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Abstract

:

The global turn from the linear to the circular economy imposes changes in common activities such as food packaging. The use of biodegradable materials such as polyvinyl alcohol, natural raw materials such as clays, and food byproducts such as chitosan to develop novel food packaging films attracts the interest of industrial and institutional research centers. In this study, novel hybrid nanostructures were synthesized via the growth of zinc oxide nanorods on the surface of two nanoclays. The obtained nanostructures were incorporated with chitosan/polyvinyl alcohol composite either as nanoreinforcement or as an active agent to develop packaging films. The developed films were characterized via XRD, FTIR, mechanical, water-vapor diffusion, water sorption, and oxygen permeability measurements. Antimicrobial activity measurements were carried out against four different pathogen microorganisms. XRD indicated the formation of an intercalated nanocomposite structure for both types of nanoclays. Furthermore, improved tensile, water/oxygen barrier, and antimicrobial properties were recorded for all films compared to the pure chitosan/polyvinyl alcohol film. Overall, the results indicated that the use of the bio-based developed films led to an extension of food shelf life and could be used as novel active food packaging materials. Among them, the most promising film was the 6% wt. ZnO@halloysite.
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1. Introduction


Nowadays, following the spirit of sustainability, cyclic economy, and green chemistry, the food industry has turned to the development of novel added-value functional packaging materials using food by-products. As a result, there is an increasing interest in replacing the use of fuel-based polymers with the use of novel developed bio-based polymers and thus moving to the basis of more sustainable materials. Chitin [1,2] is the second most abundant biopolymer after cellulose. It consists of 2-acetamido-2-deoxy-β-d-glucose through a β (1→4) linkage. The exoskeletons of arthropods such as crustaceans and insects, the cell walls in fungi, the beaks of cephalopod, and the radulae of mollusks are some major natural sources of this substance. Chitosan (CS) is the N-deacetylated derivative of chitin [2,3,4]. The deacetylation process of chitin to chitosan (CS) can be obtained through a quite simple thermal treatment with NaOH [5,6]. Nowadays, special treatment of crab or shrimp shells and fungal mycelia is one of the famous manners of obtaining chitin. Thus, food industries such as shrimp canning are one of the major sources of raw material for chitin and CS production [2,6]. CS is a biodegradable, non-toxic polymer derived from renewable resources and exhibits a great potential to be applied as a packaging material [7].



To enhance the tensile and barrier properties of biopolymer-based packaging films, the addition of various nanofillers is suggested [8,9]. Layered silicate nanoclays such as sodium montmorillonite (Mt) and halloysite (HNT) nanotubes are among the most promising materials among various nanofillers [10,11,12]. The addition of small amounts of nanofillers such as nanoclays into biopolymers gives rise to a new class of bio-nanocomposite-based packaging films [13,14]. In the last decade, much effort has been devoted to developing nanocomposite films based on CS/Mt [15,16,17,18,19,20] and CS/HNT [11,12,21,22,23,24,25] for food packaging and drug delivery applications. Recently, polyvinyl alcohol (PVOH) was added to a CS/Mt matrix, acting as an effective plasticizer and enhancing the barrier properties [26,27] as well as the antimicrobial properties [28].



Another attractive nanofiller due to its low cost, antibacterial properties, and UV-adsorption ability is ZnO. One of the materials registered by the US Food and Drug Administration (FDA) (FDA, 2011) in the Generally Recognized As Safe (GRAS) list is ZnO. The following mechanism steps were proposed to explain the antimicrobial activity of ZnO: (a) the release of Zn2+ antimicrobial ions via the dissolution of ZnO nanoparticles, (b) the penetration of cell membrane by nano-sized particles and the damage to the cell membrane, and (c) the destruction of the bacterial cells by the highly active oxygen species formed on the surface of the ZnO nanoparticles via irradiation [29,30]. In this study, the Zn2+ ion release could be beneficial for antimicrobial activity when ZnO nanoparticles encapsulated in acidic biopolymers carriers such as CS are diluted in acetic acid. In this case, the obtained CS/ZnO edible nanocomposite could be applied as both antimicrobial and nutritional Zn2+ ion agents [31,32]. Potential synergies between zinc oxide (ZnO) and chitosan could be exploited to develop active films/coatings with enhanced antimicrobial performance and biocapability [29,33,34,35,36]. The use of ZnO/clay nanostructures for photocatalytic applications is well known in the literature [37]. Recently, a growing interest was raised [38,39] for the development and application of such ZnO/clay nanostructures and their use as active food packaging materials. According to this simple and innovative idea, the ZnO is expected to act either as an antimicrobial or reinforcement agent, and nanoclays are expected to act as both a reinforcement and a barrier agent [39]. Ding et al. [38] prepared palygorskite@ZnO nanorods and loaded different contents into chitosan-based films. Their study shows that addition of palygorskite@ZnO nanorods enhanced the tensile strength and the antimicrobial properties of obtained films.



In a recent study [39], novel ZnO@Mt hybrid nanostructures, similar to one of the two reported in this study, were developed to achieve a novel nanofiller with enhanced tensile, barrier, and antimicrobial properties. Detailed structural characterization was carried out in this study, including SEM images. It is obvious from such images that the ZnO nanorods were grown on the surface of the clay. These ZnO@Mt nanostructures were prepared in various ZnO/Mt nominal wt% ratios and were added as nanofillers in polyvinyl alcohol biodegradable films. The overall study concluded that four times higher ZnO weight than the Mt weight is the optimum wt% ratio and exhibits optimum properties. By following this effort to develop biodegradable “green” polymers and to achieve higher shelf life for foods, in this work, we developed two different hybrid nanostructures considering the conclusion of this previous study. Considering the results of [39], in the case of the ZnO@Mt and the ZnO@HNT nanohybrids, the ZnO nanorods grow on the surface of the Mt and the HNT nanotubes, respectively. In both cases, the nominal wt% ratio of ZnO to nanoclays was kept constant and equal to 4. Each one of these nanohybrids was added into chitosan/polyvinyl alcohol (CS/PVOH) matrices in 3 and 6 wt% content to develop novel CS/PVOH/xZnO@Mt and CS/PVOH/xZnO@HNT nanocomposite edible active packaging films. Both the ZnO@Mt and ZnO@HNT nanohybrids, as well as the obtained CS/PVOH/xZnO@Mt and CS/PVOH/xZnO@HNT films, were characterized via XRD analysis and FTIR spectrometry. Mechanical properties, water/oxygen barrier properties, and antimicrobial activity against four different food pathogens of all obtained films were evaluated. The specific targets of this study were (1) the comparison/evaluation of the ZnO@NaMt or ZnO@HNT nanostructures’ performance as antimicrobial and nanoreinforcement components in the development of CS/PVOH edible films and (2) the comparison between these two materials.




2. Materials and Methods


2.1. Materials


Acros-Organics company (Zeel West Zone 2, Janssen Pharmaceuticalan 3a, B2440, Geel, Belgium) was the provider of chitosan with a molecular weight of 100,000–300,000. SIGMA-ALDRICH, Co., 3050 Spruce Street, St. Louis, MO 63103 USA 314-771-5765 was the supplier of poly(vinyl alcohol) (PVOH) with low molecular weight (13,000−23,000) and hydrolysis degree of 87−89%. The same company was also the provider of zinc acetate dihydrate (Zn(CH3COO)2·2H2O), 25% ammonia solution, and montmorillonite (Mt) (code name Nanomer PGV) with a mass density of 2.6 g/cm3 and CEC value of 145 meq/100 g. The last chemical was purchased from Nanocor Inc., 2870 Forbs Avenue Hoffman Estates, IL 60192, IL, United States. Sigma-Aldrich was the supplier of the montmorillonite (product 685445, Sigma-Aldrich, St. Louis, MO, USA) with a chemical composition of 1.53% halloysite nanotubes (Al2Si2O5(OH)4·2H2O, 99.5% clay), 1.68% CaO, 3.35% Fe2O3, 62.9% SiO2, 19.6% Al2O3, and 3.05% MgO.



2.1.1. Preparation of ZnO@Mt and ZnO@HNT Hybrid Nanostructures


In this work, ZnO nanorods were developed after 1 h hydrothermal treatment of Zn acetate solution. This result is well supported by literature reports [39,40]. In all cases, the nominal amount of 2 g ZnO nanorods was obtained using 4.525 g of Zn(CH3COO)2·2H2O (24.7 mmol). The amount of the Mt and HNT which was used to obtain the final ZnO@Mt and ZnO@HNT nanohybrids was 0.5 g, and the ZnO to nanoclay mass fraction was equal to 4. Briefly, 50 mL aqueous solution was prepared by dissolving 4.525 g of Zn(CH3COO)2·2H2O (24.7 mmol) in deionized water and stirred for 5 min. A white precipitate slurry was initially observed. Then a 25% w/w aqueous solution of NH3 was added drop by drop to the above Zn(CH3COO)2·2H2O aqueous white slurry under constant stirring. The pH was adjusted to ~11. The addition of the NH3 (approx. 11 mL) caused the dissolution of the white precipitate. Finally, appropriate amounts of Mt and HNT were spread into the transparent solution and further stirred for 2 h. ZnO@Mt and ZnO@HNT precipitates were obtained after 1 h aging, reflux, and several times washing of slurries with deionized water to remove ammonia excess. The final product was dried at 60 °C for 24 h.




2.1.2. Preparation of CS/PVOH/xZnO@Mt and CS/PVOH/xZnO@HNT Active Films


Reflux and heated press are two of the multiple steps followed to prepare all films. The overall procedure is well described in our previous publications [16,26,41,42]. Firstly, 20 g of CS was dispersed in 1000 mL aqueous solution with 1% v/v Hac and was stirred vigorously for 24 h at 70 °C. The obtained 2% w/v CS solution (pH 4.4) was stored at room temperature until it cooled down. Appropriate amounts of 2% w/v CS solution and hot PVOH aqueous solution were mixed to obtain 20% w/w PVOH content in final blends. The mixtures were stirred and refluxed under stirring for 2 h. The obtained CS/PVOH solution was cast onto 12 cm diameter plastic dishes and dried for ∼5 days at ambient conditions (∼22 °C). The obtained pure CS/PVOH film was peeled off and pressed under 3 MPa constant pressure at 120 °C for 2 min, using a hydraulic heated press. Appropriate amounts of ZnO@Mt and ZnO@HNT nanohybrids were added to the CS/PVOH solution to prepare the CS/PVOH/clay nanocomposite films with 3 wt% and 6 wt% nanohybrid content. The solutions with the dispersed ZnO@clay materials were refluxed under stirring for 4 h. The obtained liquids were treated in the same way as described above for the CS/PVOH solution. The code names of the materials and the exact quantities used for the preparation of the films are presented in Table 1. Representative photos of pure CS/PVOH, CS/PVOH/6ZnO@Mt, and CS/PVOH/6ZnO@HNT nanocomposite films are shown in Figure 1. It is obvious from these photos that the addition of ZnO@Mt and ZnO@HNT nanostructures in the CS/PVOH matrix does not significantly affect the transparency of obtained films. This shows the high dispersity of both ZnO@Mt and ZnO@HNT nanostructures in the CS/PVOH matrix, which is desirable and indicative of the existence of a nanocomposite structure.





2.2. XRD Analysis


For the analysis of the structural morphology of both ZnO@Mt and ZnO@HNT powder nanostructures, as well as that of the developed CS/PVOH, CS/PVOH/xZnO@Mt, and CS/PVOH/xZnO@HNT films, a Brüker D8 Advance X-ray diffractometer (Brüker, Analytical Instruments, S.A., Athens, Greece) was used. The diffractometer was equipped with a LINXEYEXE High-Resolution Energy-Dispersive detector.




2.3. FTIR Spectrometry


The chemical structure of both ZnO@Mt and ZnO@HNT hybrids was confirmed by IR spectra measurements. The measurements were carried out with an FT/IR-6000 JASCO Fourier transform spectrometer (JASCO, Interlab, S.A., Athens, Greece). For all measurements, the frequency range was 4000 to 400 cm−1. The obtained infrared (FTIR) spectra of each measurement were the average of 32 scans at 2 cm−1 resolution.




2.4. SEM Images


The surface morphology of the obtained ZnO@Mt and ZnO@HNT nanohybrids, as well as that of the representative CS/PVOH/6ZnO@Mt and CS/PVOH/6ZnO@HNT nanocomposite films, was investigated using a JEOL JSM-6510 LV SEM Microscope (Ltd., Tokyo, Japan) equipped with an X-Act EDS-detector from Oxford Instruments, Abingdon, Oxfordshire, UK (an acceleration voltage of 20 kV was applied). EDX measurements were also carried out.




2.5. Tensile Properties


Tensile measurements were carried out for all obtained CS, CS/PVOH, CS/PVOH/xZnO@Mt, and CS/PVOH/xZnO@HNT films by using a Simantzü AX-G 5kNt instrument (Simandzu. Asteriadis, S.A., Athens, Greece). Such measurements were carried out according to the ASTM D638 method. Three to five “dog-bone” samples (with gauge dimensions of 10 × 3 × 0.22 mm) of each film were tensioned at a cross-head speed of 2 mm/min. Force (N) and deformation (mm) values were recorded during the test, and the stress–strain curves were plotted. Modulus of elasticity, tensile strength, and strain at break values were calculated by using these stress–strain curves and the appropriate software for the instrument.




2.6. Water Sorption


Small pieces (20 × 20 mm) of the selected films were placed under vacuum in a desiccator for 24 h. Their dry mass was determined by weighing. The weighed films were stored in closed beakers at T = 25 °C with 50 mL of deionized water. Periodical weighing of samples enables the calculation of the total water sorption value at the saturation with water point. The equation for such calculations is as follows:


  W . G .  %  =    m  wet   −  m  Dry      m  Dry     × 100  



(1)




where mWet and mDry are the weights of the wet and dry films, respectively, and W.G. is the water gain.




2.7. Water Vapor Diffusivity


Water vapor transmission rate (WVTR) through active films was measured at 38 °C and 50% RH. Such measurements were carried out for all CS/PVOH/xZnO@Mt and CS/PVOH/xZnO@HNT materials according to the ASTM E96/E 96M-05 method. The procedure and the handmade apparatus for the WVTR measurements are reported in previous publications [16,17,43,44,45]. On the top of a one-open-end cylinder with approx. 10 cm length, film discs with approx. 2.5 cm diameter and approx. 0.15 mm thickness were placed and sealed by a rubber O-ring. The cylinder, which contained dried silica gel, was placed in a glass desiccator with 200 mL saturated magnesium nitrate solution. This solution produces 50% atmospheric relative humidity (RH) at 38 °C. Periodically weighing containers for 24 h enables the calculation of the mean WVTR according to the following equation:


  WVTR =  G t  ×  1 A   



(2)




where G is the weight gain of the cylinder in grams, t is the weighing time in hours, G/t is the slope of the fitted straight line on the experimental ΔG vs. t points, and A is the permeated cross-sectional area of the film. Furthermore, tested films were weighed before and after the WVTR measurements to exclude the humidity amount that could be absorbed by the film.



Water vapor diffusion coefficient through films (DWV) was calculated following Fick’s law principles and according to Equation (3), the derivation of which was described in detail in our previous publication [28].


   D  WV   =  WVTR    ×    Δ x     Δ C     



(3)




where DWV (cm2 · s−1) is the diffusion coefficient, WVTR (g · cm−2 · s−1) is the water vapor transmission rate, Δx (cm) is the mean film thickness, and ΔC (g · cm−3) is the humidity concentration gradient in the two opposite sides of the film, which in our case is 22.86747 g · cm−3 according to the calculations reported in our previous publication [28].




2.8. Oxygen Permeability


An oxygen permeation analyzer (O.P.A., 8001, Systech Illinois Instruments Co., Johnsburg, IL, USA) was used to measure the oxygen transmission rate (OTR). The selected experimental conditions for these measurements were 23 °C and 0% RH according to the ASTM D 3985 method. OTR values were measured in cc O2/m2/day, and the oxygen permeability coefficient values (PeO2) were calculated according to Equation (4). The OTR value of each kind of film was the mean value of measurements on three pieces. The origination of Equation (4) is described in detail in our previous publication [28].


    Pe   O 2   =  OTR    ×    Δ x   



(4)




where PeO2 (cm2 · s−1) is the oxygen permeability coefficient through films, OTR (cm3 · m−2 · s−1) is the measured oxygen transmission rate, and Δx (cm) is the mean film thickness.




2.9. UV–Vis Transmittance Analysis of Films


UV–vis absorbance measurements were carried out for the pure CS/PVOH, the CS/PVOH/6ZnO@Mt, and the CS/PVOH/6ZnO@HNT active nanocomposite films. Measurements were carried out with a Shimadzu 1900 spectrophotometer in the range of 200 to 800 nm.




2.10. Antimicrobial Activity Tests


The agar diffusion method was followed to estimate the antimicrobial activity of the films against four foodborne pathogenic bacteria, i.e., Gram-negative bacteria Escherichia coli (ATCC 25922), Salmonella enterica subsp. Enteric (DSMZ 17420), Gram-positive bacteria Staphylococcus aureus (DSMZ 12463), and Listeria monocytogenes (DSMZ 27575). The Institute of Technology of Agricultural Products, ELGO-DEMETER, Lykovryssi, Greece, was the supplier of the tested microorganisms.



A final concentration in the range of 107–108 CFU mL−1 was achieved by culturing bacterial strains in Mueller–Hinton broth at 37 °C for 24 h incubation. Next, the bacteria were grown on Mueller–Hinton agar dishes. Rotation of the plate 60° every time ensured the homogeneity of the growth.



Sample films of 6 mm diameter were sterilized using a UV lamp and placed on Mueller–Hinton inoculated dishes. Incubation was carried out at 37 °C for 24 h. The diameters of inhibitory zones and the contact area of the discs with agar surface were measured. The experiment was performed three times.





3. Results


3.1. XRD


Figure 2a shows the X-ray diffraction patterns of pure Mt, pure HNT, ZnO@Mt, and ZnO@HNT nanohybrids in a 2theta angle range from 2theta = 2° to 2theta = 40°. The XRD peaks at 2theta angles around 31.7°, 34.4°, and 36.2° correspond to the (100), (002), and (101) reflections of hexagonal:P63mc zinc oxide wurtzite crystal phase (COD-2015 library, Crystallography Open Database 139). The (002) reflections originated from the vertically oriented ZnO nanowires, while the (101) reflections originated from the tilted nanowires. The increase in the (002) peak indicates well-oriented ZnO nanowires [28,31,32]. These peaks, which were depicted in all XRD plots of the ZnO@Mt nanohybrids, indicated the growth of ZnO nanorods on Mt [46,47]. Using the theory of Williamson and Hull [48] and the methodology described elsewhere [49], the crystal size of ZnO nanorods was calculated and found to be 64.9 nm and 37.5 nm for ZnO@Mt and ZnO@HNT nanohybrids, respectively. Crystal size is known to be crucial for the antimicrobial activity of such ZnO nanorods [50].



Additionally, in all XRD plots of ZnO@Mt and ZnO@HNT nanohybrids, the basal spacing (d001) of Mt and HNT was observed at the low angle region around 7.3° and 11.9°, respectively. Comparing the basal space of the pure Mt with the corresponding one of the ZnO@Mt and the basal space of the pure HNT with the corresponding one of the ZnO@HNT, no changes were observed. These facts indicate that no changes were taking place in the interlayer space of the Mt and the HNT after the ZnO growth. This result is in accordance with the results reported in our previous work [39], and it shows that, by following the same preparation procedure, the ZnO nanorods grow on the external surface of either the Mt or HNT nanoclays.



Figure 2b shows the XRD patterns of the pure CS film and CS/PVOH blend film. It also shows representative XRD plots of the CS/PVOH/nanoclay nanocomposite films. The pure CS sample exhibits two wide reflections, at around 10° and around 21.6°. This pattern indicates the existence of small and imperfect crystals [51,52]. In the case of the CS/PVOH blend film, the peak of neat CS at a 2theta angle around 10° almost disappears. This peak shift is indicative of chain interactions between CS and PVOH and suggests that the PVOH molecules expand the free space in the CS chain [26,53].



The addition of Mt or HNT clay nanofiller into the CS/PVOH blend leads to a shift of 001 reflection from 7.3° to 5.2° for ZnO@Mt and from 11.9° to 9.3° for the ZnO@HNT sample. These shifts in lower angles indicate the formation of intercalated nanocomposite structures for both CS/PVOH/6ZnO@Mt and CS/PVOH/6ZnO@HNT nanocomposite film samples. Furthermore, XRD patterns of both CS/PVOH/xZnO@Mt and CS/PVOH/xZnO@HNT nanocomposite films exhibit too low characteristic peaks at 2theta angles 31.7°, 34.4°, and 36.2°, which are representative of the (100), (002), and (101), reflections of the hexagonal:P63mc zinc oxide wurtzite crystal phase. This indicates the transformation of ZnO nanoparticles into Zn+2 ions inside the acidic CS matrix.




3.2. FTIR


Figure 3 shows the FTIR spectra of all ZnO@Mt and ZnO@HNT nanohybrids as well as the FTIR spectra of pure Mt and pure HNT. Mt nanoclay exhibits a characteristic absorption band at ~3626 cm−1 which indicates the stretching of the OH group bonded with the Al3+ cation [39,54]. It also exhibits a characteristic band at ~3442 cm−1 which is assigned to the H2O stretching vibrations. The band at ~1641 cm−1 is attributed to the H2O bending vibrations, while the bands at ~1113 cm−1 and 1031 cm−1 indicate the SiO stretching vibrations [55]. Furthermore, the peaks at 913, 879, and 844 cm−1 are bands of OH bending modes, while the band at ~913 cm−1 indicates the AlAl–OH bending mode. The bending mode of AlFe–OH is represented by the band at ~879 cm−1, while the bending mode of FeFe–OH is depicted by the band at ~844 cm−1 [56].



The band at 3695 cm−1 of the HNT FTIR spectrum indicates the stretching vibration of the inner surface OH groups. The stretching vibration of the inner groups is represented by the band at 3622 cm−1. Hydrogen bonds were formed between the oxygen sheets and the inner surface OH groups. Such OH groups are also connected to the Al-centered octahedral sheets. Two bands that are typical of inner surface OH groups of halloysite and should occur at approximately 3650 cm−1 and 3670 cm−1 cannot be observed [57].



ZnO@Mt and ZnO@HNT nanohybrids’ spectra exhibit an absorption band at around 520 cm−1. This band is typical and characteristic of the pure ZnO hexagonal wurtzite phase [58,59]. The absorption band at 3434 cm−1 indicates the O–H mode [60]. Furthermore, Mt and HNT peaks in both ZnO@Mt and ZnO@HNT nanohybrids’ FTIR spectra were reduced. This fact indicates the formation of ZnO nanorods on the external surface of Mt and HNT. At 1553 cm−1 and 1394 cm−1, two strong peaks existed, indicating the symmetric stretching of the carboxylate group (COO-) which originates probably from a small residue of zinc acetate that was used for the growth reaction [59].




3.3. SEM Images


Figure 4 shows the surface (a, b, and c) and cross-section (d, e, and f) topology of the pure CS/PVOH film and the CS/PVOH/6ZnO@Mt and CS/PVOH/6ZnO@HNT active nanocomposite films after the incorporation of ZnO@Mt (g) and ZnO@HNT (h) nanohybrids in the content of 6%, respectively. The results of the SEM studies of the final nanocomposite films confirmed that the nanohybrids were homogeneously dispersed and indicated their significantly enhanced compatibility with the polymer matrix. The structure after the cross-section studies of the raw CS/PVOH surface matrices is smoother when compared to the respective nanocomposite films CS/PVOH/6ZnO@Mt and CS/PVOH/6ZnO@HNT which appear to be slightly rough with homogeneous morphology. From the (g) and (h) photos, it is obvious that the visible nanorod length falls in the range of 800–3000 nm, and it is safe to conclude that there are other smaller pieces. Thus, the ZnO crystallite size is well smaller, and the sizes calculated by the XRD measurements (i.e., 64.9 nm for the ZnO@Mt and 37.5 nm for the ZnO@HNT) are realistic. Moreover, it is safe to conclude that the ZnO nanorods are not visible in photos (b), (c), (e), and (f) because of the reduced sizes or the Zn2+ ions from the homogeneous dissolution in the CS/PVOH matrix. The existence of such components is evidenced by the EDX measurements which are presented in Figure 5.



Figure 5 depicts EDX images and elemental analysis for the ZnO@Mt and the ZnO@HNT nanostructures as well as for the CS/PVO/ZnO@Mt and CS/PVOH/ZnO/HNT films. It is obvious from the (a) and (b) photos that the growth of ZnO nanorods is over double in the case of the HNT clay (i.e., ~70% Zn) than in the case of the Mt clay (i.e., 32% Zn). It is also obvious from the (c) and (e) surface and (d) and (f) cross-section analysis that the Zn element exists inside the very well homogenized films, i.e., around 10% Zn estimated from the surface mapping and around 5% Zn estimated from the cross-section mapping. This strongly supports the results of the antimicrobial measurements which show the enhanced antimicrobial activity of the ZnO@HNT materials compared to the relevant ZnO@Mt materials.



Figure 6 illustrates the mechanism/process according to the preparation method and the morphology results originated from the XRD, FTIR, and SEM measurements of the ZnO@Mt and ZnO@HNT nanohybrids as well as the CS/PVOH/ZnO@Mt and CS/PVOH/ZnO@HNT nanocomposite films.




3.4. Tensile Measurements


Typical stress–strain curves for pure CS and CS/PVOH films as well as for CS/PVOH/xZnO@Mt and CS/PVOH/xZnO@HNT nanocomposite films are presented in Figure 3. The average values of the E modulus, tensile strength, and strain at break of all tested samples are provided in Table 2. It is obvious in Figure 7 that most of the tested films present a stress–strain behavior typical of a semi-crystalline polymer while the addition of PVOH led to a distinct plastic flow region with higher strain at break values and a pronounced decrease in stiffness and strength. This result is in accordance with others reported in our previous work [26].



The addition of ZnO@Mt or ZnO@HNT nanohybrids provides a pronounced enhancement of the stiffness and strength followed by a significant decrease in the strain at break of the nanocomposite films. The higher the wt% addition of ZnO@Mt or ZnO@HNT nanohybrids, the higher the enhancement of stiffness and strength and the lower the strain at break values. The increase in stiffness and strength values of CS films after adding 2D (Mt) and 1D (HNT) nanofillers was expected and agrees with previous reports where CS/Mt [18,19,26,61,62] and CS/HNT [11,21] nanocomposites were prepared. Ding et al. [38] also recorded a similar increase in tensile strength (approx. 35%) when palygorskite@ZnO nanorods were added to CS films. According to this work, this event could be attributed to the fine dispersion of the nanohybrid and to the hydrogen bond network which developed between the polymer chains and the nanofiller. The increase in stiffness and strength is higher in the case of ZnO@HNT nanocomposites compared to the respective ZnO@Mt nanocomposites. The higher stiffness and strength of Mt-based nanocomposites compared to the corresponding HNT-based nanocomposites is reported for the first time in this work.




3.5. Water Sorption


Water sorption values of all tested films are listed in Table 3. It is obvious from the measured data that PVOH, ZnO@Mt, and ZnO@HNT addition results in slightly increased water adsorption values. This increase could be attributed to the excess amount of hydroxyl groups (OH) in the CS/PVOH blends [63,64] and to the uncovered O or OH adsorption sites in NaMt and HNT clay, which readily interact with water [62].



It is worth noting that the total amount of adsorbed water in all films is significantly lower than the amount reported by other researchers [26,63]. This reduction could be associated with the heat pressing process followed for the film formation and could be attributed either to the denser packing of the CS chains or the elimination of pores [16,26].




3.6. Water and Oxygen Barrier


WVTR and OTR measured values, as well as calculated DWV and PeO2 values of all the tested films, are listed in Table 3. It can be observed that PVOH addition leads to a decrease in both WVTR and OTR values of the CS/PVOH blend, which could be attributed to the formation of CS-PVOH intermolecular hydrogen bonds. Such bonds limit intermolecular chain mobility [26]. The addition of ZnO@Mt and ZnO@HNT leads to an additional enhancement of both the water and oxygen barrier of the CS/PVOH-based nanocomposites. CS/PVOH/xZnO@HNT nanocomposites exhibited higher water and oxygen barrier properties than CS/PVOH/xZnO@Mt. The increase in water/oxygen barrier reported in this study is in agreement with previous reports where an increase in water/oxygen barrier was observed with the addition of ZnO [29,33,34] or Mt [20,26,27] nanoparticles into the chitosan matrix. In the study of Ding et al. [38], no water and oxygen barrier properties are reported. Thus, the increase in water/oxygen barrier properties when such ZnO@HNT and ZnO@Mt hybrid nanostructures are added to a CS matrix is reported for the first time in this work. Nevertheless, values of WVTR and OTR accompanied by values of film thickness and %RH gradient for PP, HDPE, LDPE, PLA, and CS polymer films were reported in the literature [65,66,67,68,69]. Corresponding values of DWV and PeO2 which were calculated according to the previously mentioned methodology are presented in Table 4.



It is obvious from Table 3 and Table 4 that the materials developed in this work exhibit a higher oxygen barrier (lower oxygen permeability coefficient) compared to the previously reported polymer films, while in all cases the water vapor barrier is lower (higher water vapor diffusion coefficients)




3.7. UV–Vis Film Transmittance


Representative UV–vis spectra plots in the range of 200 to 800 nm are shown in Figure 8 for CS/PVOH, CS/PVOH/6ZnO@Mt, and CS/PVOH/6ZnO@HNT films. All films exhibited low transmittance in the pure UV range (i.e., 200–300 nm) and high transmittance in the pure visible range (i.e., 600–800 nm). The pure CS/PVOH film exhibited higher transmittance compared to the transmittance of the other two samples in the entire range. This result occurs because of the presence of hybrid ZnO@Mt and ZnO@HNT nanostructures in the last two films and is in accordance with previous reports [38,39].



Moreover, the lower transmittance values of the CS/PVOH/6ZnO@Mt and the CS/PVOH/6ZnO@HNT nanocomposite films are due to the presence of ZnO nanorods and/or Zn+2 ions in the film. According to previous reports, this decrease is beneficial for active food packaging films [39].




3.8. Antimicrobial Activity


The antibacterial effect of the nanoreinforcement chitosan CS/PVOH-based packaging films which were studied in this work is shown in Table 5.



The films were tested for their antimicrobial efficacy against four food pathogenic bacteria: Escherichia coli, Staphylococcus aureus, Salmonella enterica, and Listeria monocytogenes. The inhibitory activity was evaluated by measuring the diameter of the clear inhibition zone. When no surrounding clear zone was observed, it was assumed that there is no inhibitory zone, so the diameter was defined as zero. Furthermore, the bacteria growth inhibition under the film discs in direct contact with the agar surface was also evaluated.



It is well known that chitosan has some antimicrobial activities which are attributed to the interaction of the positively charged ammonium (NH4+) of the amino glucose units with the negatively charged compounds of the bacteria cell wall. Because of this interaction, the bacterial outer membrane breaks down, causing the leakage of essential intracellular constituents and negatively impacting the function of bacterial cells, leading to the death of the cells [70]. However, pure CS possesses poor mechanical properties, and for this problem to be overcome, it is blended with other polymers such as PVOH. Moreover, CS also seems to lose its antibacterial activity in non-acidic conditions, while PVOH exhibits resistance to both acidic and alkaline conditions [71]. Thus, this polymer blend leads to the improvement of the mechanical and, in most cases, antimicrobial properties of the final film. As for neat PVOH, no antimicrobial activity has been previously reported; however, Bonilla et al. (2014) [72] found a reduction in microbial counts of minced pork samples coated only with PVOH films when compared to the control uncoated samples. This reduction could be explained by the strong oxygen barrier of PVOH, which could lead to microbial growth inhibition [73]. In our study, it was noted that CS/PVOH films exhibited better antimicrobial activity in comparison to CS films. The medium used for antimicrobial assays was Mueller–Hinton agar with a pH adjusted close to 7.3. Consequently, CS films did not show the expected antimicrobial activity since chitosan in these conditions has poor solubility and can act as a nutrient for bacteria growth [74]. Moreover, the cross-linking with the PVOH in CS/PVOH films may render the chitosan unapproachable from the bacteria, allowing it to exhibit its antimicrobial activity. Moreover, a polymer, in order to establish antimicrobial activity, should interact with the pathogens dispersed in a water base substrate. Hence, its swelling behavior is a crucial property for its application [75]. Chitosan/PVOH films seem to have the maximum swelling behavior at pH 7 [33] where their antimicrobial activity was observed during our study.



The behaviors of the studied CS/PVOH/3ZnO@Mt, CS/PVOH/6ZnO@Mt, CS/PVOH/3ZnO@HNT, and CS/PVOH/6ZnO@HNT CS films were compared to the relevant CS and CS/PVOH films. Concerning the surrounding clear zone, the chitosan films which were used as control did not show any migrated inhibitory activity against E. coli, S. aureus, and, S. enterica. However, they did show an antibacterial effect underneath the films where no bacterial growth was observed. Moreover, the CS films did not exhibit any antibacterial activity against L. monocytogenes in the contact area or by the formation of clear surrounding zones. Furthermore, the CS/PVOH film exhibited antibacterial activity, forming an inhibitory zone of 3.90 mm for E. coli, 4.10 mm for S. aureus, and 3.00 mm for S. enterica, while there was no antimicrobial effect against L. monocytogenes. In all cases, the use of the ZnO@Mt and ZnO@HNT nanostructures increased the antibacterial efficacy of the tested films. In most cases, this increment seems to be proportional to the increased addition of the nanostructures. Specifically, the CS/PVOH/6ZnO@Mt film exhibited higher antibacterial activity against E. coli and S. enterica compared to CS/PVOH/3ZnO@Mt film. On the contrary, CS/PVOH/3ZnO@Mt films showed significantly higher antimicrobial activity against S. aureus and L. monocytogenes compared to the activity of the CS/PVOH/6ZnO@Mt. This contradiction could be explained based on previous literature reports [76]. According to these reports, zinc ions are essential for normal bacterial cell function, and because of this, the intracellular metabolic processes of bacteria may be stimulated when low concentrations of ZnO are present, while high concentrations of zinc are toxic for bacterial cells. However, zinc plays a complex and contradictory role in bacterial behavior by affecting bacterial pathogenesis, biofilm formation, intracellular growth, etc., differently. Thornton et al. (2017) [77] found that the increased zinc availability could enhance the initial aggregation of Streptococcus pneumoniae and its biofilm formation as well. Specifically, it was shown that in the presence of high zinc concentrations, the bacteria formed more substantial cell clusters and that this behavior is zinc-dependent. In the case of Staphylococcus aureus, evidence has shown the importance of zinc presence for the interaction of a surface protein (SasG) responsible for bacteria adhesive function during biofilm formation [78]. Thus, it is possible that the higher antimicrobial activity noted in the case of S. aureus and L. monocytogenes when lower ΖnO amounts were used is due to the stimulation of biofilm formation. In addition, in the literature, it is found that montmorillonite could enhance the growth of some bacteria. Specifically, Cai et al. (2018) [79] showed that montmorillonite stimulated the growth of E. coli. Similar results are also noted in other studies. Respiration of bacteria was found to be promoted by montmorillonite, probably because of the clay’s ability to maintain the pH at levels sufficient for sustained growth [80], while hydrocarbon-degrading bacteria were also stimulated significantly by the presence of this clay [81]. Furthermore, montmorillonite appears to affect the activity of antimicrobial agents such as antibiotics. The antimicrobial activity of tetracycline was found to be suppressed when loaded on montmorillonite, as the growth of non-resistant bacteria was not reduced even when extremely high tetracycline doses were used [82,83]. By reviewing all the above information, it is apparent that the effectiveness of the films studied in the present work depends on numerous mechanisms. Consequently, many parameters appear to be involved, including the kind and the amount of the antimicrobial agent, the interaction between the agent and the clay, the interaction between the microorganism and the clay, the growth media conditions (e.g., pH) and type, the nanoparticle type/size, the bacterial strain, and the bacterial cell concentration.



Considering the HNT-based films, the CS/PVOH/6ZnO@HNT film demonstrated higher antibacterial activity against all tested bacteria compared to the CS/PVOH/3ZnO@HNT film. The inhibitory zones were noticeably higher for CS/PVOH/xZnO@HNT films. The CS/PVOH/3ZnO@HNT film inhibited all the tested bacteria by forming clear zones of 6.00 mm for E. coli, 4.25 mm for S. aureus, 4.00 mm for S. enterica, and 3.50 mm for L. monocytogenes. The CS/PVOH/6ZnO@HNT film exhibited an inhibitory zone of 8.50 mm for E. coli, 5.50 mm for S. aureus, 4.50 mm for S. enterica, and 4.51 mm for L. monocytogenes. By reviewing the results and comparing the antibacterial activity of the nanoreinforcement films, it is obvious that there are significant differences. Both of the CS/PVOH/xZnO@HNT films exhibited statistically significant antibacterial activity against all tested bacteria compared to the CS films, while CS/PVOH/6ZnO@HNT films showed statistically higher antibacterial activity against all tested bacteria compared to the CS/PVOH films. Moreover, in all cases, the nanoreinforcement films exhibited better antimicrobial properties in comparison to CS/PVOH, except the CS/PVOH/6ZnO@Mt which showed lower antimicrobial activity against S. aureus and L. monocytogenes. Natural clay minerals such as HNT and Mt are widely used for many applications by loading different nanomaterials. Specifically, they were used for their ability to improve the dispersal of ZnO in nanostructures, their unique ion exchange capacity, their hydrophilicity, and their exceptional mechanical properties [84]. In this work, it is obvious that the use of these clays in combination with ΖnO as reinforcements of CS films showed great results as far as the antimicrobial activity was concerned. As mentioned before, the antimicrobial activity of CS has been well recognized for many years, and in combination with the properties of PVOH and/or other reinforcements, the new hybrid materials will offer new characteristics [85,86].



In the present study, films incorporated with ZnO and two different types of clays (Mt and HNT) demonstrated better results compared with CS films. ZnO nanoparticles seem to exhibit a wide range of antibacterial activities against both Gram-positive and Gram-negative bacteria, including foodborne pathogens such as E. coli, Salmonella enterica spp., L. monocytogenes, and S. aureus [87,88] The use of clays in matrices such as CS/PVOH/xZnO@clays seems to affect the antimicrobial properties of the final nanomaterial positively by bringing ZnO nanoparticles closer to the membrane of bacteria and leading to the blockage of the normal bacteria function [89]. Moreover, it was mentioned that the presence of clays increases the local zinc concentration, causing inhibition of the bacteria growth [90]. Specifically, HNT seems to facilitate the dispersion and stability of ZnO nanoparticles and control their distribution. As mentioned in the XRD section, the ZnO nanorods exhibit lower crystal size in the case of ZnO@HNT nanostructure than in the case of ZnO@Mt nanostructure. In this way, ZnO nanoparticles have better and closer contact with the bacteria cells, leading to the easiest interruption of their membrane functions. Moreover, it seems that the bacteria growth inhibition is correlated to the increased nanocomposite concentration. A possible explanation for this antibacterial activity is that when the nanoparticles were attached better to the bacteria membrane, they produced an important level of reactive oxygen species created by hydroxyl radicals under visible light. Thus, when ZnO nanoparticles exhibit higher dispersion, it is possible to offer a bigger external surface area and sequentially more active sites to produce more reactive oxygen species. Then, singlet oxygen could oxidize the cell content, finally causing bacterial disorganization [84].



Montmorillonite can also adsorb and carry heavy metal ions. Consequently, its antibacterial activities could also be attributed to the interactions of these metal ions with the bacteria. Moreover, the presence of montmorillonite clays in matrices such as CS/PVOH appears to affect their antimicrobial activity positively, and by increasing the clay content, the bacteria growth inhibition is increased accordingly [86,91]. These theories are in accordance with the results of the present study, which show that the incorporation of halloysite and montmorillonite in CS/PVOH/xZnO matrices caused higher antimicrobial activity for most of the cases studied.



However, it is worth mentioning that the final effect of the studied films against the tested bacteria is obviously due to the synergistic action of CS, PVOH, and nanoclay. In addition, the antimicrobial activity of any nanostructure is also associated with the bacterial strain, nanoparticle type/size, growth media type, and bacterial cell concentration [92].




3.9. Statistical Analysis of the Experimental Data


All numbers in Table 2, Table 3 and Table 4 represent the mean values of properties. At least three to five different samples were tested to estimate the final value of each quantity. Standard deviation values are also reported in the tables. The inequality of mean values between all kinds of samples was statistically checked via the statistical hypothesis H0 (mean values could be assumed as equal). This test was performed for supporting the hypothesis that every property of different kinds of samples exhibited a statistically different mean value. SPSS ver. 20 software was used to statistically treat the experimental values of E, σuts, εb%, WVTR,% water sorption, OTR, E. coli, S. aureus, S. enterica, and L. monocytogenes. The common value C.I. = 95% was adopted for the confidential intervals, and thus a significance level of a = 0.05 was assumed. The overall procedure and the relevant equations are detailly reported in [28]. The nonparametric Mann–Whitney U test for independent samples was used instead of the ANOVA test because tests indicated non-normality in some datasets. Moreover, “inequality assurance” and “equality assurance” calculations [28] were carried out. In all cases, the hypothesis H0 was found to be false, and the “inequality assurance” of the unequal mean values was IA > 88%.





4. Conclusions


It was confirmed by the antimicrobial measurements of this work that the ZnO@clay nanostructure significantly enhances the antimicrobial activity of the CS/PVOH films. This happens because of the presence of the ZnO material which partially grew as well-oriented nanorods on the external surface of the clay and partially dissolved as Zn2+ ions in the CS matrix. This is evidenced by both the XRD and the SEM-EDX measurements and analysis. Of the two nanohybrid materials, i.e., the ZnO@Mt and the ZnO@HNT, the latter exhibited more advanced antimicrobial properties. This was expected because of the smaller crystal size which was calculated by the XRD measurements and the over double Zn content which was estimated by SEM-EDX measurements. It was also shown by the XRD spectra that CS/PVOH composite material intercalates clay, providing final films with a perfectly homogeneous structure, as is indicated by the FT-IR measurements and the SEM photos. These films exhibited lower water vapor diffusion coefficient and oxygen permeability values, indicating increased barrier properties compared with the relevant CS and CS/PVOH films. Nevertheless, they exhibit higher oxygen barrier and lower water vapor barrier properties compared to other polymeric films. This is normal due to the hydrophilicity of chitosan. They also exhibited improved mechanical properties, as shown by the tensile measurements. Such improved mechanical properties could be attributed to the fine dispersion of the nanohybrid, which is obvious from the SEM images. Moreover, they could be attributed to the hydrogen bond network between the nanofiller and the polymer chains. In conclusion, the CS/PVOH/6ZnO@HNT produced by following the procedure proposed by this study for the synthesis of CS/PVOH/xZnO@clay films is a promising material for active food packaging applications.
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Figure 1. Representative photos of (a) pure CS/PVOH film and (b) CS/PVOH/6ZnO@Mt and (c) CS/PVOH/6ZnO@HNT nanocomposite films. 
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Figure 2. XRD plots of (a) pure Mt (1), ZnO@Mt nanohybrid (2), pure HNT (3), and ZnO@HNT nanohybrid (4) and (b) pure CS film (1), CS/PVOH film (2), CS/PVOH/3ZnO@Mt film (3), CS/PVOH/6ZnO@HNT film (4), CS/PVOH/3ZnO@Mt film (5), and CS/PVOH/6ZnO@HNT film (6). 






Figure 2. XRD plots of (a) pure Mt (1), ZnO@Mt nanohybrid (2), pure HNT (3), and ZnO@HNT nanohybrid (4) and (b) pure CS film (1), CS/PVOH film (2), CS/PVOH/3ZnO@Mt film (3), CS/PVOH/6ZnO@HNT film (4), CS/PVOH/3ZnO@Mt film (5), and CS/PVOH/6ZnO@HNT film (6).
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Figure 3. FTIR plots of pure Mt (1), ZnO@Mt nanohybrid (2), pure HNT (3), and ZnO@HNT nanohybrid (4). 
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Figure 4. SEM images of surface and cross-section for the films: (a,d) CS/PVOH, (b,e) CS/PVOH/6ZnO@Mt, and (c,f) CS/PVOH/6ZnO@HNT. Surface images of nanohybrids (g) ZnO@Mt and (h) ZnO@HNT. SEM images. 
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Figure 5. SEM-EDX images and elemental analysis of (a) ZnO@Mt and (b) ZnO@HNT nanohybrid powders, of CS/PVOH/ZnO@Mt (c) surface and (d) cross-section, and of CS/PVOH/ZnO@HNT (e) surface and (f) cross-section. 
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Figure 6. Illustration of the ZnO@Mt and ZnO@HNT nanohybrids and the formation process of the CS/PVOH/xZnO@Mt and CS/PVOH/xZnO@HNT intercalated nanocomposite films. 
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Figure 7. Stress–strain curves of pure CS film (1), CS/PVOH film (2), CS/PVOH/3ZnO@Mt film (3), CS/PVOH/6ZnO@HNT film (4), CS/PVOH/3ZnO@Mt film (5), and CS/PVOH/6ZnO@HNT film (6). 
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Figure 8. UV–vis % transmittance of (1) CS/PVOH, (2) CS/PVOH/6ZnO@Mt, and (3) CS/PVOH/6ZnO@HNT in the range of 200 to 800 nm. 
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Table 1. Code name and amounts of CS, PVOH, ZnO@Mt, and ZnO@HNT used for the preparation of all CS/PVOH/xZnO@Mt 1 and CS/PVOH/xZnO@HNT 1 active films.






Table 1. Code name and amounts of CS, PVOH, ZnO@Mt, and ZnO@HNT used for the preparation of all CS/PVOH/xZnO@Mt 1 and CS/PVOH/xZnO@HNT 1 active films.





	Code Name
	CS

gr-wt%
	PVOH

gr-wt%
	ZnO@Mt

gr-wt%
	ZnO@HNT

gr-wt%





	CS
	2.0–100
	-
	-
	-



	CS/PVOH
	2.0–100
	0.25–20
	-
	-



	CS/PVOH/3ZnO@Mt
	2.0–100
	0.5–20
	0.08–3
	-



	CS/PVOH/6ZnO@Mt
	2.0–100
	0.59
	0.17–6
	-



	CS/PVOH/3ZnO@HNT
	2.0–100
	0.5–20
	-
	0.08–3



	CS/PVOH/6ZnO@HNT
	2.0–100
	0.59–20
	-
	0.17–6







1 CS/PVOH/xZnO@clay film contains x% ZnO@clay nanostructure in CS/PVOH matrix.
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Table 2. Calculated values of Young’s (E) modulus, ultimate tensile strength (_uts), and % strain at break (“b).
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	Code Name
	E Modulus (MPa)
	σuts (MPa)
	εb%





	CS
	3274 ± 62
	92.2 ± 3.5
	10.8 ± 1.4



	CS/PVOH
	2920 ± 105
	86.4 ± 3.4
	14.5 ± 0.8



	CS/PVOH/3ZnO@Mt
	3300 ± 83
	93.8 ± 4.2
	7.9 ± 1.7



	CS/PVOH/6ZnO@Mt
	3840 ± 51
	106.4 ± 2.8
	6.4 ± 10.2



	CS/PVOH/3ZnO@HNT
	3430 ± 89
	95.8 ± 4.2
	7.1 ± 1.8



	CS/PVOH/6ZnO@HNT
	3980 ± 51
	109.1 ± 2.8
	6.1 ± 1.2
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Table 3. Experimentally measured water vapor transmission rate (WVTR) and oxygen transmission rate (OTR) values and calculated water vapor diffusion coefficient (DWV) and oxygen permeability coefficient (PeO2) values.






Table 3. Experimentally measured water vapor transmission rate (WVTR) and oxygen transmission rate (OTR) values and calculated water vapor diffusion coefficient (DWV) and oxygen permeability coefficient (PeO2) values.





	Sample Code
	Mean Value ± Std. Err. Film Thick. (mm)
	Mean Value ± Std. Err.

% Water Sorption
	Mean Value ± Std. Err. WVTR (g/cm2·Day)
	DWV

(10−4 cm2/s)
	Mean Value ± Std. Err. OTR (mL/m2·Day)
	PeO2

(10−10 cm2/s)





	CS
	0.15 ± 0.002
	175 ± 4
	1.1764 ± 0.0102
	89.313
	40.1 ± 1.6
	6.9618



	CS/PVOH
	0.17 ± 0.003
	184 ± 5
	0.1613 ± 0.0097
	13.879
	38.2 ± 1.9
	7.5162



	CS/PVOH/3ZnO@Mt
	0.16 ± 0.002
	191 ± 6
	0.1521 ± 0.0091
	12.317
	26.9 ± 1.3
	4.9815



	CS/PVOH/6ZnO@Mt
	0.13 ± 0.003
	194 ± 5
	0.1384 ± 0.0083
	9.106
	21.5 ± 1.1
	3.2350



	CS/PVOH/3ZnO@HNT
	0.14 ± 0.001
	190 ± 4
	0.1452 ± 0.0087
	10.289
	19.5 ± 0.9
	3.1597



	CS/PVOH/6ZnO@HNT
	0.15 ± 0.002
	192 ± 7
	0.1120 ± 0.0067
	8.503
	14.4 ± 0.4
	2.5000
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Table 4. Calculated DWV and PeO2 values based on WVTR and OTR measurements of previously reported polymer films.
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	Sample Code
	Mean Value Film Thick. (mm)
	Mean Value WVTR

(g·m−2·day−1)
	DWV

(cm2·s−1)
	Mean Value OTR

(cm3·m−2·day−1)
	PeO2

(cm2·s−1)





	PP [65]
	0.0254
	3.9
	2.76 × 10−7
	-
	-



	PP [66]
	0.04
	1.4
	1.12 × 10−5
	2702
	1.25 × 10−8



	HDPE [65]
	0.0254
	4.7–7.8
	(3.32–5.52) 10−7
	-
	-



	LDPE [65]
	0.0254
	16–23
	(1.13–1.63) 10−6
	-
	-



	LDPE [66]
	0.05
	5.6
	5.61 × 10−5
	6314
	3.65 × 10−8



	LDPE [67]
	0.03175
	2.66–16.29
	(5.65–11.73) × 10−7
	-
	-



	PLA [68]
	0.15–0.35
	195.1–103
	(1.94–2.39) × 10−4
	1400–377
	(4.21–5.76) × 10−8



	CS [69]
	0.02
	1200
	6.77 × 10−5
	-
	-
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Table 5. Antimicrobial activity of active films against food pathogenic bacteria E. coli, S. aureus, S. enterica, and L. monocytogenes.






Table 5. Antimicrobial activity of active films against food pathogenic bacteria E. coli, S. aureus, S. enterica, and L. monocytogenes.





	
Film Material

	
E. coli

	
S. aureus

	
S. enterica

	
L. monocytogenes




	
Inhibition 1

(Mean

Diameter of Clear Zone)

	
Contact 2

(Under the Film Disc)

	
Inhibition 1 (Mean

Diameter of Clear Zone)

	
Contact 2 (Under the Film Disc)

	
Inhibition 1 (Mean

Diameter of Clear Zone)

	
Contact 2

(Under the Film Disc)

	
Inhibition 1

(Mean

Diameter of Clear Zone)

	
Contact 2

(Under the Film Disc)






	
CS

	
0.00 a

	
-

	
0.00 a

	
-

	
0.00 a

	
-

	
0.00 a

	
+




	
CS/PVOH

	
3.90 ± 0.14 b

	
-

	
4.10 ± 0.14 b,c

	
-

	
3.00 ± 0.00 b

	
-

	
0.00 a

	
+




	
CS/PVOH/3ZnO@Mt

	
4.04 ± 1.41 b

	
-

	
5.00± 0.00 d,e

	
-

	
4.00 ± 0.00 b,c

	
-

	
2.00 ± 0.00 b

	
-




	
CS/PVOH/6ZnO@Mt

	
5.00 ± 0.00 b,c

	
-

	
3.50 ± 0.71 b

	
-

	
4.50 ± 0.71 c,d

	
-

	
0.00 a

	
-




	
CS/PVOH/3ZnO@HNT

	
6.00 ± 0.72 c

	
-

	
4.25 ± 0.35 b,c

	
-

	
4.00 ± 0.01 b,c

	
-

	
3.50 ± 0.71 c

	
-




	
CS/PVOH/6ZnO@HNT

	
8.50 ± 0.71 d

	
-

	
5.50 ± 0.71 e

	
-

	
4.50 ± 0.71 c,d

	
-

	
4.51 ± 0.71 c

	
-








1 Inhibitory zone surrounding film discs measured in mm after the subtraction of the disc diameter (6 mm). 2 Contact area of film discs with the agar surface. (+) indicates bacterial growth in the area, (-) indicates no bacterial growth in the area. Results expressed as mean value ± standard error (n = 3). Means in the same column showing different superscript letters are significantly different (p < 0.5).
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