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Abstract

:

Response Surface Methodology (RSM) was used to assess the optimal conditions for a Water/Oil/Water (W/O/W) emulsion for encapsulated nisin (EN). Nano-encapsulated nisin had high encapsulation efficiencies (EE) (86.66 ± 1.59%), small particle size (320 ± 20 nm), and low polydispersity index (0.27). Biodegradable polyvinyl alcohol (PVA) and polyacrylate sodium (PAAS) were blended with EN and prepared by electrospinning. Scanning electron microscopy (SEM) revealed PVA/PAAS/EN nanofibers with good morphology, and that their EN activity and mechanical properties were enhanced. When the ultrasonication time was 15 min and 15% EN was added, the nanofibers had optimal mechanical, light transmittance, and barrier properties. Besides, the release behavior of nisin from the nanofibers fit the Korsemeyer–Peppas (KP) model, a maximum nisin release rate of 85.28 ± 2.38% was achieved over 16 days. At 4 °C, the growth of Escherichia coli and Staphylococcus aureus was inhibited for 16 days in nanofibers under different ultrasonic times. The application of the fiber in food packaging can effectively inhibit the activity of food microorganisms and prolong the shelf life of strawberries, displaying a great potential application for food preservation.
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1. Introduction


Nowadays, microbial pollution has become a major global public health problem. It is an important research direction to add antibacterial agents into basic materials to prepare new materials with antibacterial effects. In the food industry, chemical antimicrobial agents are usually used to inhibit the growth of microorganisms and prolong the shelf life of food. However, in recent years, due to the widespread use of chemical antimicrobial agents, food safety problems and human health risks have become a concern [1]. Metal antimicrobial agents (such as silver, copper, zinc, and nickel) can show a broad antibacterial spectrum and effectively inhibit microbial growth, but high levels of metal elements significantly increase the risk of poisoning [2]. Natural antibacterial agents are the development direction of antibacterial agents in the future. However, essential oils have been widely used as food preservatives. Although essential oils have unique properties, their applications have been limited due to their low antibacterial activity, chemical complexity, and strong odor [3]. Bacteriocin has attracted much attention as a antimicrobial agent due to its natural, safe and spectrum antibacterial property. Bacteriocins are toxins produced by most bacteria and can kill or block the growth of other closely related bacteria in order to compete for nutrients and space in a limited environment. Most bacteriocins are active only against closely related bacteria and thus exhibit targeted, narrow spectrum activity. This leaves the beneficial bacteria unaffected, further reducing the risk of developing antimicrobial resistance [4]. Nisin has been granted use as a preservative in the food industry, and is a bacterial antibacterial peptide produced by the food grade lactic acid bacterium named Lactococcus lactis subsp. Lactis. It has broad-spectrum efficacy against Gram-positive bacteria and is extensively used in the food industry. However, the application of nisin is limited as it is unstable and insoluble [5]. A microcapsule system based on liposomes and polysaccharides is an important way to solve this problem, which has been developed. Wu et al. prepared and characterized chitosan-nisin (CS-nisin) microcapsules [6]. Relative to CS or nisin alone, CS-nisin microcapsules were significantly more effective at inhibiting microbial growth, lipid peroxidation, and protein degradation. Amara et al. tried complexation to encapsulate nisin (5 g L−1) via a spray-drying technique [7]. Complexation with pectin or alginate preserved nisin structure and antimicrobial activity during spray-drying. Maresca et al. prepared and characterized alginate-nisin microcapsules [8]. In foods stored at 4 °C and with a pH of 4.5 or 6.0, microcapsule antimicrobial activity was effectively preserved. Hassan et al. developed an antimicrobial alginate/resistant starch microcapsule containing nisin [9]. Its highest encapsulation efficiency (EE) was 33% and it created an inhibition zone of 15 ± 2 mm against Pediococcus acidilactici UL5 after 18 h. However, numerous factors may affect microcapsule properties. Stable nisin microcapsules with excellent antimicrobial performance were prepared by response surface methodology (RSM) based on a Box–Behnken design. This process is simple to operate, requires few experimental runs for analysis, and optimizes microcapsule preparation. Hu et al. used RSM to optimize CS-nisin microcapsule preparation [10]. The ideal conditions were CS = 2.4 mg mL−1, salt addition at 8 mL min−1, 3.8:1 (w/w) CS: nisin ratio, and Na2SO4 precipitant. Further, 1% CS-nisin had maximum antibacterial activity at pH 5.0–6.0 and created an inhibition zone 19.85 ± 1.31 mm in diameter against Bacillus subtilis.



Gelatin is a biodegradable protein material with excellent water solubility, emulsification and, thickening capabilities, along with high crosslinking activity. It is produced by the partial hydrolysis of collagen, which is still the main commercial choice for wall materials [11]. De Souza et al. studied gelatin and five different polysaccharides, including Arabic gum and pectin, to encapsulate cinnamomum zeylanicum by composite coacervation. The particles obtained from different materials have high entrapment efficiency. The microencapsulation process maintains the bioactivity potential of cinnamon extract and conceals the undesirable sensory properties, so that it can be used as a functional component in food and as a health care product [12]. In the work of Oliveira et al., green coffee oil loaded with caffeine and kawasol was encapsulated with cashew gum and gelatin to prepare microcapsules. The particle with 25% green coffee oil had good encapsulation efficiency (85.57%). The microcapsules were stable under the processing conditions of tamarind juice, and were able to be mixed into the juice without changing its rheological or sensory properties and remained stable during storage for 30 days [13]. The coacervates were able to encapsulate the lipid extract (astaxanthin encapsulation efficiency 59.9 ± 0.01%), forming multinucleated, polymorphic microcapsules with an average size of 32.7 ± 9.7 μm by the gelatin and cashew gum. Microcapsules are well dispersed in pure yogurt, which can improve the coloring ability, although no differences in odor are found [14]. Several studies reported that the microcapsules prepared by gelatin encapsulation were successfully applied in the food industry. The microencapsulation of nisin prepared by gelatin encapsulation can effectively protect nisin and has broad development prospects in the food industry. The use of polymers such as polyvinyl alcohol (PVA) has attracted interest, as they are biocompatible, biodegradable, nontoxic, chemically resistant, and film-forming. They are used as environmentally friendly packaging film material [15]. Polyacrylate sodium (PAAS) has been used in biomedical fields as a superabsorbent, self-healing medical implant because of its good material properties and biocompatibility [16]. It is nontoxic, durable, cost-effective, and biodegradable. Polymer based nanofibers are considered as potential materials in a wide range of fields due to their excellent properties, such as high specific surface area and easy functionalization. Electrospinning technology, including multi axis electrospinning, is a general method for the production of the fiber membranes of various natural and synthetic materials [4]. Electrospinning has been investigated for protective textiles, biomedical and food packaging as it generates nanofibers with properties not found in traditional fibers such as high pore interconnectivity, high specific surface area, surface functionalization, excellent breathability, tunable porosity, and easy manipulation of chemical compositions and structures for desired properties and functionalities [17]. Previous studies demonstrated that inorganic salts help generate fibers of uniform size and markedly reduce the number and size of beaded structures that form on them [18]. Hence, combining PVA and PAAS by electrospinning could yield homogeneous fibers with excellent morphology. Aminyan et al. prepared superabsorbent nanofibers from polyacrylic acid (PAA) and NaOH by electrospinning and investigated product swelling performance [19]. The nanofibers had ≤ 90,000% water swelling ratios. Jin et al. prepared fibrous membranes and cast films from aqueous mixtures of PVA and PAA via electrospinning and cast solution, respectively [20]. Membrane and film swelling increased with pH but the swollen fibrous membranes were dramatically stronger and more absorbent than the cast films. Some studies have indicated that nisin may be incorporated into nanofibers through electrospinning. Soto et al. prepared biodegradable antimicrobial nanofibers based on amaranth protein isolate: pullulan (API: PUL) plus nisin [21]. The nisin in the (API: PUL) nanofibers had a release rate of 81.49% at pH 3.4 after 12 h. When nisin API:PUL fibers were applied to complete bactericidal activity against Salmonella Typhimurium, L. monocytogenes and L. mesenteroides inoculated in fresh cheese, microorganism inactivation was complete after 142, 120, and 170 h, respectively. Cui et al. reported that polyethylene oxide nanofibers embedded with nisin-loaded poly-γ-glutamic acid/chitosan nanoparticles were highly efficacious against L. monocytogenes [22]. The L. monocytogenes density on fresh cheese decreased from 3.19 log CFU g−1 to 1.43 log CFU g−1 after 7 d. Thus, it can be seen that the nanofiber film embedded with nisin nanoparticles has a development prospect in the application of active packaging for food preservation. Han et al. prepared triaxial fiber membranes containing nisin by electrospinning [4]. Their antimicrobial activity persisted for 7 d. In the first 5 d, the membranes killed > 99.99% of the S. aureus cells and were superior to the other types of membranes tested.



High-energy methods such as ultrasonication have been used to form microcapsules and fibrous membranes because ultrasonic agitation is far stronger in solution than mechanical agitation. Ultrasonication also generates and disperses particles that are homogeneous in size, highly stable, and that have low polydispersity indices in solution [23]. Wang et al. found that ultrasonication accelerates crystallization and improves particle size and morphology [24]. Liu et al. reported that ultrasonication improves the structure, light transmittance, and mechanical and moisture barrier properties of film surfaces relative to those of untreated films [25].



To the best of our knowledge, no studies have attempted to use RSM to optimize encapsulated nisin (EN) with maximum EE or prepare antimicrobial PVA/PAAS nanofibers containing EN. A combination of EN and PVA/PAAS nanofibers could effectively protect and control the release of nisin. Here, we prepared stable EN with excellent antimicrobial performance. We fabricated PVA/PAAS nanofibers containing EN by electrospinning and optimized them by ultrasonication. The nanofiber product had high pore interconnectivity, specific surface area, and surface functionalization. Ultrasonication facilitates EN dispersion, PVA and PAAS blending, and the formation of nanofibers with homogeneous diameters by electrospinning. We determined the optimal nanofiber-forming quantities of PVA/PAAS/EN and established the influence of ultrasonication time on nanofiber functionality, and at the same time, analyzed the release behavior of nisin from nanofibers. Thus, the aim of this work is to develop a new antibacterial nanofiber material by electrospinning technology, which is doped with nisin nanoparticles, and is expected to be used as active food packaging.




2. Materials and Methods


2.1. Materials


PVA (degree of polymerization, 1799 ± 50; degree of deacetylation, ≥ 97.0%) and PAAS (average MW, 4.0–5.0 × 106) were purchased from Chengdu Kelong Chemicals Co. Ltd. (Chengdu, China). Nisin, gelatin, and soy oil were obtained from Shanghai Xinglong Biotechnology Co. Ltd. (Shanghai, China). Staphylococcus aureus (S. aureus) ATCC 29523 and Escherichia coli (E. Coli) ATCC 25922 were acquired in lyophilized form from the CICC (China Center of Industrial Culture Collection, Beijing, China).




2.2. Encapsulated Nisin Preparation


W/O/W emulsions were fabricated according to the method used by Huang et al., with certain modifications [26]. First, 1 g of 0.1 g mL−1 nisin was dissolved in distilled water (inner water phase) and placed in 20 mL soy oil (oil phase) containing various mount of Stepan® 80 (E1). Second, the mixture was placed in 2.5 g of 1% (w/v) gelatin (outer phase) containing Tween® 80 (E2) and stirred for 10 min at 25 °C. Third, the pH of each mixed emulsion was adjusted to 3, 4, and 5, respectively, using HCl (1 mM) or NaOH (1 mM). Ultrasonication was applied for 0 min, 2.5 min, and 5 min at 43 kHz and 200 W (Table 1). EN was obtained by centrifugation at 6000 rpm and 4 °C for 5 min followed by freeze-drying at −50 °C for 48 h.




2.3. Encapsulated Nisin Optimization by Response Surface Methodology


The Box–Behnken (BBD) response surface methodology was used to optimize the formulation for maximum EN efficiency. The effects of E1/E2 (X1), pH (X2), and ultrasonication time (X3) and their interactions on encapsulation efficiency were evaluated. Table S1 shows the actual and coded levels of each factor in terms of BBD. A second-order polynomial equation was used to identify the predictable response:


  Y =  A 0  + 3  ∑  i = 1  3  (  A i   X i  ) +  ∑  i = 1  3   A ii   X i 2  +  ∑  i = 1  2   ∑  j = i + 1  3   A ii   X ij   



(1)




where Y is the response function, A0 is a constant, Ai, Aii, and Aij are linear, quadratic, and interaction coefficients, respectively, Xi and Xj are independent variables, and Xij is interaction coefficients.



For the optimization of encapsulated nisin preparation, a statistical experimental design suggested the preparation of 17 ENs with 12 factorial and five center points (Table S2).




2.4. The Morphology of Encapsulated Nisin and Nanofiber


EN morphology was observed under a SUI510 scanning electron microscope (Hitachi AG, Tokyo, Japan) at 10 kV. The effects of ultrasonication time and nisin mass ratio on the nanofiber morphology were observed under a SUI510 scanning electron microscope (Hitachi AG, Tokyo, Japan) at 10 kV.




2.5. Particle Size and Polydispersity Determination


A particle size analyzer (Zetasizer Nano ZS90, Malvern Instruments Ltd., Malvern, UK) was used to measure particle size and polydispersity (PDI). Before the test, the samples were diluted 1:100 with ultrapure water to avoid interparticle interactions and multiple scattering.




2.6. Encapsulation Efficiency Determination


The encapsulation efficiencies of Nisin (EE) were determined by an agar diffusion test [9]. The nisin EE was calculated as follows:


    EE  ( % )  =     Nisin  1      Nisin  0    × 100  



(2)




where Nisin0 is the concentration of nisin in the polymer mixtures., and Nisin1 is the concentration of the nisin trapped in the microcapsules.




2.7. Turbidity Measurement


EN dispersion served as a turbidity indicator. Absorbance was measured spectrophotometrically at 500 nm and a constant 25 °C.




2.8. Nanofiber Preparation


Eight grams PVA powder and 10 g PAAS powder were weighed out. Each was dissolved in 100 mL deionized water and the solutions were mixed. Various amounts of EN were added to the PVA/PAAS mixture at PVA/PAAS powder: EN mass ratios of 100:0, 95:5, 90:10, 85:15, and 80:20. Each solution was stirred for 2 h and ultrasonicated for 0 min, 15 min, and 30 min at 40 kHz and 50 W. The mixture was stirred again for 2 h under the aforementioned conditions to ensure complete reaction.



The solution was then loaded into a metal capillary (0.5 mm i.d.) to prepare fibers through the electrospinning machine (KH-1, Jinan Liangrui Technology Co., Ltd., China). The ejection flow rate was set to 0.5 mL h−1 with a syringe pump, the voltage was fixed at 20 kV, and the distance between the capillary tip and the collector was 20 cm. The nanofibers were vacuum-dried at 100 °C for 20 min and conditioned at 25 °C and 50% RH for 24 h before testing.




2.9. Fourier-Transform Infrared Experiment


The chemical structures of the nanofibers and the interactions among PVA, PAAS, and EN were examined with a BOEN spectrometer (Feierboen Precision Instruments Ltd., Shanghai, China). The samples were identified at a resolution of 4 cm−1, an average of 32 scans, and a range of 4000–650 cm−1.




2.10. Nanofiber Thickness and Density Measurements


The nanofibers were cut into 10 mm × 30 mm rectangles. Nanofiber thickness (d) was measured at three different points using a gauge with 0.01 mm accuracy. The average of triplicate readings was recorded. Nanofiber mass (m) was determined on an electronic balance with 0.1 mg accuracy. Nanofiber density was calculated as follows:


  ρ =  m  s · d    



(3)




where ρ is the density, m is the nanofiber mass, s is the area of nanofiber, and d is the nanofiber thickness.




2.11. Determination of Mechanical Properties


The nanofibers were cut into 50 mm × 10 mm strips and their tensile strength (TS) and elongation at break (EAB) were measured with the HD-B609B-S (Haida Instruments Co. Ltd., Guangdong, China). The crosshead speed was 20 mm min−1 and the initial distance was 30 mm. All samples were measured in triplicate and the averages were recorded and used in the subsequent analysis.




2.12. Swelling Ratio (SR) and Water Vapor Permeability Measurements


The nanofiber samples (20 mm × 20 mm) were cut out, weighed (W0), and immersed in distilled water at 25 °C for 24 h. Undissolved material and surface water were removed with filter paper before reweighing (W1). The swelling ratio (SR) of nanofiber was calculated as follows:


  SR =    W 1  −  W 0     W 0     



(4)




where W1 is the mass of the swollen sample and W0 is the mass of the initial sample.



The wet cup method was adapted to measure nanofiber water vapor permeability (WVP). The samples were secured on cups and placed in a drying tower at 0% RH and 25 °C. The nanofiber WVP was calculated as follows:


  WVP =  G  tA  (   P  A 1   −  P  A 2    )     



(5)




where G is the weight loss (g), t is the time (h), A is the nanofiber area (m2), and PA1 and PA2 are the water vapor partial pressures (kPa) inside and outside the cup, respectively.




2.13. Surface Color Determination


The nanofiber color characteristics were evaluated with a CS-10 color difference meter (Baiteng Electronic Technology Co. Ltd., Hangzhou, China) using three parallel samples per treatment/condition. The averages of triplicate readings were recorded and used in the subsequent analysis. A standard plate served as the control film (L* = 90.07 ± 0.93; a* = 2.94 ± 0.40; b* = −5.33 ± 0.28). Total nanofiber color difference was calculated as follows:


  Δ E =      (  Δ  L *   )   2  +    (  Δ  a *   )   2  +    (  Δ  b *   )   2     



(6)




where ΔL, Δa, and Δb are the differences between the color values of the standard color plate and the film samples.




2.14. Light Transmittance Determination


Nanofiber light transmittance was obtained by testing 10 mm × 50 mm specimens in a UV-visible spectrophotometer (UV-1800; Shimadzu Corp., Kyoto, Japan) at a wavelength range of 200–800 nm. Each specimen was tested in triplicate and the averages were recorded.




2.15. Biodegradability Assay


The natural soil buried degradation method of Nguyen et al. was used here [27]. Nanofibers were buried in natural soil and tested weekly. The averages of three samples per group were recorded.




2.16. Nisin Release from Nanofibers


Five milligrams of nanofiber containing 15% EN was used in this assay adapted from Bouaziz et al. [28]. At 25 °C, 5 mg of nanofiber was dispersed in 10 mL phosphate-buffered saline (PBS), placed in a dialysis membrane immersed in 200 mL PBS, and continuously stirred at 400 rpm. At predetermined intervals, the PBS was withdrawn, and its absorbance was measured spectrophotometrically. Nisin release from the nanofibers was calculated as follows:


  Release  ( % )  =    Release   nisin     Total   nisin    × 100  



(7)








2.17. Antimicrobial Experiment


The antibacterial properties of nanofibers were measured using the previous method [29]. The antibacterial activity of nanofiber membrane was evaluated by the agar diffusion method. The target strain was inoculated in the ordinary nutrient liquid culture medium, and was cultured at 37 °C for 24 h, and then continuously diluted to 10−7 CFU/ML. Then, 0.10 mL bacterial cells were coated on the surface of tryptone soybean agar (TSA) medium, and three nanofiber discs were placed on the inoculation surface. The plate was cultured at 37 °C for 24 h, and the inhibition zone was measured by digital caliper. The antibacterial test was divided into 3 times and the average value was taken.




2.18. Preservation Test


The strawberries from each set of treatment conditions were medium well, and had an intact and fresh appearance. The assessments were conducted under ambient conditions at about 20 ± 1 °C and 60 ± 5% RH in a sensory evaluation room. The changes in the strawberries’ appearance on days 2, 4, 6, and 8 were valued and recorded for qualitative evaluation.




2.19. Statistical Analysis


All data are expressed as mean ± standard deviation. Analysis of variance and significance testing were performed using Duncan in statistical analysis software SPSS 22, and mapping was performed with Origin 2017.





3. Results


3.1. Nisin Encapsulation Optimization via a Response Surface Methodology Experimental Design


The mechanism by which soy oil/gelatin encapsulates nisin is shown in Figure 1. Nisin is water-soluble as its polar groups (-NH2, -COOH) form hydrogen bonds with water molecules. Unlike nisin solution, soy oil is nonpolar, has a low surface tension, and creates large interfacial tension between itself and the water phase. Thus, it is insoluble in water. In this experiment, the oil–water interface was visible as a surface rather than a line. The upper layer was oil and the lower layer was water. However, the addition of the lipophilic emulsifier Stepan® 80 reduced the interfacial tension by linking the gap between oil phase and water phase, resulting in free energy decrease for the formation of emulsion, and allowed an interfacial film to form between the oil and water phases. An Oil/Water (O/W) emulsion formed, and nisin solution droplets were trapped in the oil within the bulk oil phase. In this way, a single oil phase and water accumulation were avoided. The resultant Water/Oil (W/O) emulsion droplets were placed in a gelatin solution with the hydrophilic emulsifier Tween® 80 (outer phase). The mixture was ultrasonicated and broken up into smaller droplets because intensive disruptive forces and ultrasound cavitation generated by ultrasonic wave can break up the water and oil phases. Tween® 80 adsorbed at the interface induced attraction and aggregation in response to interfacial disturbances. Its lipophilic group entered the oil phase while its hydrophilic group entered the water phase, Hence, the surface energy increased. In this way, they remained stable in the suspension system for a long time and created a Water/Oil/Water (W/O/W) emulsion.



EN production efficiency can improve with ultrasonication time. Also, pH significantly influences nisin activity. The emulsifier ratio (E1/E2) also has important effects on EN structure and safety. Tween® 80 and Stepan® 80 were used as emulsifiers here as they have low toxicity, high emulsifiability and dispersibility, and the ability to minimize EN size [30]. For these reasons, the effects of the ultrasonication time, pH, and emulsifier ratio were explored here to create optimal EN. Based on the BBD response surface design, 17 experiments were run with different randomized combinations of the aforementioned variables. The observed and predicted experimental outcomes are listed in Table 1. Multiple regression analysis of the experimental data correlated the response and test variables according to a second-order polynomial equation:


  EE = + 85.41 + 1.34  X 1  + 4.86  X 2  + 2.59  X 3  + 1.87  X 1   X 2  − 0.65  X 1   X 3  + 1.07  X 2   X 3  − 1.47  X 1 2  − 9.52  X 2 2  − 2.10  X 3 2   



(8)







Table 1 shows that this model had highly significant fitness because its F-test had a high F-value (116.14) and a low p-value (p < 0.0001). The data in Table 1 also suggest that the variables affecting EE were the linear effect of pH, the quadratic effect of ultrasonication time, the quadratic effect of E1/E2, respectively (p ≤ 0.05), and the interaction between E1/E2 and ultrasonication time (p ≤ 0.05). A comparison of the F-values revealed that the order of the factors influencing EN EE was ultrasonication time (279.3) > E1/E2 (79.21) > pH (21.19). The high values for the determination coefficient (R2 = 0.9933) and the adjusted determination coefficient (Adj R2 = 0.9848) indicated strong correlation between the study results and the values predicted by this equation. Therefore, RSM models may be used to study the linear, interaction, and quadratic effects of pH, ultrasonication time, and E1/E2 on nisin EE.



Figure S1 shows that the main factor affecting the EE was ultrasonication time. EE initially increased with ultrasonication time but decreased when it was > 3 min. This result corroborates the one reported by Myers et al. [31]. After short ultrasonication times, the nisin solution was uniformly dispersed in the soy oil and could be easily encapsulated. In contrast, excessive ultrasonication damaged the EN, thereby causing the nisin to leak and the EE to decline. When E1 > E2, the EE increased until it reached a maximum at E1/E2 = 1.57. The relatively larger quantity of Stepan® 80 caused the nisin to emulsify more effectively in the soy oil, form smaller droplets, and enable greater amounts of nisin to be encapsulated. The results indicated that the optimal conditions for EN preparation were pH = 4.2, ultrasonication time 3 min, and E1/E2 = 1.57. These settings can maximize nisin EE and optimize EN properties.




3.2. Effects of Ultrasonication on Characterization of Encapsulated Nisin


To examine the effects of ultrasonication on EN characterization, we measured the particle size, PDI, and EE of EN under various ultrasonication times (Table 2). Relative to EN not subjected to ultrasonication, those that were ultrasonicated had significantly smaller particle sizes and PDI. For the untreated EN, diameter = 550 ± 30 nm and PDI = 0.78 ± 0.02. The EN was smallest and had uniform PDI after 3 min of ultrasonication. However, EN particle size increased and PDI decreased with increasing ultrasonication time. Similar results were reported by Tang et al. [32]. As the ultrasonication time rose from 3 min to 5 min, the average particle sizes significantly increased from 320 ± 20 nm to 390 ± 20 nm (p < 0.05). The suspended EN particles became unevenly dispersed and their homogeneity decreased with increasing ultrasonication time up to 5 min. Joshi et al. indicated that EN stability and retention time increased with EE [33]. EE increased with ultrasonication time when the time did not exceed 3 min. At 3 min ultrasonication, the maximum EE was 86.66 ± 1.59% possibly because the particle size distribution and the emulsifier adsorption rate on the particle surface are affected by the ultrasonication time of the emulsification process [32]. It is suggested that when the particle size is small, it can possess high entrapment efficiency due to the energy output of ultrasonication. This is probably because intensive disruptive forces and ultrasound cavitation generated by ultrasonic wave can break up the water and oil phases and increase the binding site between oil droplets and the emulsifier, which enhance the oil droplet emulsification and increase the nisin EE [34]. When the ultrasonication time exceeded 3 min, the W/O/W could no longer embedded the excess nisin and the EE consequently decreased to 76.42 ± 1.57%. When the ultrasonication time further increased and surpassed the encapsulation threshold, the nisin either dissolved or was adsorbed to the EN surfaces and the EE declined. It is possible that the sheer force of the ultrasonication to lower the physical properties of the interfacial film and the oil–water interfacial viscosity, also act to destabilize the EN structure. Some researchers reveal that the emulsion particles can be broken in the surpassed ultrasonication process. Our study indicated that a relatively long ultrasonic time was preferable to produce uniform particle sizes and PDI for EN. However, any further increases in ultrasonication time adversely affected EE. Thus, 3 min of ultrasonication was optimal in terms of EE, particle sizes, and PDI.




3.3. SEM of Encapsulated Nisin and Nanofiber


The microscopic characterization of EN (pH 4.2, ultrasonication time 3.0 min, and E1/E2 1.57) is shown in Figure 2a,b Under optimal conditions, the EN was spherical, smooth, intact, and had sound network structure integrity. The average EN size was 321 ± 20 nm with nisin present. The effects of ultrasonication time on turbidity are shown in Figure 2c. Relative to EN particles that were ultrasonicated, those that were not subjected to ultrasonication had maximum turbidity at 0.72 ± 0.11. EN turbidity was lowest and particle dispersion was widest after 3 min of ultrasonication time. The initial decrease in turbidity was followed by an increase. The suspended EN particles became evenly distributed and their homogeneity increased with ultrasonication time [35]. However, when the ultrasonication time passed a certain point, the homogeneity decreased, possibly because the ultrasonication inhibited EN sedimentation. Joshi et al. reported a similar finding [33].



From left to right, show the nanofiber morphology at ×5000, and ×50,000 (Figure 2d,j). These images reveal that PVA/PAAS/EN-0% nanofibers exhibited good network structural integrity, smoothness, and no cracking or bead defects. However, the nanofibers appeared disorganized after the EN was added. The disordered areas of the PVA/PAAS nanofibers presented with crosslinking. Though the EN-doped nanofibers retained a bead structure and were now wider, their surfaces were smooth and intact. Small bumps were visible in the nanofibers. These may have indicated EN immobilization in the PVA/PAAS. This observation aligned with a previous study which reported that after lysozyme immobilization, bumps were detected on the surfaces of the chitosan nanofibers encapsulating it [36]. The average nanofiber diameters are shown in Figure 2e,g. The diameter of the EN-free PVA/PAAS nanofibers was in the range of 250–350 nm and the average was 290 ± 16 nm. However, when the EN content was increased to 10%, the nanofiber diameter was in the range of 250–450 nm which was greater than that for the PVA/PAAS/EN-0% nanofibers. Further, the average diameter was now 370 ± 23 nm. This particle size increase may be explained by the molecular interactions between PVA and EN and the uneven charge distribution resulting from unstable electrostatic spinning. Khan et al. reported similar findings for PVA/ZnO nanofibers [37]. They found that the nanofiber diameter increased with ZnO content.



We then conducted a ×50,000 magnification analysis to observe morphological and structural changes after ultrasonication for 0 min, 15 min, and 30 min (Figure 2h–j), and revealed that the compactness of the fiber network structure increased with ultrasonication time. Thus, the treatment increased the number of hydrogen bonds and crosslinking between PVA and EN. For PVA/PAAS nanofibers not subjected to ultrasonication, the inter-fiber pores remained intact and only a few fibers were fractured. After 15 min of ultrasonic treatment, the nanofiber morphology was essentially unchanged but the fiber diameter slightly increased. This observation may be explained by crosslinking after EN incorporation. Hydrogen bond formation occurred among the PVA, PAAS, and EN molecules and improved their TS and EAB value. After 30 min ultrasonication, the nanofibers were disrupted and only a few remained intact and free of pores. Cavitation mainly accounts for this finding which aligns with the report of Qiao et al. [38]. In addition, the observed high specific surface area of the microstructure provides potential for higher bioactivity, thus enabling the obtained product to be used for food preservation [39].




3.4. Fourier Transform Infrared Spectroscopy (FTIR)


Figure 3 shows characteristic ATR-FTIR spectra corresponding to nanofibers subjected to different ultrasonication times and EN concentrations. The first peak of nisin was attributed to O-H and N-H axial stretching at 3401 cm−1 and the stretching vibration of C-H bond appeared at 2964 cm−1. In addition, the weakening of the peak at 1738 cm−1 of EN indicated that the combination of soy oil and nisin resulted in the weakening of the characteristic absorption of the C=O group and the NH3+ band disappears completely [40]. Figure 3 shows that nisin was embedded in the W/O/W emulsions and was bonded by hydrogen bonding to maintain certain structural characteristics of EN. For the PVA/PAAS/EN nanofibers, the bands at 3370 cm−1 and 1650 cm−1 were caused by stretching the hydroxyl group and C=C bonds, respectively [41]. The characteristic PVA peaks were at 3292 cm−1, 1086 cm−1, and 846 cm−1. The first peak was attributed to the stretching of the O-H bonds and the last two were the result of a CH2 stretching vibration and a peak caused by C-O stretching at 1733 cm−1 [42]. Figure 3 shows that the intensities of all absorption peaks increased after ultrasonication because the treatment increased the vibrational dipole moment and the exposed group [43]. The characteristic peaks of the nanofibers after ultrasonication were 3316 cm−1 and 3331 cm−1. The hydrogen interactions were stronger than those for nanofibers subjected to short-duration- or no ultrasonication. A comparison of the infrared spectra for ultrasonicated and untreated nanofibers indicated that an optimal ultrasonication time strengthened the intensities of the O-H absorption peaks and increased the numbers of hydrogen bonds. This finding was consistent with the observed morphology. As shown in Figure 3, the O-H absorption peaks shifted from 3292 cm−1 in the PVA/PAAS/EN-0% nanofibers to 3331 cm−1 in the PVA/PAAS/EN-15% nanofibers [44]. Hence, new hydrogen bonds formed and the addition of EN strengthened the intensities of the O-H absorption peaks. This observation corroborates that which was reported by Yuan et al. [45]. However, no significant changes were observed in any other characteristic nanofiber peaks. For this reason, the physical mixing of EN and PVA/PAAS resulted in a complex formation.




3.5. Nanofiber Thickness and Density


The PVA/PAAS/EN nanofiber thicknesses are listed in Table 3. The thicknesses were in the range of 0.43 ± 0.02–0.53 ± 0.03 mm which was slightly greater than that determined for the PVA/PAAS nanofibers (0.41 ± 0.01 mm). The EN granules occupy a certain volume and increase the free volume of the PVA/PAAS network, macromolecule mobility, and, by extension, nanofiber thickness. Moreover, the various chemical constituents in EN could widen the gaps between the granules in the substrate, thereby increasing nanofiber thickness. Though the additives tested in previous studies differed from those used here, it is expected that nisin would have a similar impact on nanofiber thickness [46].



The density of PVA/PAAS/EN-0% nanofibers without ultrasonication was 0.37 ± 0.03 g cm−3. EN addition produced PVA/PAAS/EN-15% nanofibers whose untreated density was 0.60 ± 0.05 g cm−3. Nanofiber density significantly (p < 0.05) increased with EN content (Table 3). This discovery matched the one reported by Jafarzadeh et al. [47]. The addition of EN to the PVA/PAAS network might have increased the solid content. The PVA/PAAS/EN-0% nanofibers subjected to < 30 min of ultrasonication had a density of only 0.35 ± 0.03 g cm−3. At 15% EN and 15 min of ultrasonication, the nanofiber density increased to 0.77 ± 0.04 g cm−3 which was ~2× improvement over that of the untreated PVA/PAAS/EN-0% nanofibers. After 15 min of ultrasonication, the nanofiber density significantly increased (p < 0.05). On the other hand, after 30 min of ultrasonication, the nanofiber density declined possibly because prolonged ultrasonication induced cavitation. After brief ultrasonication, the nanofiber network structure condensed and became inseparable because of the pressure created by ultrasonication and the EN dispersal [48]. After long ultrasonication (30 min), the molecular agitation was increased, the nanofiber bonds were broken, the network structure loosened, and the nanofibers underwent cavitation [49]. The net effect was a decrease in nanofiber density. However, increasing the EN content from 5% to 20% did not increase nanofiber density.




3.6. Mechanical Properties of Nanofibers


The previous experiment revealed that the mechanical properties of the nanofibers were changed by ultrasonication and the applicability of untreated nanofibers is limited [50]. The influence of various nisin encapsulation levels on PVA/PAAS nanofiber TS and EAB are listed in Table 3. EN addition significantly altered the nanofiber mechanical properties (p < 0.05). The TS values increased with EN content. Ebrahimnezhad-Khaljiri et al. reported similar findings [51]. The TS of the untreated PVA/PAAS/EN-15% nanofibers was 10.35 ± 0.42 MPa and was higher than that for the untreated PVA/PAAS/EN-0% nanofibers (7.09 ± 0.33 MPa). On the one hand, the increased EN content caused strong hydrogen interactions between the functional groups in the EN and the PVA and PAAS hydroxyl groups. FTIR disclosed a compact structure and gradual improvement in PVA/PAAS nanofiber TS with increasing EN. At very high EN levels, though, the EN aggregated, reduced the surface free energy, weakened certain parts of the nanofibers, decreased hydrogen bonding among EN, PVA, and PAAS, and reduced nanofiber TS [52]. Table 3 shows that the PVA/PAAS/EN-0% nanofiber EAB was 69.31 ± 2.91%. The PVA/PAAS nanofiber EAB increased with EN content, reached a maximum of 130.08 ± 3.63% at 15% EN, and visibly decreased thereafter. The highest EN concentrations may have created strong hydrogen interactions, enhanced aggregation, impeded chain movement, and reduced plasticizing and nanofiber flexibility. These effects were evident from the nanofiber morphology (Figure 2). The foregoing observations indicate that EN addition improved the mechanical properties (especially TS and EAB) of the nanofibers. Similar results were reported by Cano et al. [53].



Ultrasonication also affected the mechanical properties of the nanofibers. After 15 min of ultrasonication, the nanofiber TS and EBA significantly increased (p < 0.05). After 30 min of ultrasonication, however, the mechanical properties of the nanofibers deteriorated. A previous study indicated that the material could become inseparable in response to prolonged ultrasonication [54]. Therefore, EN dispersal in the PVA/PAAS nanofiber and strong hydrogen interactions between the EN and the nanofiber could account for the measured increases in TS and EAB. In fact, the nanofiber TS and EAB declined because the extended ultrasonication increased molecular motion and broke the hydrogen bonds [55]. Ultrasonication also smoother the nanofiber surface (Figure 2), increased adhesion between the nanofibers, and improved their mechanical properties. This conclusion was in agreement with the one reported by Chen et al. [56].




3.7. Swelling Ratio


Due to the high SR of PVA and PAAS, various mechanical properties of the nanofibers made from them are easily changed by environmental humidity. Here, we tried to optimize the swelling ratio by ultrasonication (Table 3). The SR of the PVA/PAAS/EN nanofibers was in the range of 221.65 ± 3.57–335.35 ± 4.84%. Untreated PVA/PPAS nanofibers immediately swelled in the presence of water. However, nanofiber SR decreased with increasing EN. It might be due to certain PVA hydroxyl groups in the nanofibers formed hydrogen bonds with the EN, reduced the number of strong hydrophilic hydroxyl groups, lowered the relative hydrophilicity in the nanofibers, and reduced their SR. Ultrasonication significantly accelerated the motion of the PVA chain, induced crystallization, and altered the nanofiber SR [16]. The SR of the nanofibers subjected to 30 min of ultrasonication was lower than that for those exposed to 15 min of ultrasonication. The observed decrease in nanofiber SR in ultrasonication was primarily the result of changes in the hydrogen bond and hydrophilic hydroxyl group content.




3.8. Water Vapor Permeability


Table 3 shows that the nanofiber WVP initially decreased and then increased with increasing EN. When the EN was added to the nanofibers, the WVP after 0 min or 15 min of ultrasonication were significantly lower than that for the PVA/PAAS/EN-0% nanofibers (p < 0.05). When the EN content was increased to 15%, the WVP fell to a minimum of 1.02 × 10−3 ± 0.03 (g·h−1 m−2 pa−1). This value was 28.67% lower than that for the PVA/PAAS/EN-0% nanofibers. The original PVA and PAAS polymer structures may have changed after the EN and nanofibers were combined because the EN might have extended the path through which the water molecules had to pass [57]. However, this result differed from the effect of EN on film WVP reported by Alves possibly because the network structures of nanofibers and films are not the same [58]. Nevertheless, the nanofiber WVP increased to 1.25 × 10−3 ± 0.03 (g·h−1 m−2 pa−1) after 20% EN was added. The addition of very large proportions of EN could increase WVP by modifying the PVA/PAAS network structure and facilitating moisture permeation inside and outside the pores [59]. Ultrasonication also changed the nanofiber WVP. After 15 min ultrasonication, the connections among EN, PVA, and PAAS increased, the nanofibers became more compact and the WVP decreased. This observation was supported by the density measurements. This effect on nanofiber WVP was augmented further still after 30 min ultrasonication and reached a maximum of 1.84 × 10−3 ± 0.04 (g·h−1 m−2 pa−1). Prolonged ultrasonication may have disrupted most of the nanofibers, leaving only a few intact and without pores (Figure 2). In this way, the nanofiber pores expanded and facilitated moisture permeation [60]. WVP is a crucial feature in the selection of packaging materials to control the water transfer between the environment and food. Generally, packaging materials with low WVP values are preferred for packaging food. Low WVP value provides high barrier for the application of PVA/PAAS/EN nanofibers in food packaging [61].




3.9. Nanofiber Color


Nanofiber color is important as it directly influences consumer acceptability and packaged product appearance. Based on the standard white plate (L* = 90.07 ± 0.93, a* = 2.94 ± 0.40, b* = −5.33 ± 0.28), the effects of EN content and ultrasonication on nanofiber color difference (ΔE) are presented in Table 4. L*, a*, and b* for the PVA/PAAS/EN-0% nanofiber was 95.37 ± 0.22, 4.00 ± 0.64, and −1.77 ± 0.05, respectively. However, Xie et al. reported 92.59 ± 0.04, 0.51 ± 0.04, and −6.05 ± 0.04 [53]. Hence, nanofibers were more brightly colored than casting films. L* and a* were lower for PVA/PAAS/EN-5% than PVA/PAAS/EN-0%. Therefore, the nanofibers became darker after EN was incorporated into them. Nanofiber blueness increased with EN content. For the PVA/PAAS/EN-0% nanofibers, b* was −1.77 ± 0.05 whereas for the PVA/PAAS with EN it was −3.01 ± 0.24. The ΔE, a*, and b* all declined with increasing EN content. Thus, EN addition enhanced the blue–green coloration in the nanofibers [62]. Ultrasonication also affected nanofiber color. Ultrasonication decreased nanofiber L*, a*, b*, and ΔE relative to untreated nanofibers (Table 4). The ultrasonicated nanofibers tended towards a brownish color. An optimal ultrasonication time could result in a uniform and compact nanofiber structure by dispersing the EN and altering the nanofiber color [63]. However, excessive ultrasonication could further deepen the nanofiber color by causing the EN to aggregate [25].




3.10. Light Transmittance


Arfat et al. measured nanofiber light transmittance at 600 nm [64]. Nanofiber light transmittances measured here are listed in Table 4. The PVA/PAAS/EN-0% nanofibers had a strong light barrier and their transmittance was 9.18 ± 0.44%. Under normal conditions, the crystalline and amorphous regions coexist in PVA/PAAS nanofibers. Light cannot directly pass through a crystalline polymer, so refraction and reflection occurred at the PVA/PAAS nanofiber interface [55]. Further, nanofibers fabricated by electrospinning were opaque [65]. Light transmittance decreased with increasing EN content. Rouhi et al. reported similar results for ZnO-incorporated gelatin films [66]. Nanofiber granules such as the EN in the interstitial spaces between fibers could hinder light transmittance. Table 4 shows that transmittances significantly decreased with increasing EN content (p < 0.05), reaching a minimum of 7.76 ± 0.12% at 15% EN but increasing to 8.38 ± 0.27% at 20% EN. Thus, the spatial structure of the PVA/PAAS/EN nanofibers was altered by very high EN concentrations. The observed reduction in light transmittance may have been the result of refraction and reflection from agglomerated EN particles embedded in the nanofibers. Ultrasonication also affected nanofiber light transmittance. After 15 min of ultrasonication, transmittance significantly decreased. EN distribution in the nanofibers became more uniform after ultrasonication and prevented light from passing through. However, when the ultrasonication time was increased to 30 min, transmittance also increased. Moreover, extended ultrasonication disrupted the nanofiber structure and facilitated light transmittance [67].




3.11. Biodegradability


The soil burial degradation assay was used to evaluate PVA/PAAS/EN nanofiber biodegradability in natural environments. In general, humidity and the chemical structure of materials influence their biodegradability [68]. Therefore, it was expected that both EN content and ultrasonication time would affect biodegradability. Figure 4 shows that EN-doped nanofiber degradation was slower than that of EN-free nanofibers. Degradation gradually increased initially and then rapidly increased after 2 weeks. After 4 weeks, the degradation rates of the PVA/PAAS/EN-5% and PVA/PAAS/EN-20% nanofibers were 20.94 ± 0.43% and 19.81% ± 0.42%, respectively. These rates corresponded to 8.87% and 13.79% reductions relative to PVA/PAAS/EN-0% nanofibers (22.98 ± 0.38%). These findings concurred with those of other studies [69]. After 4 weeks soil burial, the PVA/PAAS/EN-0% nanofibers presented with the highest weight loss rate possibly because of PVA and PAAS hydrophilicity (Table 3). A large amount of soil moisture entered the fibrous structure, altered the nanofiber network, and facilitated degradation by soil microorganisms [70]. In contrast, the nanofiber degradation rates significantly decreased with increasing EN content. The interaction between PVA/PAAS and EN reduced the relative hydrophilicity of the nanofiber constituents, the overall nanofiber SR (Table 3), and the biodegradation rate. However, antimicrobial activity gradually increased with nanofiber EN content, reduced soil microorganism activity, and attenuated nanofiber dissolution. Figure 4 shows that the nanofiber degradation rate changed in response to ultrasonication. Relative to untreated nanofibers, those subjected to 15 min ultrasonication had lower degradation rates. The degradation rate for the nanofibers containing 5% EN was only 18.94% ± 0.39% which was 9.55% lower than that of the untreated nanofibers. After 30 min of ultrasonication, the PVA/PAAS/EN nanofiber degradation rates were higher than those of the untreated nanofibers. This discovery resembled that which was reported by Liu et al. [25]. Ultrasonication may alter the nanofiber swelling ratio, structure, and antimicrobial activity which, in turn, could affect the nanofiber degradation rate.




3.12. Nisin Release from Nanofibers


Nisin release mainly determines nanofiber antibacterial activity. We compared the rates of nisin release from PVA/PAAS/EN-15% nanofibers under various ultrasonication times. Nisin was released from the nanofiber by surface erosion, decomposition, diffusion, and desorption [71]. Figure 5a shows the amount of nisin released from the nanofiber into PBS media over 15 d. All samples presented with sustained nisin release for the first week. This observation was consistent with that reported by Monjazeb-Marvdashti et al. [72]. The initial quantity of nisin released from nanofibers was large. The nisin freely dispersed in the PBS and demonstrated a stable and continuous release pattern over 7 d. The initially higher relative nisin release rate may be explained by the fact that the nisin was attached to the outer edges of the EN and nanofiber [73]. The subsequent decline in the nisin release rate could be attributed to the fact that the nisin diffused from the inner core of the EN. Ultrasonication may alter physicochemical and biological properties. Therefore, the ultrasonication time was expected to influence nisin release. The nisin release rate was lowest in the absence of ultrasonication. As ultrasonication time increased from 0 min to 15 min, the nisin release rate significantly increased from 74.38 ± 2.66% to 85.28 ± 2.38% (p < 0.05). In contrast, when the ultrasonication exceeded 30 min, the nisin release rate declined to 80.19 ± 2.28%. Prolongation of ultrasonication time increases nanofiber SR, which could enhance the dissolution of the EN surfaces and improve nisin release.



The release behavior of nisin from the nanofibers was analyzed using three common kinetic model, including first order models, Higuchi, and Korsemeyer–Peppas (KP) models (Table 5). Figure 6a shows the actual release behavior of nisin from nanofibers tracked spectrophotometrically. Obviously, nisin was almost completely released after a release period of 16 days. Considering this release behavior, first order kinetic, a typical model based on the relationship between the release rate and the concentration of the substances participating in or related to the reaction, was firstly applied to predict the release kinetics. According to the correlation coefficient (>0.90) in Table 5 and the fitting curve in Figure 6b, it indicated that the first order kinetic model can better simulate the release behavior of nisin. However, comparing the correlation coefficient (<0.90) in Table 5 and the fitting curve in Figure 6c, it indicates that the release of nisin did not follow the Higuchi model, a typical model based on Fick’s laws of diffusion through a planar system. Furthermore, we found that the fitting curve only fits well during the rapid release phase, which may be due to the interfacial film of the EN, and the complex spatial structure of the nanofibers, which leads to the release of nisin, did not follow the classical release model in a planar system. Therefore, the release may occur in a three-dimensional system. Based on this hypothesis, the KP model was selected to further fit the release of nisin. Obviously, the fitted curve was consistent with the actual release one (Figure 6d) during the release of nisin, and excellent correlation coefficients were calculated as 0.98814. This may be mainly due to the fact that when the nanofiber was contacted with moisture, water molecules would expand the surface mesh of the nanofibers and enter the nanofiber through the surface mesh, then dissociate sodium carboxylate of PAAS into -COO− and Na+, which accelerated the rate that the nanofibers absorbed water due to high osmotic pressure (Figure 5b). Subsequently, a small part of water molecules entering the nanofiber were bound to polymer molecules, most of them existed in the form of free water and were in touch with the EN embedded in the nanofiber. Although there was an oil–water interface phase on the surface of EN, water molecules could pass and change the phase, which caused the EN became thinner and crispier. On the other hand, Na+ ions could weak the electrostatic interaction between the EN the water phase and oil phase. Gelatin become soluble in the free water absorbed in the nanofiber and leave the interface due to the electrostatic interaction, thereby lowering its interfacial viscosity and the rigidity of interfacial film. At the same time, it is possible for the water molecules to penetrate the oil film channels, lead to film swelling, thin out, and even break the interfacial film. After that, emulsion droplet coalescence can reduce the interfacial area of emulsion phase and aggravate the emulsion kinetics instability, resulting in destruction of emulsion and EN structure. Consequently, nisin slowly diffuses from the surface mesh into the water.




3.13. Antimicrobial Activity


The PVA/PAAS/EN-15% nanofibers had optimal mechanical, light transmittance, and barrier properties. Hence, PVA/PAAS/EN-15% was selected for the antimicrobial efficacy assay using TSA culture medium and stored at 4 °C for 16 days. The antibacterial activity of untreated and ultrasonicated PVA/PAAS/EN-15% nanofibers on E. coli and S. aureus are shown in Figure 7. EN-free nanofibers did not perceptibly inhibit E. coli or S. aureus. The incorporation of EN into the nanofibers substantially increased their antibacterial activity. As expected, the PVA/PAAS/EN-15% had lower activity against E. coli. than S. aureus. Premanathan et al. reported similar observations [74]. The main antibacterial constituent in the nanofiber was the EN and the nanofibers had greater inhibitory efficacy against S. aureus than E. coli. These conclusions align with those reported in other studies [75]. The antimicrobial activity of the nanofibers doped with nisin by electrospinning provided a 99.99% S. aureus kill rate relative to other membranes without nisin [4]. The EN may have attenuated cell permeability by membrane lipid and protein agglutination. In this way, the EN disrupted the bacterial cell membranes, perturbed their metabolism, caused their cell contents to leak, inhibited cell growth, and induced cell death [76]. The EN displayed stronger bacteriostatic and antibacterial activity against Gram-positive S. aureus than Gram-negative E. coli. The cell wall of the latter bacterium is protected by a lipopolysaccharide (LPS) layer. The nisin constituent in EN has broad-spectrum antibacterial properties. This property was previously reported by Hassan et al. [9]. Nanofibers under different ultrasound times showed significant antibacterial activity (p < 0.05). The population of E. coli and S. aureus decreased from 6.8 ± 0.25 and 7.2 ± 0.31 to 5.29 ± 0.24 and 4.69 ± 0.27 log CFU/g respectively at the end of storage period used to assess antimicrobial activity. The bacterial inhibition rate varied considerably with nanofiber ultrasonication time. Nevertheless, prolonged ultrasonication reduced relative nanofiber antibacterial activity. Ultrasonication may alter nanofiber network structures and the nisin release rate. The latter was confirmed by the nisin release measurements [49]. The research on nisin based fiber membranes is less, and its application in the food industry is relegated to cheese packaging and meat preservation. The research of Meral et al. shows that nano mat containing nisin and curcumin can extend the shelf life of fish fillets to 12 days, effectively improving their quality [77]. The nisin containing nanofibers prepared by Soto et al. [21] and Cui et al. [22]. can effectively inhibit the microbial activity on the surface of cheese and prolong the shelf life of cheese. Moreover, the unique nanostructure of the nanofibers helps to release nisin. Therefore, the antibacterial nanofibers are expected to be used as food preservative packaging. PVA/PAAS/EN can still release strong antibacterial activity in 16 days. Wrapping the food surface with PVA/PAAS/EN fibers can provide long-term antibacterial protection and effectively extend the shelf life of food. The super water absorption of PAAS helps to keep the food surface dry and trigger the release of nisin, which has a broad development prospect.




3.14. Preservation Test


To investigate the application potential of PVA/PAAS/EN nanofibers in food preservation, the prepared nanofibers were utilized to pack strawberries. Figure 8 presents the appearance of the strawberries during the 8 days of storage. Strawberry quality decreased with time increasing in all groups. According to the results, strawberry quality decreased as the time increased in all groups; the control and PE-packaged strawberries both had an unacceptable appearance after two days and four days of storage respectively, while the PVA/PAAS/EN nanofibers maintained excellent surface. This means that the nanofibers can effectively extend the shelf life of strawberries for 6 days, which is significant for strawberry deterioration. It is interesting that the PE-packed strawberries began to decay after 4 days, and the decay rate was faster than that of the control. As shown in Figure 8, the surface of the PE-packed strawberry was completely rotten and covered with mold, which is because PE acted as a semipermeable barrier against gas and water and accelerated microbial growth. This effect is consistent with the study by Jiang et al. [78]. However, PVA/PAAS/EN nanofibers are so soft and absorbent that they not only absorb the water from the surface of strawberries effectively but also inhibit microbial growth due to the nisin release.





4. Conclusions


Here, RSM was used to optimize EN with maximum encapsulation efficiency. It was determined that the conditions required to achieve this goal were E1/E2 = 1.57, pH = 4.2, and ultrasonication time = 3 min. The product had remarkably high EE (86.66 ± 1.59%), was small in size (320 ± 20 nm), and had a low polydispersity index (0.27) based on the subsequent examination of the effects of ultrasonication on the EN properties. We prepared PVA/PAAS/EN nanofibers by electrospinning and elucidated the effects of ultrasonication and EN incorporation on their structural and physical properties and antimicrobial activity. In the presence of EN, the nanofiber antimicrobial activity was enhanced, the network structure was more compact, and the morphology was improved according to the scanning electron microscopy (SEM) inspection of the ultrasonication treatment. Moreover, swelling was reduced because the hydrogen interactions between the EN and PVA/PAAS and crystallinity increased as a result of the ultrasonication. EN also doubled the tensile strength of the PVA/PAAS/EN-15% nanofibers (10.35 ± 0.32 MPa) relative to that of the PVA/PAAS nanofibers and increased the nanofiber density to a maximum of 0.77 ± 0.04 g cm−3. The release behavior of nisin from EN embedded in nanofibers fit the Korsemeyer–Peppas (KP) model; the maximum nisin release rate of 85.28 ± 2.38% was achieved over 16 days. In this way, nanofibers showed robust antimicrobial activity against E. coli and S. aureus. The best results were obtained with PVA/PAAS/EN-15% nanofibers. The fiber can effectively inhibit the activity of food microorganisms and provide research direction for new antibacterial food packaging materials.








Supplementary Materials


The following are available online at https://www.mdpi.com/2079-4991/10/9/1803/s1, Table S1: Actual levels at coded factor levels of independent variables used in the RSM, Table S2: Experimental designs and results of the response surface methodology, Figure S1: Response surface plots and contour plots showing the effects of pH (X1), ultrasonic time(X2) and E1/E2 (X3) on and encapsulation efficiency and interactions between them.





Author Contributions


Y.J. and D.M.; writing—original draft preparation, T.J.; formal analysis, S.A. and D.E.S.; investigation, S.L. and Y.L.; project administration. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by Sichuan Science and Technology Program (2018RZ0034), and Natural Science Fund of Education Department of Sichuan Province (16ZB0044 and 035Z1373).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wang, H.; Niu, Y.; Pan, J.; Li, Q.; Lu, R. Antibacterial effects of lactobacillus acidophilus surface-layer protein in combination with nisin against staphylococcus aureus. LWT 2020, 124, 109208. [Google Scholar] [CrossRef]

	



Wang, N.; Yu, X.; Kong, Q.; Li, Z.; Deng, Z. Nisin-loaded polydopamine/hydroxyapatite composites: Biomimetic synthesis, and in vitro bioactivity and antibacterial activity evaluations. Colloids Surf. A 2020, 602, 125101. [Google Scholar] [CrossRef]

	



Zhang, C.; Zhao, M.; Zou, H.; Zhang, X.; Sheng, R.; Zhang, Y.; Zhang, B.; Li, C.; Qi, Y. An enhanced antibacterial nanoflowers AgPW@PDA@Nisin constructed from polyoxometalate and nisin. J. Inorg. Biochem. 2020, 7, 111212. [Google Scholar] [CrossRef]

	



Han, D.; Sherman, S.; Filocamo, S.; Steckl, A.J. Long-term antimicrobial effect of nisin released from electrospun triaxial fiber membranes. Acta Biomater. 2017, 53, 242–249. [Google Scholar] [CrossRef]

	



Prombutara, P.; Kulwatthanasal, Y.; Supaka, N.; Sramala, I.; Chareonpornwattana, S. Production of nisin-loaded solid lipid nanoparticles for sustained antimicrobial activity. Food Control 2012, 24, 184–190. [Google Scholar] [CrossRef]

	



Wu, T.; Wu, C.; Fang, Z.; Ma, X.; Chen, S.; Hu, Y. Effect of chitosan microcapsules loaded with nisin on the preservation of small yellow croaker. Food Control 2017, 79, 317–324. [Google Scholar] [CrossRef]

	



Amara, C.B.; Kim, L.; Oulahal, N.; Degraeve, P.; Gharsallaoui, A. Using complexation for the microencapsulation of nisin in biopolymer matrices by spray-drying. Food Chem. 2017, 236, 32–40. [Google Scholar] [CrossRef]

	



Maresca, D.; Prisco, A.D.; Storia, A.L.; Cirillo, T.; Esposito, F.; Mauriello, G. Microencapsulation of nisin in alginate beads by vibrating technology: Preliminary investigation. LWT-Food Sci. Technol. 2016, 66, 436–443. [Google Scholar] [CrossRef]

	



Hassan, H.; Gomaa, A.; Subirade, M.; Kheadr, E.; St-Gelais, D.; Fliss, I. Novel design for alginate/resistant starch microcapsules controlling nisin release. Int. J. Biol. Macromol. 2019, 153, 1186–1192. [Google Scholar] [CrossRef]

	



Hu, Y.; Wu, T.; Wu, C.; Fu, S.; Yuan, C.; Chen, S. Formation and optimization of chitosan-nisin microcapsules and its characterization for antibacterial activity. Food Control 2017, 72, 43–52. [Google Scholar] [CrossRef]

	



Daniele, D.A.P.; Martins, E.M.F.; Nataly, D.A.C.; Oliveira, D.; Martins, P.; Basílio, E.; Ramos, A.M. Use of gelatin and gum arabic for microencapsulation of probiotic cells from lactobacillus plantarum by a dual process combining double emulsification followed by complex coacervation. Int. J. Biol. Macromol. 2019, 133, 722–731. [Google Scholar] [CrossRef]

	



Souza, V.B.; Thomazini, M.; Barrientos, E.; Marinanalin, C.; Ferro-Furtado, R.; Genovese, M.I.; Favaro-Trindade, C.S. Functional properties and encapsulation of a proanthocyanidin-rich cinnamon extract ( Cinnamomum zeylanicum ) by complex coacervation using gelatin and different polysaccharides. Food Hydrocoll. 2017, 77, 297–306. [Google Scholar] [CrossRef]

	



Oliveira, W.Q.D.; Wurlitzer, N.J.; Araújo, A.W.O.; Comunian, T.A.; Sousa, P.H.M.D. Complex coacervates of cashew gum and gelatin as carriers of green coffee oil: The effect of microcapsule application on the rheological and sensorial quality of a fruit juice. Food Res. Int. 2020, 131, 109047. [Google Scholar] [CrossRef] [PubMed]

	



Gomez-Estaca, J.; Comunian, T.A.; Montero, P.; Ferro-Furtado, R.; Favaro-Trindade, C.S. Encapsulation of an astaxanthin-containing lipid extract from shrimp waste by complex coacervation using a novel gelatin–cashew gum complex. Food Hydrocoll. Oxf. 2016, 61, 155–162. [Google Scholar] [CrossRef]

	



Zhuang, C.; Jiang, Y.; Zhong, Y.; Zhao, Y.; Deng, Y.; Yue, J.; Wang, D.; Jiao, S.; Gao, H.; Chen, H.; et al. Development and characterization of nano-bilayer films composed of polyvinyl alcohol, chitosan and alginate. Food Control 2018, 86, 191–199. [Google Scholar] [CrossRef]

	



He, M.; Shi, L.; Wang, G.; Cheng, Z.; Han, L.; Zhang, X.; Wang, C.; Wang, J.; Zhou, P.; Wang, G. Biocompatible and biodegradable chitosan/sodium polyacrylate polyelectrolyte complex hydrogels with smart responsiveness. Int. J. Biol. Macromol. 2019, 155, 1245–1251. [Google Scholar] [CrossRef]

	



Santiago-Morales, J.; Amariei, G.; Letón, P.; Rosal, R. Antimicrobial activity of poly(vinyl alcohol)-poly(acrylic acid) electrospun nanofibers. Colloids Surf. B 2016, 146, 144–151. [Google Scholar] [CrossRef]

	



Li, L.; Hsieh, Y.L. Ultra-fine polyelectrolyte fibers from electrospinning of poly(acrylic acid). Polymer 2005, 46, 5133–5139. [Google Scholar] [CrossRef]

	



Aminyan, R.; Bazgir, S. Fabrication and characterization of nanofibrous polyacrylic acid superabsorbent using gas-assisted electrospinning technique. React. Funct. Polym. 2019, 141, 133–144. [Google Scholar] [CrossRef]

	



Jin, X.; Hsieh, Y.L. pH-responsive swelling behavior of poly(vinyl alcohol)/poly(acrylic acid) bi-component fibrous hydrogel membranes. Polymer 2005, 46, 5149–5160. [Google Scholar] [CrossRef]

	



Soto, K.M.; Hernández-Iturriaga, M.; Loarca-Piña, G.; Luna-Bárcenas, G.; Mendoza, S. Antimicrobial effect of nisin electrospun amaranth: Pullulan nanofibers in apple juice and fresh cheese. Int. J. Food Microbiol. 2019, 295, 25–32. [Google Scholar] [CrossRef] [PubMed]

	



Cui, H.; Wu, J.; Li, C.; Lin, L. Improving anti-listeria activity of cheese packaging via nanofiber containing nisin-loaded nanoparticles. LWT-Food Sci. Technol. 2017, 81, 233–242. [Google Scholar] [CrossRef]

	



Pongsumpun, P.; Iwamoto, S.; Siripatrawan, U. Response surface methodology for optimization of cinnamon essential oil nanoemulsion with improved stability and antifungal activity. Ultrason. Sonochem. 2020, 60, 104604. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Wu, J.; Yuan, Z.Y.; Li, N.; Xiang, S. Synthesis of MCM-22 zeolite by an ultrasonic-assisted aging procedure. Ultrason. Sonochem. 2008, 15, 334–338. [Google Scholar] [CrossRef]

	



Liu, P.; Wang, R.; Kang, X.; Cui, B.; Yu, B. Effects of ultrasonic treatment on amylose-lipid complex formation and properties of sweet potato starch-based films. Ultrason. Sonochem. 2018, 44, 215–222. [Google Scholar] [CrossRef]

	



Huang, H.; Belwal, T.; Aalim, H.; Li, L.; Lin, X.; Liu, S.; Ma, C.; Li, Q.; Zou, Y.; Luo, Z. Protein-polysaccharide complex coated W/O/W emulsion as secondary microcapsule for hydrophilic arbutin and hydrophobic coumaric acid. Food Chem. 2019, 300, 125–171. [Google Scholar] [CrossRef]

	



Nguyen, D.M.; Grillet, A.C.; Chi, N.H.T.; Thuc, H.H.; Do, T.V.V. Biodegradability of polymer film based on low density polyethylene and cassava starch. Int. Biodegrad. 2016, 115, 257–265. [Google Scholar] [CrossRef]

	



Bouaziz, Z.; Djebbi, M.A.; Soussan, L.; Janot, J.M.; Amara, A.B.H.; Balme, S. Adsorption of nisin into layered double hydroxide nanohybrids and in-vitro controlled release. Mater. Sci. Eng. C 2017, 76, 673–683. [Google Scholar] [CrossRef]

	



Ma, D.H.; Jiang, Y.; Ahmed, S.; Qin, W.; Liu, Y.W. Physical and antimicrobial properties of edible films containing Lactococcus lactis. Int. J. Biol. Macromol. 2019, 141, 378–386. [Google Scholar] [CrossRef]

	



Ghosh, V.; Mukherjee, A.; Chandrasekaran, N. Eugenol–loaded antimicrobial nanoemulsion preserves fruit juice against microbial spoilage. Colloids Surf. B 2014, 114, 392–397. [Google Scholar] [CrossRef]

	



Myers, R.H.; Montgomery, D.C.; Anderson-Cook, C.M. Response surface methodology: Process and product optimization using designed experiments. In Wiley Series in Probability and Statistics; John Wiley & Sons Inc.: Hoboken, NJ, USA, 2016; pp. 1–12. [Google Scholar]

	



Tang, E.S.; Huang, M.; Lim, L.Y. Ultrasonication of chitosan and chitosan nanoparticles. Int. J. Pharm. 2003, 265, 103–114. [Google Scholar] [CrossRef]

	



Joshi, B.; Kaur, J.; Khan, E.; Kumar, A.; Joshi, A. Ultrasonic atomizer driven development of doxorubicin-chitosan nanoparticles as anticancer therapeutics: Evaluation of anionic cross-linkers. J. Drug Deliv. Sci. Technol. 2020, 57, 101618. [Google Scholar] [CrossRef]

	



Noroozi, M.; Radiman, S.; Zakaria, A. Influence of sonication on the stability and thermal properties of Al2O3 nanofluids. J. Nanomater. 2014, 2014, 612417. [Google Scholar] [CrossRef]

	



Gu, H.; Gao, X.; Zhang, H.; Chen, K.; Peng, L. Fabrication and characterization of cellulose nanoparticles from maize stalk pith via ultrasonic-mediated cationic etherification. Ultrason. Sonochem. 2020, 66, 104932. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.M.; Kim, M.; Park, H.S.; Jang, A.; Min, J.; Kim, Y.H. Immobilization of lysozyme-CLEA onto electrospun chitosan nanofiber for effective antibacterial applications. Int. J. Biol. Macromol. 2013, 54, 37–43. [Google Scholar] [CrossRef] [PubMed]

	



Khan, M.Q.; Kharaghani, D.; Nishat, N.; Shahzad, A.; Hussain, T.; Khatri, Z.; Zhu, C.; Kim, I.S. Preparation and characterizations of multifunctional PVA/ZnO nanofibers composite membranes for surgical gown application. J. Mater. Res. Technol. 2019, 8, 1328–1334. [Google Scholar] [CrossRef]

	



Qiao, J.; Li, Y.; Li, L. Ultrasound-assisted 3D printing of continuous fiber-reinforced thermoplastic (FRTP) composite. Addit. Manuf. 2019, 30, 100926. [Google Scholar] [CrossRef]

	



Cen, Z.; Fengqin, F.; Hui, Z. Emulsion electrospinning: Fundamentals, food applications and prospects. Trends Food Sci. Technol. 2018, 80, 175–186. [Google Scholar] [CrossRef]

	



Alonso-González, M.; Corral-González, A.; Felix, M.; Romero, A.; Martín-Alfonso, J.E. Developing active poly(vinyl alcohol)-based membranes with encapsulated antimicrobial enzymes via electrospinning for food packaging. Int. J. Biol. Macromol. 2020, 162, 913–921. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, R.; Qin, W.; Dai, J.; Lee, K.J.; Liu, Y. Physicochemical properties of gelatin films containing tea polyphenol-loaded chitosan nanoparticles generated by electrospray. Mater. Des. 2020, 185, 108277. [Google Scholar] [CrossRef]

	



Liu, Y.; Wang, S.; Lan, W. Fabrication of antibacterial chitosan-PVA blended film using electrospray technique for food packaging applications. Int. J. Biol. Macromol. 2018, 107, 848–854. [Google Scholar] [CrossRef] [PubMed]

	



Liu, F.; Ni, Q.Q.; Murakami, Y. Preparation of magnetic polyvinyl alcohol composite nanofibers with homogenously dispersed nanoparticles and highwater resistance. Text. Res. J. 2013, 83, 510–518. [Google Scholar] [CrossRef]

	



Ningaraju, S.; Prakash, A.P.G.; Ravikumar, H.B. Studies on free volume controlled electrical properties of PVA/NiO and PVA/TiO2 polymer nanocomposites. Solid State Ion. 2018, 320, 132–147. [Google Scholar] [CrossRef]

	



Yuan, B.; Cao, Y.X.; Tang, Q.; Yuan, Z.Q.; Zhou, Y.R.; David, J.M.; Cao, C.J. Enhanced performance and functionality of active edible films by incorporating tea polyphenols into thin calcium alginate hydrogels. Food Hydrocoll. 2019, 97, 105–197. [Google Scholar] [CrossRef]

	



Quintero-Salazar, B.; Vernon-Carter, E.J.; Guerrero-Legarreta, I.; Ponce-Alquicira, E. Incorporation of the antilisterial bacteriocin-like inhibitory substance from Pediococcus parvulus VKMX133 into film-forming protein matrices with different hydrophobicity. J. Food Sci. 2005, 70, 398–403. [Google Scholar] [CrossRef]

	



Jafarzadeh, S.; Ariffin, F.; Mahmud, S.; Alias, A.K.; Hosseini, S.F.; Ahmad, M. Improving the physical and protective functions of semolina films by embedding a blend nanofillers (ZnO-nr and nano-kaolin). Food Packag. Shelf 2017, 12, 66–75. [Google Scholar] [CrossRef]

	



Abral, H.; Lawrensius, V.; Handayani, D.; Sugiarti, E. Preparation of nano-sized particles from bacterial cellulose using ultrasonication and their characterization. Carbohydr. Polym. 2018, 191, 161–167. [Google Scholar] [CrossRef]

	



Wang, D.; Lv, R.; Ma, X.; Zou, M.; Wang, W.; Yan, L.; Ding, T.; Ye, X.; Liu, D. Lysozyme immobilization on the calcium alginate film under sonication: Development of an antimicrobial film. Food Hydrocoll. 2018, 83, 1–8. [Google Scholar] [CrossRef]

	



Krishnaiah, P.; Ratnam, C.T.; Manickam, S. Enhancements in crystallinity, thermal stability, tensile modulus and strength of sisal fibres and their PP composites induced by the synergistic effects of alkali and high intensity ultrasound (HIU) treatments. Ultrason. Sonochem. 2017, 34, 729–742. [Google Scholar] [CrossRef]

	



Ebrahimnezhad-Khaljiri, H.; Eslami-Farsani, R. The tensile properties and interlaminar shear strength of microcapsules-glass fibers/epoxy self-healable composites. Eng. Fract. Mech. 2020, 9, 106937. [Google Scholar] [CrossRef]

	



Ma, X.; Chang, P.R.; Yang, J.; Yu, J. Preparation and properties of glycerol plasticizedpea starch/zinc oxide-starch bionanocomposites. Carbohydr. Polym. 2009, 75, 472–478. [Google Scholar] [CrossRef]

	



Cano, A.I.; Cháfer, M.; Chiralt, A.; Martínez, C.G. Physical and microstructural properties of biodegradable films based on pea starch and PVA. J. Food Eng. 2015, 167, 59–64. [Google Scholar] [CrossRef]

	



Luo, W.; Zhou, N.; Wu, H. Effects of vibration force field on the interfacial interaction and morphology of polystyrene/poly (methyl methacrylate) blends. Polym. Test. 2008, 27, 607–615. [Google Scholar] [CrossRef]

	



Liu, Y.; Wang, S.; Lan, W.; Qin, W. Development of ultrasound treated polyvinyl alcohol/ tea polyphenol composite films and their physicochemical properties. Ultrason. Sonochem. 2019, 51, 386–394. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.; Yu, H.; Liu, Y.; Chen, P.; Zhang, M.; Hai, Y. Individualization of cellulose nanofibers from wood using high-intensity ultrasonication combined with chemical pretreatments. Carbohydr. Polym. 2011, 83, 1804–1811. [Google Scholar] [CrossRef]

	



Wu, Z.; Huang, Y.; Xiao, L.; Lin, D.; Yang, Y.; Wang, H.; Yang, Y.; Wu, D.; Chen, H.; Zhang, Q.; et al. Physical properties and structural characterization of starch/polyvinyl alcohol/graphene oxide composite films. Int. J. Biol. Macromol. 2019, 123, 569–575. [Google Scholar] [CrossRef]

	



Alves, V.L.C.D.; Rico, B.P.M.; Cruz, R.M.S.; Vicente, A.A.; Khmelinskii, I.; Vieira, M.C. Preparation and characterization of a chitosan film with grape seed extract-carvacrol microcapsules and its effect on the shelf-life of refrigerated Salmon (Salmo salar). LWT-Food Sci. Technol. 2018, 89, 525–534. [Google Scholar] [CrossRef]

	



Sayanjali, S.; Ghanbarzadeh, B.; Ghiassifar, S. Evaluation of antimicrobial and physical properties of edible film based on carboxymethyl cellulose containing potassium sorbate on some mycotoxigenic Aspergillus species in fresh pistachios. LWT-Food Sci. Technol. 2011, 44, 1133–1138. [Google Scholar] [CrossRef]

	



Xie, M.; Wang, J.; Zhao, H. APVA film for detecting lipid oxidation intended for food application. Sens. Actuators B-Chem. 2018, 273, 260–263. [Google Scholar] [CrossRef]

	



Aydogdu, A.; Yildiz, E.; Ayhan, Z.; Aydogdu, Y.; Sumnu, G.; Sahin, S. Nanostructured poly(lactic acid)/soy protein/hpmc films by electrospinning for potential applications in food industry. Eur. Polym. J. 2019, 112, 477–486. [Google Scholar] [CrossRef]

	



Marvdashti, L.M.; Koocheki, A.; Yavarmanesh, M. Characterization, Release profile and antimicrobial properties of bioactive polyvinyl alcohol-alyssum homolocarpum seed gum-nisin composite film. Food Biophys. 2019, 14, 120–131. [Google Scholar] [CrossRef]

	



Abral, H.; Basri, A.; Muhammad, F.; Fernando, Y.; Hafizulhaq, F.; Mahardika, M.; Sugiarti, E.; Sapuan, S.M.; Ilyas, R.A.; Stephane, I. A simple method for improving the properties of the sago starch films prepared by using ultrasonication treatment. Food Hydrocoll. 2019, 93, 276–283. [Google Scholar] [CrossRef]

	



Arfat, Y.A.; Benjakul, S.; Prodpran, T.; Sumpavapol, P.; Songtipya, P. Properties and antimicrobial activity of fish protein isolate/fish skin gelatin film containing basil leaf essential oil and zinc oxide nanoparticles. Food Hydrocoll. 2014, 41, 265–273. [Google Scholar] [CrossRef]

	



Zhang, R.; Wang, Y.; Ma, D.; Ahmed, S.; Qin, W.; Liu, Y. Effects of ultrasonication duration and graphene oxide and nano-zinc oxide contents on the properties of polyvinyl alcohol nanocomposites. Ultrason. Sonochem. 2019, 59, 104731. [Google Scholar] [CrossRef] [PubMed]

	



Rouhi, J.; Mahmud, S.; Naderi, N.; Ooi, C.R.; Mahmood, M.R. Physical properties of fish gelatin-based bio-nanocomposite films incorporated with ZnO nanorods. Nanoscale Res. Lett. 2013, 8, 364. [Google Scholar] [CrossRef]

	



Wang, B.; Meng, T.; Ma, H.; Zhang, Y.; Li, Y.; Jin, J.; Ye, X. Mechanism study of dual-frequency ultrasound assisted enzymolysis on rapeseed protein by immobilized Alcalase. Ultrason. Sonochem. 2016, 32, 307–313. [Google Scholar] [CrossRef]

	



Saral Sarojini, K.; Indumathi, M.P.; Rajarajeswari, G.R. Mahua oil-based polyurethane/chitosan/nano ZnO composite films for biodegradable food packaging applications. Int. J. Biol. Macromol. 2019, 124, 163–174. [Google Scholar] [CrossRef]

	



Yu, Z.; Li, B.; Chu, J.; Zhang, P. Silica in situ enhanced PVA/chitosan biodegradable films for food packages. Carbohydr. Polym. 2018, 184, 214–220. [Google Scholar] [CrossRef]

	



Kaur, K.; Jindal, R.; Maiti, M.; Mahajan, S. Studies on the properties and biodegradability of PVA/Trapa natans starch (N-st) composite films and PVA/N-st-g-poly (EMA) composite films. Int. J. Biol. Macromol. 2019, 123, 826–836. [Google Scholar] [CrossRef]

	



Hariharan, S.; Bhardwaj, V.; Bala, I.; Sitterberg, J.; Bakowsky, U.; Kumar, M.N.R. Design of estradiol loaded PLGA nanoparticulate formulations: A potential oral delivery system for hormone therapy. Pharm. Res. 2006, 23, 184–195. [Google Scholar] [CrossRef]

	



Marvdashti, L.M.; Yavarmanesh, M.; Koocheki, A. Controlled release of nisin from polyvinyl alcohol-Alyssum homolocarpum seed gum composite films: Nisin kinetics. Food Biosci. 2019, 375, 54–64. [Google Scholar] [CrossRef]

	



Silva, E.P.D.; Sitta, D.L.A.; Fragal, V.H.; Cellet, T.S.P.; Mauricio, M.R.; Garcia, F.P.; Nakamura, C.V.; Guiherme, M.R.; Rubira, A.F.; Kunita, M.H. Covalent TiO2/pectin microspheres with Fe3O4 nanoparticles for magnetic field-modulated drug delivery. Int. J. Biol. Macromol. 2014, 67, 43–52. [Google Scholar] [CrossRef] [PubMed]

	



Premanathan, M.; Karthikeyan, K.; Jeyasubramanian, K.; Manivannan, G. Selective toxicity of ZnO nanoparticles toward gram-positive bacteria and cancer cells by apoptosis through lipid peroxidation. Nanomedicine 2011, 7, 184–192. [Google Scholar] [CrossRef]

	



Tippayatum, P.; Chonhenchob, V. Antibacterial activities of thymol eugenol and nisin against some food spoilage bacteria. Nat. Sci. 2007, 41, 319–323. [Google Scholar]

	



Bonilla, J.; Sobral, P.J.A. Investigation of the physicochemical, antimicrobial and antioxidant properties of gelatin-chitosan edible film mixed with plant ethanolic extracts. Food Biosci. 2016, 16, 17–25. [Google Scholar] [CrossRef]

	



Meral, R.; Aslıhan, A.; Karakas, C.Y.; Dertli, E.; Ceylan, Z. Effect of electrospun nisin and curcumin loaded nanomats on the microbial quality, hardness and sensory characteristics of rainbow trout fillet. LWT 2019, 113, 108292. [Google Scholar] [CrossRef]

	



Jiang, Y.L.; Yu, L.; Hu, Y.W.; Zhu, Z.C.; Zhuang, C.J.; Zhao, Y.Y.; Zhong, Y. The preservation performance of chitosan coating with different molecular weight on strawberry using electrostatic spraying technique. Int. J. Biol. Macromol. 2020, 151, 278–285. [Google Scholar] [CrossRef]








[image: Nanomaterials 10 01803 g001 550] 





Figure 1. The mechanism by which soy oil/gelatin encapsulates nisin, (a) dissolve; (b) microscopic reaction; (c) macroscopic reaction; (d) particle enlarged detail. 
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Figure 2. (a) SEM image of encapsulated nisin (pH 4.2, ultrasonication time 3.0 min, and E1/E2 1.57), (b) magnified images of encapsulated nisin; (c) The effects of ultrasonication time on turbidity; (d) Typical SEM images of PVA/PAAS/EN-0%; (e) nanofiber diameter distribution histogram of PVA/PAAS/EN-0%;(f) SEM images of PVA/PAAS/EN-10%; (g) nanofiber diameter distribution histogram of PVA/PAAS/EN-10%; (h) typical SEM 50000x images of PVA/PAAS/EN-10% nanofibers under ultrasound time 0 min; (i) ultrasound time: 15 min; (j) ultrasound time: 30 min. 
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Figure 3. (a) FTIR spectra of typical PVA/PAAS/EN-10% nanofibers under different ultrasound times, and PVA/PAAS/EN nanofibers with different EN concentration (under 15 min of ultrasonic treatment); (b) FTIR spectrum of PVA/PAAS/EN-10%, PVA/PAAS, PVA, EN, Nisin, Gelatin. 
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Figure 4. Degradation rates of nanofibers under different ultrasound times: (a) 0 min, (b) 15 min, and (c) 30 min. (* p < 0.05, n = 5). 
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Figure 5. (a) The release of nisin from EN and PVA/PAAS/EN-15% nanofibers under different ultrasound times; (b) the release behavior of nisin from polyvinyl alcohol/polyacrylate sodium nanofibers. 
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Figure 6. (a) Actual kinetic release profiles of nisin from nanofibers; the corresponding fitted curves following first order (b), Higuchi (c), and Korsemeyer–Peppas (d) models. 
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Figure 7. Effect of nanofibers on the growth of (a) E. coli and (b) S. aureus on TSA medium stored at 4 °C; Survival of (c) E. coli and (d) S. aureus in nanofibers under different ultrasound times throughout storage time at 4 °C for 16 days. 
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Figure 8. Digital images of the appearance and inner changes of strawberries during storage times. 
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Table 1. Analysis of Variance (ANOVA) for the response surface model.
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	Source
	Sum of Squares
	df
	Mean Square
	F Value
	p-Value Prob > F





	Model
	706.07
	9
	78.45
	116.14
	<0.0001 a



	X1
	14.31
	1
	14.31
	21.19
	0.0025 b



	X2
	188.67
	1
	188.67
	279.30
	<0.0001 a



	X3
	53.51
	1
	53.51
	79.21
	<0.0001 a



	X1X2
	14.06
	1
	14.06
	20.82
	0.0026 b



	X1X3
	1.69
	1
	1.69
	2.50
	0.1577 c



	X2X3
	4.56
	1
	4.56
	6.75
	0.0355 b



	X12
	9.05
	1
	9.05
	13.39
	0.0081 b



	X22
	381.86
	1
	381.86
	565.30
	<0.0001 a



	X32
	18.54
	1
	18.54
	27.44
	0.0012 b



	Residual
	4.73
	7
	0.68
	-
	-



	Lack of Fit
	2.22
	3
	0.74
	1.18
	0.4210c



	Pure Error
	2.50
	4
	0.63
	-
	-



	Cor Total
	710.80
	16
	-
	-
	-



	R2 = 0.9961
	-
	-
	-
	-
	-



	Adj R2 = 0.9912
	-
	-
	-
	-
	-







X1 = coded value of pH, X2 = coded value of ultrasonic time, and X3 = coded value of E1/E2 (min), a very significant p < 0.01, b significant p < 0.05 and c not significant p > 0.05.
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Table 2. Particle sizes, encapsulation efficiency (EE), and polydispersity (PDI) values of encapsulated nisin (EN) under different ultrasound times.
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	Samples
	pH
	UT (min)
	E1/E2
	EE (%)
	Particle Sizes (nm)
	PDI





	1
	4.2
	0
	1.57
	72.19 ± 1.82 c
	550 ± 30 a
	0.78 ± 0.02 a



	2
	4.2
	2.5
	1.57
	85.34 ± 1.62 a
	450 ± 30 b
	0.42 ± 0.02 b



	3
	4.2
	3.0
	1.57
	86.66 ± 1.59 a
	320 ± 20 d
	0.27 ± 0.01 d



	4
	4.2
	5.0
	1.57
	76.42 ± 1.57 b
	390 ± 20 c
	0.36 ± 0.01 c







Different letters in the same column indicate significant differences (p < 0.05).
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Table 3. Thickness, density, mechanical properties, swelling ratio (SR), and water vapor permeability (WVP) values of nanofibers under different ultrasound times.
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Samples

	
Ultrasonic Time (min)

	
PVA/PAAS/EN-0%

	
PVA/PAAS/EN-5%

	
PVA/PAAS/EN-10%

	
PVA/PAAS/EN-15%

	
PVA/PAAS/EN-20%






	
Thickness (mm)

	
0

	
0.41 ± 0.01 d

	
0.43 ± 0.02 d

	
0.49 ± 0.01 c

	
0.57 ± 0.01 a

	
0.53 ± 0.02 b




	
15

	
0.47 ± 0.02 c

	
0.47 ± 0.02 c

	
0.56 ± 0.02 b

	
0.64 ± 0.01 a

	
0.61 ± 0.03 a




	
30

	
0.44 ± 0.02 a

	
0.56 ± 0.03 bc

	
0.52 ± −0.01 b

	
0.59 ± 0.02 a

	
0.55 ± 0.03 bc




	
Density (g/cm3)

	
0

	
0.37 ± 0.03 c

	
0.45 ± 0.03 b

	
0.49 ± 0.02 b

	
0.60 ± 0.05 a

	
0.51 ± 0.04 b




	
15

	
0.42 ± 0.04 d

	
0.58 ± 0.02 c

	
0.69 ± 0.02 b

	
0.77 ± 0.04 a

	
0.67 ± 0.04 b




	
30

	
0.35 ± 0.03 c

	
0.55 ± 0.04 b

	
0.57 ± 0.03 ab

	
0.62 ± 0.02 a

	
0.59 ± 0.03 ab




	
TS (MPa)

	
0

	
5.81 ± 0.13 e

	
8.52 ± 0.48 b

	
7.91 ± 0.39 c

	
10.35 ± 0.32 a

	
6.44 ± 0.09 d




	
15

	
6.58 ± 0.27 e

	
9.21 ± 0.27 c

	
10.58 ± 0.24 b

	
12.12 ± 0.49 a

	
7.76 ± 0.26 d




	
30

	
4.76 ± 0.26 d

	
6.00 ± 0.26 c

	
8.33 ± 0.41 b

	
9.36 ± 0.28 a

	
4.87 ± 0.33 d




	
EAB (%)

	
0

	
69.31 ± 2.91 d

	
84.79 ± 3.62 c

	
92.67 ± 3.54 b

	
105.69 ± 2.91 a

	
94.56 ± 2.83 b




	
15

	
77.30 ± 2.59 a

	
115.75 ± 3.71 b

	
101.41 ± 3.83 c

	
130.08 ± 3.63 a

	
120.69 ± 3.68 b




	
30

	
70.14 ± 2.88 d

	
98.65 ± 2.45 c

	
110.94 ± 3.15 b

	
125.27 ± 2.97 a

	
114.36 ± 3.72 b




	
SR (%)

	
0

	
324.45 ± 10.25 a

	
302.26 ± 9.38 b

	
285.11 ± 11.07 bc

	
266.53 ± 10.68 c

	
243.91 ± 11.04 d




	
15

	
335.35 ± 9.51 a

	
305.47 ± 10.21 b

	
289.91 ± 12.07 bc

	
271.82 ± 9.99 cd

	
256.96 ± 8.65 d




	
30

	
301.59 ± 10.32 a

	
279.36 ± 10.97 b

	
255.39 ± 10.25 c

	
248.16 ± 8.41 c

	
221.65 ± 9.57 d




	
WVP × 10−3 (g/h m2 Pa)

	
0

	
1.43 ± 0.08 a

	
1.24 ± 0.04 b

	
1.19 ± 0.03 b

	
1.07 ± 0.03 c

	
1.25 ± 0.03 b




	
15

	
1.39 ± 0.04 a

	
1.17 ± 0.07 b

	
1.03 ± 0.02 c

	
1.02 ± 0.02 c

	
1.23 ± 0.03 b




	
30

	
1.57 ± 0.05 b

	
1.43 ± 0.03 c

	
1.25 ± 0.03 a

	
1.33 ± 0.03 d

	
1.84 ± 0.04 a








Different letters in the same column indicate significant differences (p < 0.05).
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Table 4. Color and light transmittance values of nanofibers under different ultrasound times.






Table 4. Color and light transmittance values of nanofibers under different ultrasound times.





	
Sample

	
Ultrasonic Time (min)

	
PVA/PAAS/EN-0%

	
PVA/PAAS/EN-5%

	
PVA/PAAS/EN-10%

	
PVA/PAAS/EN-15%

	
PVA/PAAS/EN-20%






	
L

	
0

	
95.37 ± 0.22 a

	
92.90 ± 1.02 ab

	
92.04 ± 2.20 b

	
92.02 ± 1.09 b

	
87.24 ± 1.73 c




	
15

	
84.87 ± 1.38 c

	
92.44 ± 2.25 a

	
80.86 ± 0.47 d

	
89.42 ± 1.54 b

	
85.58 ± 0.78 c




	
30

	
85.83 ± 2.26 b

	
83.31 ± 1.24 c

	
88.81 ± 0.57 a

	
87.22 ± 1.52 ab

	
85.17 ± 2.66 b




	
a

	
0

	
4.00 ± 0.64 a

	
1.08 ± 0.11 b

	
0.27 ± 0.07 bc

	
0.78 ± 0.22 bc

	
−0.59 ± 0.18 c




	
15

	
−0.46 ± 0.12 ab

	
1.66 ± 0.23 a

	
−0.99 ± 0.27 ab

	
−0.39 ± 0.09 ab

	
−1.09 ± 0.26 b




	
30

	
−0.44 ± 0.05 a

	
−0.77 ± 0.17 a

	
−0.45 ± 0.12 a

	
−0.15 ± 0.14 a

	
0.13 ± 0.03 a




	
b

	
0

	
−1.77 ± 0.05 a

	
−3.01 ± 0.24 b

	
−3.10 ± 0.32 b

	
−2.79 ± 0.29 b

	
−3.26 ± 0.29 b




	
15

	
−3.53 ± 0.28 a

	
−2.53 ± 0.31 a

	
−4.37 ± 0.34 a

	
−3.38 ± 0.23 a

	
−3.31 ± 0.31 a




	
30

	
−4.19 ± 0.53 b

	
−1.38 ± 0.24 a

	
−3.19 ± −0.14 b

	
−3.24 ± 0.16 b

	
−2.87 ± 0.38 ab




	
∆E

	
0

	
14.82 ± 0.45 a

	
11.57 ± 0.99 b

	
10.70 ± 2.07 b

	
11.11 ± 1.01 b

	
6.21 ± 1.48 c




	
15

	
3.95 ± 1.48 c

	
11.50 ± 2.99 a

	
2.21 ± 0.48 c

	
8.11 ± 1.49 b

	
4.78 ± 0.33 c




	
30

	
3.53 ± 0.94 c

	
4.86 ± 1.42 c

	
7.55 ± 0.58 a

	
6.09 ± 1.60 ab

	
5.01 ± 1.29 bc




	
T600 (%)

	
0

	
9.18 ± 0.44 a

	
8.99 ± 0.22 b

	
8.48 ± 0.25 c

	
7.76 ± 0.12 d

	
8.38 ± 0.27 c




	
15

	
9.07 ± 0.25 a

	
8.73 ± 0.33 a

	
8.18 ± 0.12 b

	
7.53 ± 0.17 c

	
8.01 ± 0.24 b




	
30

	
9.09 ± 0.27 a

	
8.83 ± 0.42 ab

	
8.34 ± 0.04 b

	
7.59 ± 0.45 b

	
8.26 ± 0.28 c








Different letters in the same column indicate significant differences (p < 0.05).
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Table 5. The models of release behavior and parameters of fitted curves.






Table 5. The models of release behavior and parameters of fitted curves.





	Model
	Equation
	k
	n
	R2





	First order
	Q = k × (1 − e−nt)
	0.91202
	0.47774
	0.94713



	Higuchi
	Q = k × t0.5 + n
	0.22132
	0.20561
	0.897



	Korsemeyer-Peppas
	Q = k × tn
	0.49629
	0.25826
	0.98814











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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