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Abstract

:

The use of biodegradable films to replace the synthetic polymers prepared from natural polymers has been strongly limited owing to their poor barrier and mechanical properties. The modification was carried out with a partial replacement of natural polymers with synthetic polymer, such as PVA (poly vinyl alcohol), to increase the barrier properties of the film. The addition of an active ingredient in the form of nanoparticles such as Zinc Oxide (ZnO), enhanced the properties of the packaging materials compared to the conventional composite film, to which sonication imparted an excellent dispersion of nanoparticles in the slurry. The film thickness, water vapor permeability, film solubility, and mechanical properties of the composite, the composite with PVA, and the composite with PVA and ZnO nanoparticle film (active film) values differed significantly (p < 0.05) between the samples. The Z-average diameters of the composite slurry, the composite with PVA slurry, and the composite with PVA and ZnO nanoparticle slurry ranged from 242.20 to 1021.03 in nanometers (d-nm). The PDI and zeta potential of the samples were also analyzed. The antibacterial activity of the nanoparticles showed a distinct inhibition against Gram-positive Bacillus cereus and Gram-negative Escherichia coli in the treated films counterpart to the control films. The active film conferred excellent mechanical and barrier properties, including antibacterial properties.
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1. Introduction


Packaging is an important aspect of preserving the quality and safety of various food products, along with their shelf-life extension. The development of biopolymer-based packaging materials to replace synthetic polymers has become a growing field of interest due to serious environmental concerns. Several biopolymers have been exploited to develop eco-friendly food packaging materials, viz. polysaccharides, proteins, and lipids [1]. Researchers such as De Azeredo [2] observed that the production of composite films using different fillers is a better way of improving the performance of biodegradable films. In addition, the combination of polymers, i.e., composite polymers, provides various added advantages compared to single polymers. Currently, composites typically consist of a polymer matrix or continuous phase, and a filler or discontinuous phase. In this regard, Whey protein concentrate (WPC) and Whey protein isolate (WPI) are biopolymers that have received much attention for use as a potential edible or biodegradable food packaging material owing to their production of transparent films and coatings that can act as an excellent oxygen barrier property at very low levels of RH [3,4]. Additionally, other plant-based biopolymers, such as starch and carrageenan, have been evaluated for their film-forming applications in food packaging areas [5,6]. However, the use of biodegradable films prepared from natural polymers has been strongly limited due to their poor barrier and mechanical properties.



Therefore, many studies have recommended the modification of natural polymeric film employing partial replacement of natural polymers with synthetic polymers, such as poly vinyl alcohol (PVA), to increase their barrier and mechanical properties. It is a synthetic water-soluble polymer with excellent film-forming, emulsifying, and adhesive properties [7], and imparts good tensile strength (TS) and biodegradability, and hence has been used in many biomaterial applications. PVA has been approved for use in packaging meat and poultry products by the USDA [8]. Additionally, in the film-making process, glycerol has shown itself to be a favorable plasticizer in composite films because of its plasticization ability due to its low molecular weight [9].



A low level of nanoparticles, such as zinc oxide (ZnO), is sufficient to change the properties of packaging materials without significant changes in their density, transparency, and processing characteristics [10]. They have been widely used in daily life, e.g., in medical devices, drug delivery, and cosmetics [11]. Similarly, these nanoparticles exhibit antibacterial properties in both microscale and nanoscale formulations [12]. These results also indicate that films with nanoparticles can be considered a safe packaging material. In addition, film preparational methodology, employing high-power ultrasonication, has been known to create better dispersions of nanoparticles during mixing [13]. Keeping in mind the above-mentioned points, the present study was carried out to incorporate zinc oxide nanoparticles and PVA with the quality characteristics of nanocomposite film.




2. Materials and Methods


2.1. Chemicals Required for Film Formation


Corn starch (maize) and carrageenan were procured from the Central Drug House, Pvt. Ltd., Delhi, India. Whey protein concentrate (WPC) and whey protein isolate (WPI) were procured from Mahaan Proteins Ltd., Kosi Kalan (U.P), India. Poly vinyl alcohol (PVA) and zinc oxide (ZnO) nanoparticles were procured from Sigma Aldrich Chemicals Pvt. Ltd., Delhi, India, whereas glycerol was procured from Loba Chemical Pvt. Ltd., Mumbai, India.




2.2. Preparation of Corn Starch/WPI/WPC/Carrageenan Composite Film


The composite film consisted of corn starch (maize), WPI, WPC, and carrageenan prepared using the casting method. Initially, WPC (2.5%) and WPI (2.5%) were added to distilled water, and for complete dissolution, a magnetic stirrer was utilized. To this mixture, carrageenan (0.25%) and corn starch (maize) (2.5%) were added with continuous stirring, leading to the gelatinization of corn starch (maize) at 60–70 °C; glycerol (2%) was then added and mixed properly with the help of a magnetic stirrer. Plastic Petri dishes (150 mm) were used for the formation of film using the film-casting method. After the homogenization process, the slurry was kept undisturbed for 30–45 min for the settlement of bubbles and to decrease the temperature of the film-forming solution. The dishes were then transferred to a hot air oven (MAC) at 40 °C for 16–17 h for proper and complete drying. As a precautionary measure, to suppress the growth of fungi and unwanted bacteria, a fumigation of the hot air oven was undertaken before the experimentation.




2.3. Preparation of Corn Starch/WPI/WPC/Carrageenan Composite Film with PVA


PVA (0.5%) was added to water for proper mixing on a hot plate magnetic stirrer. After the proper mixing of the PVA, whey protein concentrate, whey protein isolate, and carrageenan were added. After the proper mixing stage, the corn starch (maize) was added to the slurry, and the rest of the procedure, as described above for the composite film [14], was followed.




2.4. Preparation of Corn Starch/WPI/WPC/Carrageenan/PVA/ZnO nanocomposite Film


The above-mentioned procedures were followed, up to the gelatinization of the corn starch (maize), after which ZnO nanoparticles (finalized after preliminary trials amongst (AgO, TiO2, and ZnO) (0.3%) with glycerol) were added to the slurry, and their initial mixing was completed by a magnetic stirrer (Singh [15]). Thus, sonication was achieved with the help of an ultrasonicator (40 Amp, for 10 min) for the proper mixing of nanoparticles as per the procedure demonstrated by Sivakumar et al. [16,17]. After the gelatinization and sonication processes, the casting was carried out in polypropylene Petri dishes for the film formation. The temperature–time combination used for the formation and drying of the film was 40 °C for 16–17 h (Figure 1a,b).




2.5. Characterization of Slurry Used for Film Formation


The viscosity of the slurry was checked with the Brookfield Viscometer employing spindle—LV-01. The speed of the spindle was kept at 20 RPM for 3 min with 30 s shearing. A digital pH meter (Mettler Toledo, Columbus, OH, USA) was used to measure the pH during the investigation. The particle size analyzer average (d-nm), the zeta potential, and the poly dispersibility index (PDI) were measured by a dynamic light scattering (DLS) device (Zetasizer Nano-ZS, Malvern Instruments Ltd., Worcestershire, UK), as per the manufacturer’s instructions.




2.6. Characterization of Film


Six measurements were taken at different points randomly selected from each film to avoid an error, and an average was taken using a digital micrometer. The water solubility of the film was measured using the procedure followed by Singh et al. [18].



The water vapor permeability (WVP) was measured using a modified method given by [19]. The film was sealed on a modified test cell (beaker) with 30 mL of distilled water, and then kept in a desiccator containing a pre-dehydrated silica gel. Silica gels were dried at 180 °C/3 h for these measurements. The whole assembly was kept at 25 °C for 24 h, and the loss of weight was measured. The WVP was estimated as indicated in the equation:


WVP = ΔW/(Δt × A)











Here, ΔW is the weight loss of the test cell.



Δt is the time of storage.



A is the area of exposed film.



A UV–VIS spectrophotometer (Systronics double-beam spectrophotometer 2203 smart) was used to find out the light transmittance (%) of the film at the wavelength of 660 nm. A water activity meter (Aqua lab series, 4TE) was used to measure the water activity of the film. The biodegradation of the film was measured using the procedure followed by Al-Sahlany [20]. A CR-400 Konica chroma meter (Konica Minolta, Japan) was used to find out the instrumental color value of L*, a*, and b* of the films as per the manufacturer instructions. The antimicrobial activity of the slurry and the film was tested against the food spoilage pathogens using the agar spot test by Shokryazdan et al. [21].




2.7. Mechanical Properties of Film


The tearing strength and the puncturing strength were as measured by the TMS-Pro Food Technology Corporation texture analyzer. The minimum force required to rupture and pierce the film was calculated in N (Newton). For the estimation of the tearing strength, the film was placed (7 cm × 2 cm) between two grips or clumps. The distance between the two grips was 5 cm, and the speed of the instrument was 1 mm/s. With respect to the estimation of the puncturing strength, the films were measured by placing a round film strip (with a diameter of 6–7 cm) on a circular holder. The speed of the instrument was 1 mm/s. A 5 mm diameter probe was used for piercing the film sample.



2.7.1. Scanning Electron Microscopy (SEM)


The microstructure of the film samples on the film surface was observed using a scanning electron microscope (JEOL JSM-6510, Tokyo, Japan) at an accelerating voltage of 15 kV. The film piece was placed on a stub using a two-sided carbon tape, and then sputter-coated with a thin layer of gold prior to analysis. The sampling procedure was carried out at an ambient temperature. The image was taken with the help of instrument software with an initial grip distance of 100 mm and a crosshead speed of 50 mm/min during analysis.




2.7.2. Statistical Analysis


The data obtained during the present investigation were analyzed by employing SPSS 25.0 statistical software. The quality parameters of the slurry and film were assessed by employing a one-way analysis of the variance (ANOVA) with six replications at a 5 per cent level of significance (p < 0.05).






3. Results and Discussions


3.1. Properties of Different Type of Slurries


The properties of the different types of slurries are presented in Figure 2.



Viscosity



The viscosity of the composite slurry, the composite with PVA slurry, and the composite with PVA and ZnO nanoparticle slurry ranged from 8.91 to 9.26 cP, as shown in Figure 2a. There was a non-significant difference (p < 0.05) with the addition of the ZnO nanoparticle-incorporated nanocomposite slurry and the slurry of the composite with the PVA. The results were correlated with Gurpreet and Singh [22], who stated that the addition of nanoparticles had no significant effect on the viscosity of the slurries.



pH



The pHs of the composite slurry, the composite with PVA slurry, and the composite with PVA and ZnO nanoparticle slurry were 6.33, 6.38, and 6.29, respectively. The pH values differed significantly (p < 0.05) between the samples (Figure 2b). The slurry pH plays a critical role in the formation of the films and their morphologies [23]. Films prepared with acidic pH improved the water vapor permeability, transparency, solubility, and thermal stability as compared to the alkaline pH.



Polydispersity Index (PDI)



The PDIs of the composite slurry, the composite with PVA slurry, and the composite with PVA and ZnO nanoparticle slurry ranged from 0.302 to 0.934, as shown in Figure 2c. The PDI values differed significantly (p < 0.05) between all the samples. The results correlated with those of Gurpreet and Singh [22], who suggested that the nanoemulsion PDI values between (0 and 1) might be correlated with more stability.



Zeta Potential



The zeta potential of the composite, the composite with PVA, and the composite with PVA and ZnO nanoparticle slurry is shown in Figure 2d. The zeta potential of the composite slurry, the composite with PVA slurry, and the composite with PVA and ZnO nanoparticle slurry ranges from −2.52 mV to −11.40 mV. Sonication has been proven to be a good method for the dispersion of nanoparticles in the slurry. There was a significant difference (p < 0.05) between all the samples. Similar findings were reported by Qi et al. [24] and Marsalek [25], who found that the zeta potential is a measure of the magnitude of the electrostatic or the charge repulsion/attraction between particles. Furthermore, this is one of the fundamental parameters known to affect stability. In addition, a lower value shows a higher van der Waal attraction, which causes aggregation and thus instability [26].



Z-Average



The Z-average of the composite slurry, the composite with PVA slurry, and the composite with PVA and ZnO nanoparticle slurry ranged from 1021.03 to 242.20 d-nm, as shown in Figure 2e. There were significant differences (p < 0.05) between all the samples. Similar results were reported by Qi et al. [24] and Marsalek [25]. The z-average value is an intensity-weighted mean diameter of the bulk population of the sample.




3.2. Properties of Different Type of Films


The properties of different types of films, such as the film thickness, light transmittance, water activity, water vapor permeability (WVP), film solubility, tensile strength, and puncturing strength are shown in Figure 3.



Film thickness



The film thickness of the composite, the composite with PVA, and the composite with PVA and ZnO nanoparticle film is shown in Figure 3a. The film thickness of the composite, the composite with PVA, and the composite with PVA and ZnO nanoparticles ranged from 0.089 to 0.098 mm. The results show that the addition of PVA and ZnO nanoparticles increased the thickness compared to the composite film alone. Similar findings were reported by Gharoy Ahangar et al. [27], Rhim et al. [28], and Ngo et al. [29]. The values differed significantly (p < 0.05) between the samples mentioned above.



Light transmittance



The light transmittance of the composite film, the composite with PVA film, and the composite with PVA and ZnO nanoparticle film ranged from 76.21 to 85.51 per cent. The light transmittance of the composite film, the composite with PVA film, and the composite with PVA and ZnO nanoparticle film is shown in Figure 3b. Due to the addition of PVA and ZnO to the films, the thickness increased, which resulted in a decrease in light transmittance. The light transmittance values differed significantly (p < 0.05) for all the samples. Similar results were observed by the Yang et al. [30] and Atta et al. [31].



Water Activity



The water activity of the composite film, the composite with PVA film, and the composite with PVA and ZnO nanoparticle film ranged from 0.3727 aw to 0.4094 aw, as shown in Figure 3c. There were significant differences (p < 0.05) between all the samples.



Water Vapor Permeability (WVP)



The water vapor permeability of the composite, the composite with PVA, and the composite with PVA and ZnO nanoparticle film ranged from 4.12 to 6.33 g/m2h, as shown in Figure 3d. It could be speculated that nanoparticles made the film more hydrophobic and filled the pores in the macromolecules structures, which decreased the permeability of the water vapors and added nanoparticles to the sites on the composite films that normally would be occupied by water. The results correlated with the findings of Ngo et al. (29), Gharoy Ahangar et al. [27], Nafchi et al. [32], and Saputri et al. [33] who stated that the permeability of the films was due to the moisture transfer between food and the atmosphere, which ultimately determines the deteriorative changes in dairy products. The WVP values differed significantly (p < 0.05) between all the samples.



Film solubility



The film solubility of the composite film, the composite with PVA film, and the composite with PVA and ZnO nanoparticle film is shown in Figure 3e. The film solubility value is an important functional property for the film based on biopolymers, which is related to the hydrophilicity of the materials. The film solubility of the composite film, the composite with PVA film, and the composite with PVA and ZnO nanoparticle film ranged from 35.25 to 27.31%. The film solubility values differed significantly (p < 0.05) between the samples of the control and the experimental. The results are correlated with the findings of Nafchi et al. [32], Ngo et al. [29], and Rhim et al. [28].



Tensile strength



The tensile strength of the composite film, the composite with PVA film, and the composite with PVA and ZnO nanoparticle film ranged from 8.59 to 9.85 N, as shown in Figure 3f. The tensile strength increased with the addition of ZnO nanoparticles to the active films. The incorporation of nanoparticles into the film solutions effectively enhanced the interfacial interactions within the control film network via the establishment of hydrogen and covalent bonds between nanoparticles and other polymer molecules. The values differed significantly (p < 0.05) between all the samples. The results were previously reported by Akhavan et al. [34], Vasile et al. [11], Ahmad et al. [35], and Wu et al. [36].



Puncturing strength



The puncturing strength of the composite film, the composite with PVA film, and the composite with PVA and ZnO nanoparticle film is shown in Figure 3g. The puncturing strength of the composite film, the composite with PVA film, and the composite with PVA and ZnO nanoparticle film ranged from 2.92 to 3.31. The values differed significantly (p < 0.05) between the samples. The same results were previously reported by Vasile et al. [11], Ahmad et al. [35], and Wu et al. [36].




3.3. Colour


The color properties (L *, a*, and b*) of the different types of films are shown in Figure 4.



(L*)



The L* of the composite film, the composite with PVA film, and the composite with PVA and nanoparticle film ranged from 26.83 to 59.93, as shown in Figure 4a. The L*(lightness) value of the ZnO nanocomposite film was significantly higher than that of other films. The L* (lightness) value of the composite with PVA film was lower than the ZnO nanocomposite films, but higher than composite film. These were significant differences (p < 0.05) between the samples.



(a*)



The a* of the composite film, the composite with PVA film, and the composite with PVA and ZnO nanoparticle film ranged from −0.26 to −1.92, as shown in Figure 4b. There was a non-significant difference in the a* value between samples. These results indicate that the lightness of the film samples increased with the decrease in greenness. There were significant differences (p < 0.05) between the samples.



(b*)



The b* of the composite film, the composite with PVA film, and the composite with PVA and ZnO nanoparticle film ranged from −3.12 to −1.78, as shown in Figure 4c. There were significant differences (p < 0.05) between the samples.



The results obtained for color values correlated with the findings of Kumar et al. [37], Amjadi et al. [38], and Rhim et al. [28]. The transparency of the films was found to be reduced with the incorporation of nanoparticles in the nanocomposite’s films due to the higher scattering of nanoparticles.




3.4. Scanning Electron Microscopy (SEM) of the Nanocomposite Film


Scanning electron microscopy (SEM) is a surface imaging method in which the incident electron beam scans across the sample surface and interacts with the sample to generate backscattered and secondary electrons that are used to create an image of the sample [39]. In order to compare the difference between the composite film and the composite with PVA and ZnO nanocomposite film, the specimens were characterized by the SEM analysis, and the corresponding SEM images were obtained (Figure 5a–c).



In the SEM image of the ZnO nanocomposite film (Figure 5c), some of the nanoparticle aggregates were dispersed randomly in the polymer matrix. This might have been due to their high surface property. The ZnO nanocomposite film surface had roughness with some small particle (white spot) aggregates. This indicates the segregation of ZnO in the polymeric matrixes, as potentially confirmed by the interaction and complexation between them. Good adhesion between the surface of the ZnO nanoparticles and the polymers was also shown in the film [31,40]. The representative SEM images of the composite (Figure 5a) and the composite with PVA (Figure 5b) film showed a good compact structure, with a smooth and flat appearance. The homogeneous matrix of films was a good indicator of their structural integrity, and consequently good mechanical properties could be expected by Mali et al. [41], Jayakumar et al. [42], and Atta et al. [31].




3.5. Biodegradation of Film


Biodegradation involves enzymatic and chemical degradation by living organisms. The biodegradation of the composite film was quicker compared to that of the composite with PVA and the composite with PVA and ZnO film, as shown in Figure 6. At the end of 50 days, there was a degradation of 96.22% in the composite film which was comparatively much faster than that of the composite with PVA and the composite with PVA and ZnO film, which were 92.33 and 89.25 per cent, respectively. When the nanoparticles were embedded in the films, the degradation was due to the decrease in both weight loss and water uptake. There were significant differences (p < 0.05) between all the samples and there were also significant differences (p < 0.05) between the days of all samples. Abbasi [43] also similarly observed that the addition of nanoparticles to the film led to slow degradation, and Azahari et al. [44] observed that the addition of PVA slowed down the rate of film degradation.




3.6. Antibacterial Activity of Nanoparticles Incorporated in Slurry and Film


From the research findings, it was found that the ZnO nanomaterial has antimicrobial properties for the inhibition of bacterial growth [45]. Based on the cell cytotoxicity results obtained by Singh [15], a 0.3% concentration of nanomaterials, such as ZnO, was selected for incorporation in the film for antibacterial enhancement. The level of inhibition was measured on the basis of the zone of inhibition test on solid media by both the well diffusion method (slurry) and the film adhesion method (film).



Below the 0.3% concentration of nanoparticles, ZnO did not exhibit antibacterial activity. However, at a 0.3% concentration of nanoparticles, results showed a 16 mm inhibition zone by the well diffusion method against Gram-negative E. coli and a 17 mm inhibition zone against Gram-positive B. cereus. The film adhesion method with 0.3% ZnO nanoparticles showed an 18 mm inhibition zone against Gram-negative E. coli and a 20 mm inhibition zone against Gram-positive B. cereus (Figure 7B,D). Similarly, the control slurry (composite slurry/composite with PVA slurry) and the control film (composite film/composite with PVA film) did not manifest any antibacterial activity against E. coli and B. cereus (Figure 7A,C).





4. Conclusions


The study concluded that the addition of PVA and ZnO particles in composite slurry improved various film properties, such as film thickness, WVP, film solubility, colour, and mechanical and antimicrobial properties, and that the values obtained differed significantly (p < 0.05) between the treated and the control samples. The study also showed that the nanocomposite film prepared using a combination of corn starch (maize), whey protein concentrate and whey protein isolate, carrageenan, and PVA with added ZnO nanoparticles illustrated excellent mechanical, barrier, and antimicrobial properties, and could be an alternative to synthetic packaging materials. The developed package film has the potential to be used in the dairy industry, as well as in a variety of products for enhancing the shelf-life.
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Figure 1. (a): Flow diagram for preparation of optimized nanocomposite film; (b): Corn starch (Maize) + WPC & WPI + PVA + carrageenan + glycerol + ZnO (active film). 
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Figure 2. (a–e) Properties of different types of slurries used for film formation: (a) viscosity, (b) pH, (c) PDI, (d) zeta potential, and (e) Z-average. Means with different superscripts a–c differ significantly (p < 0.05). 






Figure 2. (a–e) Properties of different types of slurries used for film formation: (a) viscosity, (b) pH, (c) PDI, (d) zeta potential, and (e) Z-average. Means with different superscripts a–c differ significantly (p < 0.05).



[image: Coatings 13 00420 g002a][image: Coatings 13 00420 g002b]







[image: Coatings 13 00420 g003a 550][image: Coatings 13 00420 g003b 550][image: Coatings 13 00420 g003c 550] 





Figure 3. (a–g) Properties of different types of films. Means with different superscripts a–c differ significantly (p < 0.05). 
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Figure 4. (a–c) Color profiling of different types of films. Means with different superscripts a–c differs significantly (p < 0.05). 
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Figure 5. (a–c) Scanning electron microscopy of different types of films. (a) Composite film, (b) composite film with PVA, and (c) ZnO nanocomposite film. 
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Figure 6. Biodegradation of different types of films. Figure representing the values (Mean ± S.E.). A–C superscripts represent significant differences within samples on a particular day (p < 0.05). a–h superscripts represent significant differences among different samples between days (p < 0.05). 
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Figure 7. (A) Control slurry: (a1) composite slurry; (a2) composite with PVA (antibacterial activity against E. coli and B. cereus) (B) ZnO nanocomposite Slurry (antibacterial activity against E. coli and B. cereus) (C) Control film: (c1) composite film; (c2) composite with PVA film (antibacterial activity against E. coli and B. cereus) (D): Zno film: (d1) Bacillus cereus; (d2) E. coli. (antibacterial activity against tested organisms). 
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