A.; Kharkwal, H. Antimicrobial food packaging: Potential and pitfalls. Front. Microbiol. 2015, 6, 611. [Google Scholar] [CrossRef]

	



Al-Tayyar, N.A.; Youssef, A.M.; Al-Hindi, R. Antimicrobial food packaging based on sustainable Bio-based materials for reducing foodborne Pathogens: A review. Food Chem. 2020, 310, 125915. [Google Scholar] [CrossRef]

	



Gonzalez, N.; Sevillano, D.; Alou, L.; Cafini, F.; Gimenez, M.-J.; Gomez-Lus, M.-L.; Prieto, J.; Aguilar, L. Influence of the MBC/MIC ratio on the antibacterial activity of vancomycin versus linezolid against methicillin-resistant Staphylococcus aureus isolates in a pharmacodynamic model simulating serum and soft tissue interstitial fluid concentrations reported in diabetic patients. J. Antimicrob. Chemother. 2013, 68, 2291–2295. [Google Scholar] [CrossRef] [PubMed]

	



Fouad, A.M.; Ruan, D.; El-Senousey, H.K.; Chen, W.; Jiang, S.; Zheng, C. Harmful Effects and Control Strategies of Aflatoxin B1 Produced by Aspergillus flavus and Aspergillus parasiticus Strains on Poultry: Review. Toxins 2019, 11, 176. [Google Scholar] [CrossRef] [PubMed]

	



Chakra, C.H.S.; Rajendar, V.; Rao, K.V.; Kumar, M. Enhanced antimicrobial and anticancer properties of ZnO and TiO2 nanocomposites. 3 Biotech 2017, 7, 89. [Google Scholar] [CrossRef] [PubMed]

	



Gabriel, J.d.S.; Tiera, M.J.; Tiera, V.A.d.O. Synthesis, characterization, and antifungal activities of amphiphilic derivatives of diethylaminoethyl chitosan against Aspergillus flavus. J. Agric. Food Chem. 2015, 63, 5725–5731. [Google Scholar] [CrossRef]

	



Dhanalakshmi, R.; Pandikumar, A.; Sujatha, K.; Gunasekaran, P. Photocatalytic and antimicrobial activities of functionalized silicate sol–gel embedded ZnO–TiO2 nanocomposite materials. Mater. Express 2013, 3, 291–300. [Google Scholar] [CrossRef]

	



Zhan, J.; Chen, H.; Zhou, H.; Hao, L.; Xu, H.; Zhou, X. Mt-supported ZnO/TiO2 nanocomposite for agricultural antibacterial agent involving enhanced antibacterial activity and increased wettability. Appl. Clay Sci. 2021, 214, 106296. [Google Scholar] [CrossRef]

	



Martins, A.F.; Facchi, S.P.; Follmann, H.D.M.; Pereira, A.G.B.; Rubira, A.F.; Muniz, E.C. Antimicrobial activity of chitosan derivatives containing N-quaternized moieties in its backbone: A review. Int. J. Mol. Sci. 2014, 15, 20800–20832. [Google Scholar] [CrossRef]

	



Goy, R.C.; Morais, S.T.B.; Assis, O.B.G. Evaluation of the antimicrobial activity of chitosan and its quaternized derivative on E. coli and S. aureus growth. Rev. Bras. De Farmacogn. 2016, 26, 122–127. [Google Scholar] [CrossRef]

	



Chen, Y.-M.; Chung, Y.-C.; Woan Wang, L.; Chen, K.-T.; Li, S.-Y. Antibacterial activity of chitosan-based matrixes on oral pathogens. J. Environ. Sci. Health Part A 2002, 37, 1379–1390. [Google Scholar] [CrossRef]

	



Díaz-Visurraga, J.; Meléndrez, M.F.; García, A.; Paulraj, M.; Cárdenas, G. Semitransparent chitosan-TiO2 nanotubes composite film for food package applications. J. Appl. Polym. Sci. 2010, 116, 3503–3515. [Google Scholar] [CrossRef]

	



Hosseinnejad, M.; Jafari, S.M. Evaluation of different factors affecting antimicrobial properties of chitosan. Int. J. Biol. Macromol. 2016, 85, 467–475. [Google Scholar] [CrossRef]

	



Nasr, A.M.; Mortagi, Y.I.; Elwahab, N.H.A.; Alfaifi, M.Y.; Shati, A.A.; Elbehairi, S.E.I.; Elshaarawy, R.F.M.; Kamal, I. Upgrading the Transdermal Biomedical Capabilities of Thyme Essential Oil Nanoemulsions Using Amphiphilic Oligochitosan Vehicles. Pharmaceutics 2022, 14, 1350. [Google Scholar] [CrossRef] [PubMed]

	



Elshaarawy, R.F.M.; Ismail, L.A.; Alfaifi, M.Y.; Rizk, M.A.; Eltamany, E.E.; Janiak, C. Inhibitory activity of biofunctionalized silver-capped N-methylated water-soluble chitosan thiomer for microbial and biofilm infections. Int. J. Biol. Macromol. 2020, 152, 709–717. [Google Scholar] [CrossRef]

	



Das, P.; Ghosh, S.; Nayak, B. Phyto-fabricated nanoparticles and their anti-biofilm activity: Progress and current status. Front. Nanotechnol. 2021, 3, 739286. [Google Scholar] [CrossRef]

	



de Dicastillo, C.L.; Correa, M.G.; Martínez, F.B.; Streitt, C.; Galotto, M.J. Antimicrobial effect of titanium dioxide nanoparticles. In Antimicrobial Resistance—A One Health Perspective; IntechOpen: London, UK, 2020. [Google Scholar]

	



Younis, A.B.; Haddad, Y.; Kosaristanova, L.; Smerkova, K. Titanium dioxide nanoparticles: Recent progress in antimicrobial applications. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2022, 15, e1860. [Google Scholar] [CrossRef] [PubMed]

	



Banerjee, S.; Vishakha, K.; Das, S.; Dutta, M.; Mukherjee, D.; Mondal, J.; Mondal, S.; Ganguli, A. Antibacterial, anti-biofilm activity and mechanism of action of pancreatin doped zinc oxide nanoparticles against methicillin resistant Staphylococcus aureus. Colloids Surf. B Biointerfaces 2020, 190, 110921. [Google Scholar] [CrossRef] [PubMed]

	



García-Lara, B.; Saucedo-Mora, M.; Roldán-Sánchez, J.A.; Pérez-Eretza, B.; Ramasamy, M.; Lee, J.; Coria-Jimenez, R.; Tapia, M.; Varela-Guerrero, V.; García-Contreras, R. Inhibition of quorum-sensing-dependent virulence factors and biofilm formation of clinical and environmental Pseudomonas aeruginosa strains by ZnO nanoparticles. Lett. Appl. Microbiol. 2015, 61, 299–305. [Google Scholar] [CrossRef]

	



Rajivgandhi, G.; Maruthupandy, M.; Quero, F. Investigation of Chitosan/Metal and Metal Oxide Nanocomposites as a New Strategy for Enhanced Anti-Biofilm Efficacy with Reduced Toxicity. In Chitosan Nanocomposites: Bionanomechanical Applications; Springer: Cham, Switzerland, 2023; pp. 349–375. [Google Scholar]

	



Azizi-Lalabadi, M.; Ehsani, A.; Ghanbarzadeh, B.; Divband, B. Polyvinyl alcohol/gelatin nanocomposite containing ZnO, TiO2 or ZnO/TiO2 nanoparticles doped on 4A zeolite: Microbial and sensory qualities of packaged white shrimp during refrigeration. Int. J. Food Microbiol. 2020, 312, 108375. [Google Scholar] [CrossRef]

	



El-Naggar, M.E.; Wassel, A.R.; Shoueir, K. Visible-light driven photocatalytic effectiveness for solid-state synthesis of ZnO/natural clay/TiO2 nanoarchitectures towards complete decolorization of methylene blue from aqueous solution. Environ. Nanotechnol. Monit. Manag. 2021, 15, 100425. [Google Scholar] [CrossRef]

	



Karthikeyan, C.; Jayaramudu, T.; Núñez, D.; Jara, N.; Opazo-Capurro, A.; Varaprasad, K.; Kim, K.; Yallapu, M.M.; Sadiku, R. Hybrid nanomaterial composed of chitosan, curcumin, ZnO and TiO2 for antibacterial therapies. Int. J. Biol. Macromol. 2023, 242, 124814. [Google Scholar] [CrossRef]

	



Sakthi Mohan, P.; Sonsuddin, F.; Mainal, A.B.; Yahya, R.; Venkatraman, G.; Vadivelu, J.; Al-Farraj, D.A.; Al-Mohaimeed, A.M.; Alarjani, K.M. Facile In-Situ Fabrication of a Ternary ZnO/TiO2/Ag Nanocomposite for Enhanced Bactericidal and Biocompatibility Properties. Antibiotics 2021, 10, 86. [Google Scholar] [CrossRef] [PubMed]

	



ISO 10993-5:2009; Biological Evaluation of Medical Devices—Part 5: Tests for In Vitro Cytotoxicity. International Organization for Standardization: Geneve, Switzerland, 2009; pp. 617–620.

	



Archana, D.; Singh, B.K.; Dutta, J.; Dutta, P.K. In vivo evaluation of chitosan–PVP–titanium dioxide nanocomposite as wound dressing material. Carbohydr. Polym. 2013, 95, 530–539. [Google Scholar] [CrossRef] [PubMed]

	



Khalid, A.D.; Ur-Rehman, N.; Tariq, G.H.; Ullah, S.; Buzdar, S.A.; Iqbal, S.S.; Sher, E.K.; Alsaiari, N.S.; Hickman, G.J.; Sher, F. Functional bioinspired nanocomposites for anticancer activity with generation of reactive oxygen species. Chemosphere 2023, 310, 136885. [Google Scholar] [CrossRef] [PubMed]

	



Elshaarawy, R.F.; Lan, Y.; Janiak, C. Oligonuclear homo-and mixed-valence manganese complexes based on thiophene-or aryl-carboxylate ligation: Synthesis, characterization and magnetic studies. Inorg. Chim. Acta 2013, 401, 85–94. [Google Scholar] [CrossRef]








[image: Antibiotics 12 01110 g001] 





Figure 1. Step-by-step synthesis of PIACSB and ZnO-PIACSB-TiO2 NBC. 
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Figure 2. (A) Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) curves of the ZnO-PIACSB-TiO2 NBC. (B) FTIR spectra of newly produced materials displaying the key, recognizable absorption bands. (C) UV-Vis spectra of the obtained materials displaying the key, recognizable electronic transition peaks. (F) SEM microimages of (D) PIACSB and (E) ZnO-PIACSB-TiO2 NBC. (F) TEM nanoimage of the ZnO-PIACSB-TiO2 NBC. (G) PSD histograms of the ZnO-PIACSB-TiO2 NBC. Arrows in (C) refer to the characteristic functional groups of each material. 
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Figure 3. (A–C) Graph for the antibacterial inhibition zone diameters (IZD, mm) of the new NBC against (A) S. aureus, (B) E. coli, and (C) P. aeruginosa, as compared to its native constituents (PIACSB, ZnO, and TiO2) and a clinical control. (D–F) Impacts of the NBC on the colonization of (D) S. aureus, (E) E. coli, and (F) P. aeruginosa in their cultures using CFU assay. 
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Figure 4. Photographs of the changes in bacterial colonies after treatment with the uncoated nanocomposite (ZnO-TiO2) and PIACSB-coated nanocomposite (NBC, ZnO-PIACSB-TiO2) as compared to negative and positive controls. 
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Figure 5. (A) S. aureus, (B) E. coli, and (C) P. aeruginosa biofilm inhibition by RNBCs, compared to Cipro and deionized water (growth control). Crystal violet staining protocol was used to quantify biofilm development. 
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Figure 6. (A–C) SEM micrographs of the untreated (control) bacterial cell cultures (A) S. aureus, (B) E. coli, and (C) P. aeruginosa. (D–F) SEM micrographs of the NBC-treated (control) bacterial cell cultures (D) S. aureus, (E) E. coli, and (F) P. aeruginosa. The scale for pictures (A–D) is 1 μm, while for pictures (E,F), it is 10 μm. 
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Table 1. Antimicrobial indices for prepared materials: MIC/MBC (μg/mL), tolerance, and MIC/MFC (μg/mL) against different tested microbial strains, as well as their cytotoxicity indices: IC50 (μg/mL) against the two fibroblast cell line (HSF and L929).
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Parameter

	
IC50 (μg/mL)

HSF Cells

	
IC50 (μg/mL)

L929 Cells

	
MIC/MBC (μg/mL)

	
Tolerance a

SA/EC/PA

	
MIC/MFC (μg/mL)




	
Sample

	
S. aureus

	
E. coli

	
P. aeruginosa

	
A. flavus






	
TiO2

	
14.97 ± 0.31

	
13.45 ± 0.25

	
250/250

	
225/225

	
200/200

	
1/1/1

	
76.25/152.5




	
ZnO

	
67.28 ± 2.25

	
53.63 ± 1.08

	
300/600

	
250/500

	
225/225

	
2/2/1

	
155/310




	
PIACSB

	
>250

	
>250

	
62.5/125

	
62.5/125

	
56.25/112.5

	
2/2/2

	
83.75/83.75




	
TiO2-ZnO

	
23.48 ± 1.56

	
19.36 ± 2.04

	
21.75/21.75

	
15.25/30.50

	
9.25/9.25

	
1/2/1

	
38.55/77.10




	
NBC

	
143

	
135

	
0.34/0.68

	
0.20/0.40

	
0.15/0.30

	
2/2/2

	
24.85/49.70




	
Cipro

	
NA

	
NA

	
0.75/3.01

	
0.5/1.0

	
0.45/0.91

	
4/2/2

	
NA








a Tolerance = MBC/MIC.
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