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Abstract

:

Chitosan nanoparticles (CSNPs) have attracted wide interest; however, there has been no substantial information about a direct comparison of the antimicrobial activity of CSNPs on bacteria and fungi. Thus, in this study, simple, economically feasible CSNPs were synthesized and assessed for their antimicrobial activity. This investigation indicated that the coordination inducing effect of CSNPs could dissociate the tryptophan (Trp) and tyrosine (Tyr) residue groups on the peptide chain of the bovine serum albumin (BSA) molecule, thereby increasing the absorption intensity. The growth of E. coli and S. aureus could be completely inhibited when the concentration of CSNPs in the solution was higher than 0.6 mg/mL. The CSNPs showed more potent antibacterial activity against Gram-negative bacteria (E. coli) than against Gram-positive bacteria (S. aureus). In addition, the CSNPs were effective at initiating cellular leakage of fungal mycelia and damping off fungal pathogens, and their antifungal effects were stronger on P. steckii than on A. oryzae. Furthermore, the antimicrobial activity of the CSNPs was found to be more effective against bacteria than against fungi. This study thus ascertained the antimicrobial activity of synthesized CSNPs against different microorganisms, as well as their different degrees of inhibition.
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1. Introduction


Worldwide, fruits and vegetables are gaining popularity among consumers because they are healthful and rich in micronutrients. However, microbial growth and oxidative deterioration reduce the freshness, quality, and shelf-life of fresh produce [1]. Strategies are therefore needed to enhance the postharvest life of these products in order to increase their longevity and so meet rising global demand. In order to enhance the shelf-life of fresh fruits and vegetables, plastic packaging is one of the most frequently used postharvest strategies, but it could lead to severe global pollution. In light of recent food and environmental safety concerns, there is now considerable interest in antimicrobial and environmentally friendly food packaging. The employment of bio-based materials to fabricate polymeric composites, instead of petroleum-based ingredients (such as polyethylene, polyvinyl alcohol, or polystyrene), has, thus, attracted substantial attention due to their superior ecological, environmental, safety, and sustainability qualities [2,3]. In this context, chitosan films have shown great promise for their application in food preservation.



A natural biopolymer (a linear polysaccharide comprising 1–4 linked 2-amino-deoxy-β-D-glucan), chitosan is a white, hard, inelastic, and nitrogenous polysaccharide derived by partial deacetylation of chitin [4]. It has good fiber- and film-forming properties and can thus be used to form films for food and pharmaceutical applications, including edible coatings and packaging materials, or as drug-eluting carrier [4,5]. Chitosan is a biodegradable and nontoxic polysaccharose with excellent biocompatibility, making it a great antimicrobial substance approved for use in foods [6]. Furthermore, in comparison to other bio-based food packaging materials, chitosan has the added advantage of antimicrobial activity [6,7], as demonstrated in previous studies against various bacteria and fungi [8,9,10,11]. Hence, chitosan is considered a safe and efficient antimicrobial material.



Chitosan nanoparticles (CSNPs) have both the characteristics of chitosan and the advantageous properties of nanoparticles. Consequently, they can be diffused across biofilm structures and exert stronger antimicrobial effects than bulk materials because of their comparatively large surface area [12,13], while maintaining their qualities of biodegradability, biocompatibility, and non-toxicity [14,15]. According to Xing, et al. [16], CSNPs are capable of providing significant antimicrobial properties through various mechanisms. These include the interaction between positively charged CSNPs and negatively charged plasma membrane phospholipids, the metal chelating potency of CSNPs, and cell wall-penetration capability, as well as DNA inhibition and the consequent hindering of mRNA synthesis. The unique characteristics of nanoparticles, with their small size and quantum size effects, could provide chitosan nanoparticles with superior capabilities [17]. The properties of materials change at the nanoscale. This is because the properties of bulk materials remain relatively constant regardless of their size; however, as their size decreases, the percentage of surface atoms increases, thus providing nanoparticles with certain remarkable properties [18,19]. CSNPs have a broad array of applications in the fields of medicine [20,21,22] and food [23,24,25]. Although the chitosan/tripolyphosphate (TPP) system has been extensively studied, to our knowledge there have been no reports that provide a direct comparison of the antimicrobial activities of CSNPs against bacteria and those against fungi.



Thus, in this work we synthesized and characterized CSNPs and investigated their interaction with bovine serum albumin (BSA) as well as their antimicrobial activity against bacteria (Escherichia coli and Staphylococcus aureus) and fungi (Penicillium steckii and Aspergillus oryzae). The antibacterial activity of CSNPs against E. coli and S. aureus was evaluated through the calculation of minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC), growth inhibition, and changes in bacterial membrane protein. The antifungal activity of CSNPs against P. steckii and A. oryzae was evaluated by the calculation of MIC and minimum fungicidal concentration (MFC), growth inhibition, and the conductivity of the fungal cell membrane.




2. Materials and Methods


2.1. Materials


Chitosan (CS, 85.61% deacetylated) was purchased from Jinan Haidebei Marine Biological Engineering Co. Ltd. (Jinan, China); sodium tripolyphosphate and glacial acetic acid were purchased from Chengdu Kelong Chemical Reagent Factory (Chengdu, China); and sodium hydroxide (NaOH) was purchased from Tianjin Continental Chemical Reagent Factory (Tianjin, China). BSA was the BioFroxx brand from neoFroxx (Einhausen, Germany). E. coli and S. aureus were provided by the Institute of Fruit and Vegetable Preservation and Processing, Xihua University, while P. steckii (SICC 3.1177) and A. oryzae (SICC 3.1181) were provided by the Sichuan Center of Industrial Culture Collection (SICC). Bacterial and fungal suspensions with initial densities of 2.5 × 106 and 1 × 105~106 colony-forming units per milliliter (CFU·mL−1), respectively, were prepared and refrigerated at 4 °C. All chemicals were of analytical grade and applied without further purification. Distilled water was used in all experiments.




2.2. Synthesis and Characterization of CSNPs


Synthesis of the CSNPs was conducted according to the method described by Fan, et al. [26] and Fang, et al. [27], with some modifications. The chitosan/TPP nanoparticle suspension was synthesized based on the ionotropic gelation method. First, chitosan solutions (0.76 mg/mL) and TPP solutions (0.77 mg/mL) were equilibrated at room temperature and the pH levels of the chitosan solutions were adjusted to 5.0 with NaOH. Thereafter, the solutions were homogeneously mixed at a chitosan to TPP ratio of 4.11:1 (v/v) at 600 rpm for 10 min. The resulting polymers were spray dried and pre-prepared for the subsequent experiments. The spray drying conditions were: flow rate 120 mL·h−1, drying gas flow 0.35 m3·min−1, spray pressure 130 kPa, inlet temperature 121 °C, outlet temperature 65 °C.



The CSNPs were characterized by micromorphology and thermogravimetric analysis (TGA). The micromorphology was assessed using a microscope (E200, Nanjing Nikon Jiangnan Optical Instrument Co., Ltd., Nanjing, China), while the TGA to determine the thermal stability of the CSNPs was carried out in an N2 atmosphere with a flow rate of 30 mL·min−1 using a thermogravimetric analyzer (DTG-60, Shimazu, Japan). Samples were weighed at approximately 3–5 mg of dry matter. Measurements started at 25 °C and continued up to 800 °C, with a linear increase of 10 °C·min−1 [23].




2.3. Interactions between CSNPs and BSA


The methods of Li, et al. [28] were applied to this assay, with some modifications. First, BSA solution and CSNP solution were diluted with an Na2HPO4-NaH2PO4 solution (pH 6.0) to obtain a BSA solution with a concentration of 1.0 mg/mL and CSNPs solutions with concentrations of 0, 0.25, 0.5, 0.75, 1.0, 1.25, and 1.5 mg/mL. The solutions were shaken at 30 °C and 150 rpm for 30 min in a thermostatic shaker. Thereafter, the ultraviolet-visible (UV-vis) adsorption spectra of the mixed BSA (fixed concentration 1.0 mg/mL) with increasing amounts of CSNPs were recorded in the range of 220–500 nm on an UV-vis spectrophotometer (UV2800, Shanghai Sunny Hengping Scientific Instrument Co., Ltd., Shanghai, China) at room temperature.




2.4. Evaluation of the Effects of CSNPs on Bacterial Membrane Protein


One milliliter of bacterial suspension was added to 3.0 mL of the CSNPs solutions of different concentrations, and these were then shaken at 25 °C and 120 rpm for 1 h, after which the fluorescence intensity was determined. The emission spectra of these samples were scanned from 290 to 500 nm when both of the slit widths of excitation and emission raster were 3 nm, and the excitation wavelength was fixed at 280 nm on a fluorescence spectrometer (FluoroMax-4, HORIBA Scientific, Shanghai, China) [29].




2.5. Minimal Inhibitory Concentrations (MIC) and Minimum Bactericidal Concentration (MBC)


To evaluate the antibacterial potential, the MIC of CSNPs were determined by a 2-fold serial dilution method [30]. The lowest concentration of CSNPs to inhibit the growth of bacteria was considered to be the minimum inhibitory concentration or MIC. In this method, a number of test tubes, each containing 5.0 mL of nutrient broth (NB, Oberstar, Beijing, China), were autoclaved for 15 min at 121 °C. CSNPs were dissolved in an acetic acid (HAc) solution (1.0% v/v) to prepare a CSNP solution with a concentration of 10 mg/mL. While chitosan is only soluble in acetic media, CSNPs are easily dispersed in a distilled water medium for its nice dispersity. Five milliliters of CSNP solution (10 mg/mL) was added and mixed in the first tube, after which 5.0 mL of this mixture was transferred to the next tube, and similar transfers were repeated until each tube contained a test sample solution with half the concentration of the previous one. The tubes were inoculated under aseptic conditions with 100 μL of the freshly prepared bacteria suspension (2.5 × 106 CFU·mL−1). In blank control tubes, deionized water was used instead of the CSNP solution. After mixing, the tubes were incubated in a shaker at 37 °C and 120 rpm for 24 h. The OD600 nm values were measured before and after cultivation in each tube by means of a microplate reader.



Determination of the MBC of CSNP to kill 99.9% of bacteria was performed by assaying the live organisms in those tubes from the MIC test that showed no growth. A loopful (100 μL) from the sample tubes with no obvious change in OD600 nm value was inoculated into plate count agar (PCA), and the tubes were incubated at 37 °C for 24 h and then examined for signs of growth. Growth of bacteria would demonstrate the presence of these bacteria in the original tube. On the contrary, if no growth was observed, then the original tube contained no live bacteria and, therefore, the CSNPs could be deemed bactericidal at that particular concentration [17].




2.6. Evaluation of the Effects of CSNPs on Growth of E. coli and S. aureus


CSNPs solutions were incorporated into NB to obtain various final concentrations: 0.1, 0.2, 0.4, 0.6, and 0.8 mg/mL. The solutions were then sterilized at 121 °C for 20 min. After cooling, 1.0 mL bacterial suspensions were transferred to each group. The groups were shaken at 37 °C and 120 rpm for 24 h and the OD610 nm values measured at intervals. An equal volume of sterile deionized water was used instead of the CSNPs as a control.




2.7. Evaluation of the Effects of CSNPs on the Electrical Conductivity of Mold Cell Membrane


The cellular leakage of P. steckii and A. oryzae fungi following CSNP treatment was measured by determining the electrical conductivity of potato dextrose broth (PDB) containing fungal cultures [31]. Fungal mycelial disks (4 mm) were obtained from the margin of each culture grown on potato dextrose agar (PDA) at 25 ± 1 °C for 5 days and transferred into PDB (20 mL), respectively, followed by incubation at 28 °C for 7 days. At the end of the incubation period, all of the mycelia from the PDB were collected and treated with solutions of different CSNP concentrations. The solutions with CSNPs and fungi were subjected to analysis at different times (1, 2, 3, 4, 5, 6, and 7 h) after incubation. The supernatant was examined using a DDS-11A conductivity meter (Shanghai Lei Chuang Chuangyi Instrument Co., Ltd., Shanghai, China) to analyze cellular leakage. The same volume of deionized water was used as the control [32].




2.8. MIC and Minimum Fungicidal Concentration (MFC)


Both MIC and MFC were investigated by the previously described 2-fold serial dilution method. A CSNP solution with a concentration of 10 mg/mL was prepared and incorporated into PDB resulting in the gradient CSNP solution. Each group was inoculated under aseptic conditions with 100 μL of freshly prepared fungus suspension (1 × 105~106 CFU·mL−1). The blank control tubes contained only deionized water. After mixing, the tubes were incubated at 28 °C for 3 d, after which MIC values were assessed. MFC values were determined by the flat coating method. A loopful (100 μL) from the sample tubes with no obvious change in OD600 nm value was inoculated on PCA (pH 5.6). The tubes were then incubated at 28 °C for 24 h and examined for signs of growth.




2.9. Evaluation of the Effects of CSNPs on the Mycelial Growth of P. steckii and A. oryzae


Two milliliters each of CSNP solutions of various concentrations (0.1, 0.5, 1.0, 3.0, 5.0, and 10 mg/mL) were incorporated into 18 mL PDA, and the mixtures was poured into Petri dishes. After solidification, the respective fungal mycelial disks (6 mm) were obtained from the margin of the cultures grown on PDA, transferred to the center of a solidified PDA Petri dish with the CSNPs, then incubated at 28 °C. The colony diameters of the fungi were measured after culturing for 72, 96, and 120 h. PDA without CSNPs was tested as the negative control [33].




2.10. Statistical Analysis


The tests in this investigation were carried out in triplicate. The test results were analyzed using SPSS 20.0 software (SPSS Inc., Beijing, China). The one-way analysis of variance (ANOVA), followed by the Student-Newman-Keuls test, was used to determine significant differences (p < 0.05) between treatment means.





3. Results and Discussion


3.1. Microscopic Morphology and Thermal Stability of CSNPs


A biological microscope was used to observe the microscopic morphology of CSNP powder prepared by the ion crosslinking method. As shown in Figure 1, the CSNPs were pure white and in the shape of uniform spheres with few impurities observed under the microscope. The thermal stability of the CSNPs was analyzed by TGA. Herein, the TGA curves of the CSNPs displayed two distinct stages of weight loss (Figure 2). The first stage occurred at between 30 and 120 °C and showed about 9.1% weight loss, due to the loss of free and bound water on the materials. The second stage started at 354.8 °C and continued up to 523.5 °C, during which there was a 29.7% weight loss due to polysaccharide thermal decomposition. Similarly, differential thermal analysis (DTA) of the CSNPs was performed to understand their behavior in the application of thermal energy. These first and second stages of degradation appeared as endothermic peaks at 66.5 and 332.6 °C in the DTA curve, respectively. These results confirmed that the CSNP powder had been successfully prepared by the ion crosslinking method, and that it showed good thermal stability and did not thermally decompose at a temperature lower than 354.8 °C. It was thus deemed suitable for further experimental investigation.



The TGA results of this study concur with those of Antoniou, et al. [23], in which values were presented for two mass loss events, with the first occurring near 100 °C and resulting in a weight loss of approximately 10%; however, the second mass loss event resulted in a weight loss of approximately 60%, a value much higher than ours. Furthermore, the DTA results in this study showed that the two endothermic peaks were compatible with the two mass loss events of the TGA. According to Rejinold et al. [34], polysaccharides usually have a strong affinity for water, and in solid state these macromolecules may have disordered structures that can be easily hydrated. The hydration properties of polysaccharides depend on primary and supramolecular structures. The endothermic peak related to the evaporation of water is expected to reflect the molecular changes brought about after cross-linking. In addition, Rejinold, et al. [34] also mentioned that the cross-linking reaction via TPP modifies the crystalline nature of chitosan, so the degradation profile of the CSNPs seems to be different to that of chitosan and more stable.




3.2. Effect of CSNPs on BSA


Bugnicourt and Ladavière [35] reported that when CSNP-loading proteins (including BSA, ovalbumin (OVA), insulin, antigens, and lysozyme) were prepared via the ionic gelation process to obtain a high encapsulation efficiency (EE), no change was observed in their biological activity. This makes them promising candidates for drug delivery applications [36]. As shown in Figure 3, the UV-vis adsorption spectra of the BSA solutions were affected by the addition of increasing quantities of CSNPs. It was clear that a large adsorption peak appeared around 278 nm, and the adsorption peak position appeared to have a weak blue shift (277.5 nm) when the concentration of the CSNP solution was higher than 0.5 mg/mL. This phenomenon was attributed to the exposure of the phenyl group of Trp and Tyr residues [37], and the shift may suggest that the hydrophobicity around Trp and Tyr residues was weakened, and the energy of π→π* transition increased. Meanwhile, it suggested the formation of the complex with BSA and CSNPs [28,38]. There was a small fluctuation around 325 nm. The control group increased from 0.0215 (324.5 nm) to 0.0237 (325 nm) and then slowly decreased to 0.0234 (325.5 nm), and the 1.5 mg/mL group increased from 0.1344 (324.5 nm) to 0.1537 (325 nm) and then slowly decreased to 0.1539 (325.5 nm). With the increases in CSNP concentrations, increases in adsorption values became more obvious, and the range was between 22–193, while the drop range was between 1–4. In addition, there was a surge between 0 and 0.25 mg/mL due to the addition of CSNPs, after which there were two substantial increases between 0.75 and 1.0 mg/mL and between 1.25 and 1.5 mg/mL. The addition of a certain amount of CSNPs thus triggered a noticeable increase in the adsorption values, suggesting a direct interaction between the CSNPs and BSA.



UV-vis adsorption measurement is a very simple and applicable method for exploring structural changes and understanding complex formations in ligand-protein investigations. BSA is a model globular protein with a molecular weight of about 66 kDa and one single polypeptide chain contains 583 amino acids [39]. Ascribed to Trp and Tyr residues, BSA has a strong UV adsorption peak in the range of 260–300 nm [40]. In the present study, BSA was used as a protein model and loaded onto the CSNPs via interaction. It was found that the hydrophobic interaction effect could dissociate the Trp and Tyr residue groups on the peptide chain of the BSA molecule and increase the absorption intensity. The formation of a complex between BSA and CSNPs was due to the hydrophobic interaction [28]. The complex formation induced the stretch of the peptide chain of the BSA molecule and further caused exposure of Trp and Tyr residues, so the absorption values increased [41]. As is commonly known, the carrying capacity is displayed as the highest percentage of non-compressible drug in the acceptable drug [42]. The EE is defined by the percentage of the encapsulated material (such as proteins, drug, active ingredients, etc.) detected in the formulation over the total formulation [43]. Zhang, et al. [44] mentioned that in most nanoparticle delivery systems, the drug carrying capacity is defined as an encapsulation efficiency. In our study, BSA was used as a model and carried onto the CSNPs via interaction. In water, the long hydrophilic chains of the complex could extend to the water, while some BSA might have been encapsulated among the positive hydrophilic chains, suggesting that the BSA was not only on the surface of the nanoparticles but also distributed in the outer hydrophilic layer. Therefore, the BSA carrying capacity of the nanoparticles could be termed as EE [44]. According to Yan, et al. [45], the reduced usage of TPP leads to a retarded interaction between the BSA and TPP and a reduced encapsulation of BSA into nanoparticles. Meanwhile, Abdelgawad and Hudson [46] reported that the morphology of the nanoparticles other than size would not be altered for encapsulation of BSA into nanoparticles.




3.3. Effect of CSNPs on Bacterial Membrane Protein


There are high contents of proteins in the membranes of bacteria, the residues of which could emit fluorescence. The more protein residues that are exposed in the environment, the stronger the fluorescence intensity. Changes in these fluorescence spectra could reflect changes in the position of membrane proteins and, indirectly, the conformation change of cell membranes [16]. Results in this study showed that the fluorescence intensity was positively correlated with the concentration of CSNPs, with no significant changes in wavelength of peak positions (Figure 4). The excitation peak of the Trp residues was 340 nm for E. coli, whereas the excitation peak of the Tyr residues was 305 nm and that of the Trp residues was 340 nm for S. aureus. Trp residues play a major role in fluorescence intensity. The endogenous fluorescence intensity of E. coli increased noticeably after CSNP treatment. When the concentration of CSNPs was 0.4 mg/mL, the fluorescence intensity of the E. coli increased sharply to more than 500,000; the increment was more than 80,000. However, after that, as the concentration of CSNPs increased, the fluorescence intensity increased slowly (Figure 4a). As shown in Figure 4b, the fluorescence intensity of S. aureus increased noticeably between 0.6 and 1.5 mg/mL. When the concentration of CSNPs increased from 0.6 to 0.8 mg/mL, the fluorescence intensity of S. aureus increased sharply only about 20,000; however, the rate of increase slowed after 1.5 mg/mL. After CSNPs treatment, the fluorescence intensity of the bacterial cell membrane protein increased, indicating that the CSNPs had changed the structure of the cell membrane protein, exposing Tyr and Trp residues inside the membrane, which resulted in increased fluorescence.



The Trp, Tyr, and Phe residue emission peaks were 348, 303, and 282 nm, respectively. Of these, Trp had the highest fluorescence intensity, followed by Tyr, with that of Phe the weakest [47]. The excitation peaks of the Trp and Tyr residues in the membrane protein were determined by scanning the emission wavelength at 300–500 nm. In comparative analysis of the fluorescence intensities of the excitation peaks, it was found that the endogenous fluorescence of E. coli and S. aureus was mainly that of Trp, while the Tyr fluorescence was only a small part of the endogenous fluorescence of S. aureus, thus indicating that the endogenous fluorescence intensity of E. coli was higher than that of S. aureus from the beginning. The effects of CSNPs on the endogenous fluorescence intensity of the E. coli and S. aureus cell membrane proteins were, therefore, different, which may be due to CSNPs having different mechanisms against different microorganisms. In addition, the composition of the cell wall structures of Gram-positive and Gram-negative bacteria is inherently different. The cell wall of Gram-negative bacteria is thinner, but the complexity is higher, and the composition consists of peptidoglycan with various proteins, polysaccharides, and lipids, while in Gram-positive bacteria the composition of the cell wall is mainly peptidoglycan with a small number of proteins [48,49]. According to Antoniou, et al. [23], CSNPs (NH3+) might form a polymer membrane outside the cell wall of Gram-positive bacteria, thereby restraining nutrient and oxygen supplies for the metabolic activity of the bacteria. In Gram-negative bacteria, the CSNPs will diffuse through the cell wall, the disruption of which leads to leakage [50]. Therefore, while there was a sudden increase in the fluorescence intensity of E. coli with the addition of CSNPs, this phenomenon did not occur with S. aureus.




3.4. Effect of CSNPs on E. coli and S. aureus


As previously defined, the MIC is the lowest concentration at which bacteria no longer show visible growth [51]. MBC, which is complementary to MIC, is the lowest concentration at which an antibacterial agent is able to kill 99% of bacteria [52]. According to the data presented in Table 1, CSNPs showed the same antibacterial activity against E. coli and S. aureus, as reflected in the MIC and MBC values of 0.625 and 1.25 mg/mL, respectively. As shown in Figure 5a, the optical density of each experimental group was found to be closely related to the concentration of CSNPs. In the first 3 h, the OD610 nm values of each experimental group were lower than that of the control group, indicating that the CSNPs had a certain inhibitory action on the growth of E. coli at the beginning. After 6 h, the growth curve of the 0.1 mg/mL group was close to that of the control group, which indicated that the inhibitory effect of the CSNPs at this concentration on E. coli was weak. When the CSNP solution concentration reached 0.4 mg/mL, CSNPs showed an obvious antibacterial effect, and the OD610 nm value of the 0.6 mg/mL group tended to be parallel to the horizontal axis. When the concentration reached 0.8 mg/mL, E. coli had been inhibited during the whole experiment. In Figure 5b, it can be seen that, as the concentration of CSNPs increased, the inhibitory effect on S. aureus gradually increased. In the first 3 h, compared with the control group, the low-concentration groups (0.1 mg/mL group and 0.2 mg/mL group) did not inhibit S. aureus well. After 6 h, the 0.2 mg/mL group showed an obvious antibacterial effect; however, the OD610 nm value of the 0.2 mg/mL group dropped at 12 h, and then suddenly rose at 18 h It was not a stable antibacterial trend. The 0.4 mg/mL group showed a downward convex curve, indicating that the antibacterial effect of the CSNP became weaker with the increase of treatment time and the time would be much shorter than other experimental groups. When the concentration of CSNPs was higher than 0.6 mg/mL, the growth of S. aureus was completely inhibited. In addition, after 6 h, both E. coli and S. aureus were completely inhibited when the concentration was higher than 0.6 mg/mL and this result was consistent with the results for the MIC of the CSNPs against E. coli and S. aureus.



The CSNPs showed strong and stable bacteriostasis during the entire experiment against E. coli. However, against S. aureus, the low-concentration CSNP (0.1 mg/mL group and 0.2 mg/mL group) solutions did not work in a short time and the concentration CSNP solution of 0.4 mg/mL did not have a long antibacterial time. This indicated that the CSNPs showed more potent antibacterial activity against Gram-negative bacteria (E. coli) than against Gram-positive bacteria (S. aureus), whereas the different mechanism led to the different effects. Although there have been numerous attempts to explain the microbial killing mechanism of CSNPs, it remains unclear. Some studies have reported that the interaction of the negatively charged microbial cell wall with chitosan cationic charges leads to the leakage of the intracellular components [17,53,54]. Qi, et al. [17] reported that chitosan has a chelating effect in microorganisms containing media, thus restricting the growth of microorganisms, and also that they can form bonds on the surface of bacterial cells via ionic groups, resulting in the interruption of micronutrient transportation into bacterial cells. According to Hussein, et al. [55], the thickness of the bacterial peptidoglycan layer plays a crucial role in the susceptibility of bacterial cell walls to CSNPs. The peptidoglycan layer of Gram-positive bacteria (7–8 nm) is thinner in comparison to that of Gram-negative bacteria (20–80 nm) [56]. Moreover, Gram-positive bacteria have more anionic binding sites on the outer surface of their cells walls (e.g., teichoic acid, phospholipids, and cardiolipin) [57]. Based on the above statements and results, we suggest that CSNPs might form a polymer membrane outside Gram-positive bacterial cell walls. The polymer membrane could function as a barrier that results in the interruption of essential nutrients and oxygen transport into bacterial cells, and the lack of nutrients and oxygen in the bacterial cells slows down the activities of the microorganisms, thereby inhibiting their growth. By contrast, CSNPs could penetrate the cell walls of Gram-negative bacteria, leading to the leakage of intracellular components.




3.5. Effect on the Conductivity of Mold Cell Membrane


An extracellular conductivity study was carried out to analyze the effect of CSNPs on mold cell membrane. It was observed that cellular electrolyte leakage in the fungal mycelia increased significantly after all CSNP treatments, compared to the control. Moreover, the extracellular conductivity continued to increase as the CSNP concentration in the solutions increased. At the end of the 2.5 mS·cm−1 treatment (7 h), P. steckii and A. oryzae were found to be at 10.50 and 10.84 mS·cm−1, respectively, while the control groups of P. steckii and A. oryzae were measured at 9.77 and 10.27 mS·cm−1, respectively (Figure 6a,b), due to the loss of cell wall/membrane integrity. Furthermore, for P. steckii (Figure 6a), 3 h was found to be the optimal treatment time, whereas 4 h was best for A. oryzae (Figure 6b). After that, the extracellular conductivity curve changed little with the increase of time.



The present results indicate that the CSNPs were effective in breaking down the fungal cell membranes. Qi, et al. [17] and Orellano, et al. [53] reported that CSNPs can disrupt microbial cell membranes, leading to the leakage of cytoplasm. Abdallah, et al. [54] reported that the antibacterial activity of CSNPs can, at least partially, be linked to apoptosis, the generation of reactive oxygen species, the destruction or disintegration of cell walls, reductions in biofilm formation, and swimming and leakage of the intracellular contents, and eventually cause cell death. In this study, as shown in Figure 4, CSNPs were found to have an impact on the cell walls and cytoplasmic membranes of bacteria. According to Kritchenkov, et al. [58], the antibacterial activity of all studied chitosan derivatives correlates with that of their antifungal activity, which could be explained by their mechanisms being the same. Moreover, as shown in Figure 6, it is evident that the effect of CSNPs on fungal cell membranes is that of rapid destruction, rather than a gradual process. The leakage of the fungal intracellular contents could thus be attributed to the impact of CSNPs on the fungal cell wall, and may be similar to the mechanism of action of CSNPs on Gram-negative bacteria.




3.6. Effect of CSNPs on P. steckii and A. oryzae


This study analyzed not only the antibacterial properties of CSNPs, but also their antifungal properties. According to the data presented in Table 2, in the concentration range investigated, the MIC value of CSNPs against P. steckii was 5 mg/mL; however, the CSNPs had little antifungal effect on A. oryzae. There was an obvious correspondence between the colony diameters of the fungi and the concentration of the CSNPs (Figure 7). In Figure 7a, it can be seen that all concentrations of CSNPs reduced the fungal mycelial growth in comparison to the control. As the concentration of CSNPs in the solutions increased, so the inhibitory effect of the CSNPs on mycelial growth became more severe. After culturing for 120 h, the CSNPs still had an inhibitory effect on the growth of P. steckii, which changed significantly under different concentrations of treatment. Figure 7b shows that the CSNPs had a slight inhibitory effect on the mycelial growth of A. oryzae. These results are consistent with those of the MIC and MFC tests. In the investigated concentration range, the CSNPs showed more potent antifungal activity against P. steckii than A. oryzae. Furthermore, the results of the MIC and MFC/MBC of the CSNPs showed clearly that the antimicrobial activity of CSNPs is stronger against bacteria than it is against fungi. Kim, et al. [59] also reported that bacteria were more susceptible to CSNPs than fungi. According to Verlee, et al. [60], in contrast to Gram-positive and Gram-negative bacteria, the difference between chitosan-sensitive and chitosan-resistant fungi is less pronounced.



According to MubarakAli, et al. [61], the negative charge on the surface of fungal membranes might decrease due to the strong binding of chitosan to fungal cells. This change mainly decreases the actual concentration of K+, thus altering the state of balance, resulting in a K+ efflux. Firstly, chitosan interacts electrostatically with negatively charged phospholipids to affect cell membranes [62]. Then, the cell membrane is disrupted by chitosan, causing it to enter the cell [62,63,64], which could lead to the inhibition of DNA/RNA synthesis [65] and the disruption of protein synthesis [66]. This explains why a higher concentration of CSNPs is required for the fungicidal activity against P. steckii and A. oryzae. Furthermore, chitosan or chitosan derivatives have also shown antifungal activity against other fungi, such as C. albicans [13,53], A. fumigatus [58], and Xanthomonas oryzae pv. oryzae [54].





4. Conclusions


In this study, CSNPs were synthesized and characterized in order to investigate their interaction with BSA cell membrane protein and their in vitro antimicrobial activity against bacteria (E. coli and S. aureus) and fungi (P. steckii and A. oryzae). The results suggested a direct interaction between CSNPs and BSA. In bacterial tests, the CSNPs showed more potent antibacterial activity against Gram-negative bacteria (E. coli) than against Gram-positive bacteria (S. aureus). In fungal tests, the CSNPs showed a stronger antifungal effect on P. steckii than on A. oryzae and could disrupt the fungal cell membranes, causing the leakage of cytoplasm and, eventually, cell death. In addition, a comparative analysis of the MIC and MFC/MBC of the CSNPs showed clearly that their antimicrobial activity was stronger against bacteria than it was against fungi. It remains unclear, however, why bacteria are more susceptible to CSNPs than fungi; a more detailed investigation into the mechanism involved in the antimicrobial action of CSNPs is required. Goy, et al. [65] mentioned that chitosan might lead to the inhibition of DNA/RNA synthesis once chitosan enters the cell. Therefore, we have considered studying the antimicrobial mechanism of CSNPs at the genetic level. For example, could CSNPs lead to the inhibition of DNA/RNA synthesis or the expression of genes involved in essential nutrient transport and metabolism of microorganisms, and what pathways are involved?
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Figure 1. Microscopic morphology of CSNPs. The first from the left are CSNPs (a), followed by 40× (b), 100× (c), 400× (d). 
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Figure 2. TGA and DTA curves of CSNPs. 
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Figure 3. UV adsorption spectroscopy of BSA and gradient concentrations of CSNP solution mixtures. 
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Figure 4. Effect of gradient concentration of CSNP solutions (mg/mL) and control on the fluorescence intensity of (a) E. coli and (b) S. aureus membrane proteins. The emission spectra of these samples were scanned from 290 to 500 nm when the excitation wavelength was fixed at 280 nm. 
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Figure 5. Growth inhibition of (a) E. coli and (b) S. aureus under different concentrations of CSNP solutions (mg/mL). The growth inhibition was measured as turbidity (OD610 nm) for 24 h at 1 h intervals. 
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Figure 6. Effect of different concentration of CSNP solutions (mg/mL) on the extracellular conductivity of (a) P. steckii and (b) A. oryzae after 1, 2, 3, 4, 5, 6, and 7 h of incubation. 
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Figure 7. Effect of gradient concentrations of CSNP solutions (mg/mL) on mycelial growth of (a) P. steckii and (b) A. oryzae after 72, 96, and 120 h of incubation. 
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Table 1. The MIC and MBC of CSNPs against E. coli and S. aureus.
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	Bacteria
	MIC/mg·mL−1
	MBC/mg·mL−1





	E. coli
	0.625
	1.25



	S. aureus
	0.625
	1.25
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Table 2. The MIC and MFC of CSNPs against P. steckii and A. oryzae.
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	Fungi
	MIC/mg·mL−1
	MFC/mg·mL−1





	P. steckii
	5
	>5



	A. oryzae
	>5
	>5
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