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Abstract

:

In the present work, ginger essential oil (GEO) loaded chitosan (CS) based films incorporated with varying concentrations of gelatin (GE) were fabricated and dried at different conditions (25 °C and 45 °C). The physio-chemical, mechanical and antioxidant potential of the films were determined. Films dried at 45 °C showed better physical attributes and less thickness, swelling degree (SD), moisture content, water vapor permeability (WVP), more transparency, and better mechanical characteristics. Fourier transform infrared spectroscopy (FTIR) revealed the chemical composition and interaction between the functional groups of the film components. X-ray diffraction (XRD), thermogravimetric analysis (TGA), and scanning electron microscopy (SEM) findings revealed that samples dried at 45 °C had more crystalline structure, were thermally stable, and smoother. Antioxidant results showed that films dried at low temperature showed comparatively more (p < 0.0001) antioxidant activity. Additionally, an increase in gelatin concentration improved the tensile strength and swelling factor (p < 0.05), however, had no significant impact on other parameters. The overall results suggested better characteristics of GEO-loaded CS-GE based edible films when dried at 45 °C.
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1. Introduction


Edible films (EFs) offer a wide range of benefits to packed food material in terms of preserving its quality and safety profile. These protective materials can effectively reduce the waste and food degradation caused by microbial contamination, oxidation, moisture losses and undesirable chemical reactions [1]. Additionally, these materials can be loaded with a range of food additives with potent antimicrobial and antioxidant materials. These edible, eco-friendly and nontoxic materials offer considerable benefits in terms of offering favorable optical, barrier and mechanical properties. However, biopolymer based films always present certain demerits in terms of barrier, mechanical, and physicochemical properties [2]. To overcome the limitations of biopolymer based edible films made from a single biopolymer, several composite materials have been studied by using them in combination with polysaccharides (sodium alginate, cellulose, starch, pectin, chitosan), proteins (gelatin, gluten, soy protein, casein, whey protein), and lipids (waxes) [1,3]. Recent studies showed the increasing interest in the fabrication of composite material by using a secondary polymer with the aim of overcoming the challenges faced by the primary polymer [4]. Chitosan is a cationic polysaccharide that possesses excellent film forming, mechanical, and barrier properties (it has selective permeability to gasses such as O2 and CO2). Nevertheless, chitosan based films showed permeability to water vapor, which restricts its utilization in the food industry. Previous research showed that chitosan in combination with different ratios of polysaccharides and proteins offer films with improved properties [5]. Gelatin based films have been reported for their exceptional emulsifying, gel forming, UV protection, and film forming properties and this polymer has been utilized to form a uniform film forming solution with chitosan. Chitosan-gelatin composite blends have demonstrated good mechanical, thermal, surface hydrophobic, optical and barrier properties [6,7,8,9,10].



Gelatin based films have been frequently reported due to its best film forming properties. Gelatin has the ability to form uniform solutions with chitosan and other composites and have demonstrated good mechanical, thermal, hydrophobic, optical and barrier properties [6,7]. Earlier studies suggested that an increase in the concentration of gelatin up to a certain level can improve the physical and chemical properties of the film [9,10]. Loading these films with food additives and functional ingredients was reported to be a reliable approach to improve the physical, chemical, and biological properties of the films [11]. A recent trend in loading composite films with essential oils not only improves the antioxidant, antimicrobial, and other properties of the films but also imparts a unique flavor and aroma to a wide range of food products [12]. Ginger essential oil (GEO) is known for its broad range of benefits including antioxidant, antimicrobial, and other biological properties. According to the Food and Drug Administration (FDA), this oil is considered “generally recognized as safe”, and hence, it is suitable for food applications [13]. In the present study, chitosan-gelatin (CS-GE) films were loaded with GEO to improve their overall properties.



Conditions used during the fabrication of EFs impact their physical and chemical properties considerably [14]. For example, the film drying temperature impacts the polymeric interactions, overall crystallinity, and reorganization of the films [15]. Subsequently, composite films dried at different drying temperatures can have different barrier, mechanical, and antioxidant properties [16]. There are few studies that describe the effects of different concentrations of gelatin on the physical and chemical properties of GEO-loaded CS based EFs [17].



Therefore, the present study aimed to develop GEO incorporated CS-GE films and to study their behavior at different GE concentrations and drying temperatures.




2. Materials and Methods


2.1. Materials


Gelatin-Type B (Porcine) and CS (extra pure, 150–500 m. Pas, with 90% degree of acetylation) were procured from SRL Pvt Ltd., Mumbai, India. Zingiber officinale oil (100 mL) was obtained from Nature Natural, Ghaziabad, India. Acetic acid, 2,2′-diphenyl-1-picrylhydrazyl (DPPH), Folin-Ciocalteu phenol reagent, ferric chloride, Trolox (6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid), butylated hydroxyl anisole and potassium persulfate were procured from Sigma-Aldrich, London, UK.




2.2. Preparation of CS-GE-GEO Films


To analyze the effect of various concentrations of gelatin (1–1.5%) over the behavior of GEO loaded CS films at different drying temperature conditions (25 °C and 45 °C), films including blank (CS, CS-GE composite) and GEO loaded (CS, CS-GE composite) were fabricated using the casting method. Initially 500 mL solution of CS 1% (w/v) (with 90% degree of deacetylation) was made by using 1% of acetic acid (v/v) followed by the addition of glycerol (10%). The resultant CS solution was divided into ten parts (into glass beakers) and coded as FL1–FL10. FL1 and FL6 (blank CS solution) were poured into plastic petri plates and then dried at 25 °C (24 h) and 45 °C (12 h). GEO (1.5%, v/v) was added to the blank CS solution in FL2 and FL7 and later dried at different temperatures (25 °C and 45 °C). Subsequently, 1% (w/v) of gelatin was added to FL3 and FL8 and stirred (6 h) until complete dissolution of both polymers via a magnetic stirrer. This was followed by drying at 25 °C and 45 °C. GE (1% w/v) and GEO (1.5%, v/v) were incorporated into a film forming solution of CS (1% w/v) and dried at 25 °C and 45 °C to form FL4 and FL9. Similarly, GEO (1.5% v/v) and GE (1.5% w/v) were added into a film forming solution of CS (1% w/v) and dried at 25 °C and 45 °C to form FL5 and FL10. After drying, the edges of the films were treated with 90% ethanol for easing the peeling off of the film from the surface of the petri dish. Dried films were stored at ambient conditions (at 45 ± 2% RH and 25 ± 2 °C) prior to the characterization. After preparation, all films were screened and assessed by visual characterization. Table 1 shows complete information regarding the films’ composition.




2.3. Thermogravimetric (TGA) Analysis


TGA analysis of the prepared samples was assessed using a thermal analyzer (SDTQ600, TA instruments, New Castle, DE, USA). Composite films were scanned from room temperature to 600 °C at a heating rate of 10 °C/min under constant purging with nitrogen gas. Zinc was used as the metallic standard.




2.4. X-ray Diffraction (XRD)


XRD curves of the prepared samples was reported by using a Bruker D8, Discover instrument, Karlsruhe, Germany. Each sample was examined at diffraction angle 2θ ranging from 5–50° at 40 kV.




2.5. Microscope Observations


The morphology (surface and cross section) of samples (FL1–FL10) were analyzed using a scanning electron microscope (SEM) (JSM6510LA, Analytical SEM, Jeol, Akishima, Tokyo, Japan) under high vacuum mode at 20 kV. All of the samples were mounted over aluminum stubs with adhesive tapes and sputter-coated with gold.




2.6. FTIR Spectra Analysis


Chemical changes among the different samples were analyzed using a Fourier transform infrared Bruker Tensor 37 spectrometer (Ettlingen, Germany). FTIR measurements were obtained at 25 ± 1 °C, with a resolution of 4 cm−1 and 32 scans and in the wavenumber range of 400 cm−1 to 4000 cm−1.




2.7. Thickness


The thickness of the EFs greatly influence the optical, barrier, and mechanical properties. In the present work, the films’ thickness (in mm) was evaluated by a manually operated micrometer (Mitutoyo digital micrometer 2046F, Mitutoyo, Kawasaki, Japan) having a precision of ± 0.001 mm at 5 randomly selected points prior to mechanical testing.




2.8. Mechanical Properties


Mechanical testing of the fabricated films was determined by tensile strength (TS), Young modulus (Ym) and elongation at break (EAB) using the Texture Analyzer (Stable Micro System, Godalming, UK). For assessing the mechanical properties of the samples, the ASTM (1995) standard operating procedure was used [18].



To assess the mechanical properties, the film sections were sliced into strips with dimensions of 10 mm × 40 mm. Later on, these rectangular strips were conditioned at 50% relative humidity for 72 h. When the films were affixed into the grips (at 0.75 mm/s until break) and showed the extension at this point, the force and distance values were determined. The TS was assessed by maximum force at break by the original cross-sectional area (m × m) of the EFs, whereas the elongation at break (EAB%) was estimated by dividing the elongation at the instant of break by the preliminary gauge measurement and multiplying this by 100. All the measurements were performed in triplicate and the mean values were selected.




2.9. Water Vapor Permeability (WVP)


For WVP evaluation, the ASTM (2003) standard procedure was followed. For this purpose, EFs without any perforation were selected and cut into a round shape with a diameter of 20 mm. These films were used to seal glass cups containing silica gels, which were stored at zero percent relative humidity. In addition, after sealing, these cups were kept in desiccators (at 25 °C) comprising distilled water (RH 100%) and weighed at 60 min intervals over 10 h. All the measurements were performed in triplicate; the following calculation was used to evaluate the WVP (ASTM, 2003) [19]:


WVP = w/t × t/(ΔD × FA)



(1)




where w/t is the weight loss in moisture content/unit of time, (gs-1) is determined by linear regression (R2 > 0.99) from the water absorbed by the system when a stable state was achieved. FA is the area of the film exposed against moisture transfer (1.539 × 10−4 m2), t, is the mean film thickness, and ΔD is the difference in water vapor pressure between the two sides of the film at 25 °C (kPa).




2.10. Water Solubility (WS)


For the water solubility (WS) analysis, the Singh et al. 2015 procedure was followed with a little modification [20]. The WS of the samples was calculated as the amount of dry matter solubilized after 24 h of dipping in water. To determine the solubility of the films in the water, 250 mg of film was transferred into 25 mL of water (at 25 ± 1 °C) for 24 h and the solution was stirred at 300 rpm (25 ± 1 °C). Insoluble film fragments obtained from this solution were dried using a hot air oven (at 105 ±  1 °C) till constant weight was attained. Furthermore, the swelling degree was determined by using the Nazan T et al. 2004 method [21].



Solubility (S) was determined (in %) by the following equation.


S (%) = [(Wi − Wf)/Wi] × 100



(2)







The Wi and Wf represent the weight of the initial dry film and the weight of the undissolved films.




2.11. Moisture Content


Moisture content was evaluated by assessing the variation in weight after drying at 105 °C for 5 min using a KERN moisture analyzer.




2.12. Swelling Degree


The swelling factor was calculated as the amount of water (mL) absorbed by 1 g of film sample. The test was performed in triplicate and the mean value was used for evaluation. The Basiak E et al. 2015 method was followed for the assessment of the swelling factor [22]. The films (2 × 2 cm) were initially weighed (W1) and then immersed in a flask with distilled water at room temperature for 2 min. Later on, the films were transferred from the flask to the filter paper to remove the excess water. Again, the samples were weighed (W2) and the quantity of adsorbed water was evaluated in percent.




2.13. Light Transmission


Transparency of the fabricated samples was evaluated by a UV–visible spectrophotometer (UV160U-Shimadzu, Kyoto, Japan) at 550 nm. The samples were sliced into a rectangular shape with a dimension of 3 × 15 mm and transferred into cuvette. A cuvette without film was considered a blank. Measurement was carried out using the following formula:


Transparency (%) = Film Thickness (mm)/absorbance of the sample (nm)












2.14. Total Phenol Content


For the assessment of total phenolic content (TPC), the Folin–Ciocalteu reagent was used [23]. The findings were presented in mg gallic acid equivalent (GAE)/g dry weight. Mean values were obtained from the triplicates.




2.15. Antioxidant Assays


Sample preparation and antioxidant assessment were performed according to Gómez-Estaca et al. 2009 with slight modifications [24]. For the sample preparation, a 500 mg of EFs sample was weighed, dissolved in 1% acetic acid, and then transferred to a flask containing methanol (15 mL). The solution obtained was mixed for 1 h using a rotary shaker at 100 RPM. The resultant solution was subjected to centrifugation at 1000 RPM for 10 min at 4 °C. Lastly, to assess the total phenolic content and the antioxidant properties, the supernatant layer was separated from the solution.



2.15.1. DPPH Radical Scavenging Assay


The 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging activity of the film samples was determined by following the Ruiz-Navajas et al. 2013 method with a few changes [25].




2.15.2. ABTS Assay


The ability of the EFs to scavenge 2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid (ABTS+)) radicals was determined using the Re R et al. 1999 procedure [26].





2.16. Statistical Analysis


A one-way analysis of variance followed by Duncan’s test (mechanical and barrier parameters) and Tukey’s test (antioxidant parameters) were used to find differences within the groups.





3. Results and Discussion


3.1. Visual Appearance of the EFs


It is important to assess the visual differences (color, stickiness, rigidity, surface texture, transparency, uniformity) among the films dried at different temperature conditions. This was carried out as the initial screening step of the films. Table 2 and Figure 1 show the visual characterization of the EFs dried at 25 °C and 45 °C. Overall, it was observed that samples dried at higher temperature demonstrated better physical attributes, such as surface roughness, mechanical strength, color, transparency, uniformity, and flexibility, than films dried at lower temperature. In addition, films dried at higher temperature peeled out easily from the petri plates’ surface and showed less shrinkage than films dried at lower temperatures.




3.2. Thermogravimetric Analysis


Thermogravimetric analysis (TGA) was carried out to evaluate the thermal stability and weight degradation pattern of the films. The TGA findings revealed multistage thermal decomposition of the samples (FL1–FL10) similar to previous reports [27]. The blank films, which contained only CS, demonstrated a sharper thermal decomposition pattern than the others, similar to previous studies [15]. During the first stage (26–100 °C), all the edible films (FL1–FL10) behaved similarly in terms of the thermal decomposition pattern (Figure 2). Around 9–10% weight loss was recorded in the edible films at a temperature range of 26–100 °C. Weight loss at this stage could be due to the water molecules present in the films [28].



In the second stage, an apparent weight loss was observed, which started at 125 °C for all the samples, while the final temperature was found to be different for some of the films. Weight variation at this phase could be due to the thermal decomposition of the main components of the films, mainly CS and GE [29]. The thermal decomposition pattern of the samples within the groups was found to be similar (Figure 2). However, both groups (FL1–FL5 and FL6–FL10) showed different thermal decomposition patterns from each other. Among FL6–FL10, the final temperature of the thermal decomposition was around 457 °C, with 72% weight loss. The weight loss pattern of the film FL1, was found to be different (64% weight loss) from the rest of other films at this stage. Overall, the TGA pattern of the blank films (FL1 and FL6) was little different from the others in their respective groups. This could be attributed to the chemical composition of FL6. Moreover, it was revealed that sharp weight loss was observed in the FL1–FL5 group compared to the FL6–FL10 group, which demonstrated a steady weight loss pattern. The higher thermal stability in the FL6–FL10 group could be associated with a strong molecular interaction between the film components at higher temperature [28]. The complete results suggested that samples dried at 45 °C showed more thermal stability compared to films dried at lower temperature.




3.3. X-ray Diffraction (XRD)


XRD analysis was performed to study the compatibility between the components (CS, GEO, GE) of the films as well as to assess the crystallinity and amorphousness of the films (FL1–FL10) fabricated at various conditions [30]. The XRD findings of the synthesized EFs revealed characteristics peaks with varied intensities, showing the effect of different drying conditions. The diffraction patterns of all the EFs containing different components were found to be similar at 21° of 2θ (in between the 15.5–28.6° positions). Figure 3 shows small characteristic peaks at the 29° and 39° position of 2θ in a few samples (FL2 and FL7), which might be associated with the chemical interaction between CS and GEO. However, the overall crystallinity of the films dried at low and high temperatures were decreased with the addition of GEO.



The XRD results suggested a better chemical interaction between the different chemical components in the composite films. Overall, the XRD peaks observed in all samples were broader, which reveals that these samples contained fewer or partial crystalline structures. Previous studies have also reported a similar XRD pattern when CS and GE based composite films were synthesized [31,32]. The XRD findings revealed that the overall crystallinity of the films increased as drying temperature increased from 25 °C to 45 °C (Figure 3), which could be due to the increase in ordered arrangement of polymeric molecules at higher drying temperature conditions, or the evaporation of GEO at a higher drying temperature [33]. From the current findings, we observed that the difference in drying temperature has little impact on the XRD pattern (peak intensities) of composite films (FL4, FL5, FL9 and FL10), suggesting that there were no changes in the inter-planar spacing of associated crystallites. Thus, this signifies the chemical stability as well as the compatibility between the components of these films. On the other hand, the blank films and GE loaded films showed changes in peak intensities due to the difference in drying temperature. In addition, increasing the concentration of GE from 1 to 1.5% in composite films had no significant difference in the XRD patterns.




3.4. Scanning Electron Microscopy


Scanning electron microscopy (SEM) of the blank films (FL1 and FL6), GEO loaded CS films (FL2 and FL7), CS-GE composite films (FL3 and FL8), and GEO loaded CS-GE films (FL4, FL5, FL9 and FL10) containing different concentrations of GE was carried out to analyze the microstructure of the films.



Figure 4 shows the detailed SEM analysis of the films at various magnifications. The addition of GE at different concentrations (1–1.5%) and the effect of different drying temperatures were evaluated. Surface and cross-sectional examination revealed that films (both blank and composite films) dried at a higher drying temperature revealed a favorable surface morphology.



Blank films dried at the low temperature were found to be rough when compared to the blank films dried at the high temperature. On the other hand, the GEO added CS films (FL2 and FL7) revealed a comparatively smoother surface than the CS blank films. This means that the addition of GEO has a positive impact on the surface morphology of the CS based films. CS-GE based films (FL3 and FL8) also revealed good surface morphology at the high drying temperatures. In the FL8 samples, few particles were observed on the surface with fewer pores at the cross-section compared to the counterpart FL3 samples, which were dried at the low temperature.



In addition, the composite films (FL4, FL5, FL9 and FL10) containing CS-GEO, and GE (with different concentrations) revealed better surface morphology (smoother surface with fewer appearances of tiny particles) at a higher drying temperature than films dried at a lower temperature. Moreover, SEM analysis also indicated that the difference in GE concentration had little impact on the surface morphology of films. Similarly, it was observed that increasing GE concentration increased the compactness of the films. FL5 and FL10 were found to be more compact than the other films, which contained a relatively smaller quantity of GE. The SEM findings revealed that films fabricated at higher drying temperature (45 °C) showed better surface morphology than those dried at lower temperature (25 °C). This response is possible due to the increase in the interaction among the different film components at higher temperature, which resulted in better surface morphology [8].




3.5. Fourier Transform Infrared Spectroscopy


FTIR was performed to study the impact of GE and drying temperature on the chemical properties of the films. The transmission intensity and FTIR band patterns of all the samples are shown in Figure 5. FTIR analysis revealed chemical interactions between the various components of the films, i.e., CS, GE and GEO. Overall, the films showed similar characteristic peaks in accordance with other CS-GE based films studied before [34,35].



The peaks at 3292.3 cm−1 in the EFs are owing to the O-H stretching vibration, which joined together with N-H stretching [34,36]. This peak is flattened in samples (FL4, FL9, FL5 and FL10) and is more intense in the remaining samples. The shift in band intensity from a lower to higher number could be attributed to the decrease in bond length [37]. Peaks observed at the 2923.3 and 2879.5 cm−1 positions are attributed to the C-H stretching of the alkane groups of the CS or GE [34]. In addition, peaks observed at 1645 and 1562.1 cm−1 could be attributed to the carbonyl group stretching (C-O) and amino group (N-H) stretching vibration, respectively [36]. Moreover, the peaks observed at 1411 and 1051.4 cm−1 were ascribed to the N-H stretching [38] and C=O stretching vibration, respectively [39]. The characteristic bands at 846, and 923 cm−1 could be attributed to C–O–C stretching of the polysaccharide chain [35,40].



The GEO and GE added CS films, as well as the blank films, indicated more intense peaks at the fingerprint positions. The change in peak intensities between the samples could be associated with the difference in drying temperatures [41]. Overall, the FTIR analysis revealed that the band patterns and peak intensities of the blank films (FL1 and FL6) and GEO added CS films (FL2 and FL7) were found to be comparatively similar. On the other hand, the band patterns and peak intensities of the GE-GEO loaded CS films (FL4, FL5, FL9, and FL10) showed similarity. These findings suggest that the different drying conditions had less effect on the chemical properties of the composite films. Furthermore, the addition of a higher quantity of GE may also be responsible for the shift in peak intensities.




3.6. Thickness of the EFs


In the present work, an increase in the thickness of the edible has been observed from the FL1 to FL5 and FL6 to FL10 films (Table 3), except FL3 and FL8. It was also observed that composite films without GEO showed less thickness than those with GEO. This could be associated with a rise in solids content or because of the presence of peptide chains in gelatin, which ultimately restricted the formation of a compact film in the presence of the EO [42]. Additionally, it was found that the thickness of the films was decreased by increasing the drying temperature. This could be associated with an increase in the evaporation of water molecules and EO at 45 °C.




3.7. Mechanical Properties


Table 3 presents the mechanical characteristics of the films. Results obtained from mechanical testing suggested an increase in EAB values from FL1–FL5 and FL6–FL10 and higher TS values were observed for the CS-GE films without oil (FL3 and FL8). A higher level of amino acid can provide more stiffness and rigidity to gelatin-based films [43]. Furthermore, films dried at 45 °C showed relatively higher values of EAB and TS. Additionally, GEO loaded CS film (FL2 and FL7) samples showed comparatively lower TS values (p < 0.05) than the other films. This could be due to the effect of GEO in reducing the crystallinity of the samples. The addition of GEO can increase the amorphousness of the samples. The higher TS in CS-GE based films could be because of the higher amino acid content present in GE, hydrogen bonding between polyphenol and protein, and good compatibility among the film components, which resulted in film strengthening [44]. The increase of crystallinity in samples dried at 45 °C temperature could be due to the increase in the ordered arrangement of polymeric molecules at higher drying temperature conditions [33]. A higher concentration of amino acid can lead to formation of a more rigid as well as stiff gelatin film, as the triple helix structure of gelatin molecules is composed of the repetitive amino acid sequence: glycine–proline–hydroxyproline [45]. In addition, the GEO samples showed relatively lower TS values compared to the blank films, possibly because of the interference caused by their chemical components of GEO, with a polymer-protein (CS-GE) interaction in the film network resulting in discontinuity of the polymeric matrix, and a reduction in cohesive forces, as well as the strength of the films [45]. Thus, in the present work, TS increased slightly with the increase in GE (1–1.5%). The TS values of films dried at 45 °C were found to be greater than the films dried at 25 °C. This drop in TS at 25 °C could be due to the comparatively lower dissolution of oil in the film matrix [43]. The higher TS values at 45 °C could be due to the highly ordered hydrogen-bonded network structure [46].



Higher EAB values were observed in the CS-GE samples compared to films containing only CS (FL1, FL2, FL6 and FL7) due to the viscoelasticity provided by the gelling properties of GE. Moreover, the higher EAB value noted in GEO loaded CS-GE composite film was due to the ability of GEO to decrease the intermolecular interactions among gelatin polymer chains, and thus, encouraged film flexibility and chain mobility [47]. This could also be due to hydrogen bonding between the phenolic components of GEO and amino acids [48], which provided more flexibility to the films. Moreover, because of the plasticization effect of GEO, the GEO loaded samples showed greater EAB values [49].



Films dried at 45 °C showed lower Young modulus (Ym) values than those dried at 25 °C; this could be due to the increase in overall crystallinity, and the evaporation of a certain level of water molecules and essential oil at higher temperature. The decrease in Ym values from F1-F5 and F6-F10 could be due to the addition of gelatin and GEO. The addition of GEO may have reduced the overall crystallinity offered by the blank CS samples.




3.8. Water Vapor Permeability (WVP)


In comparison to gas molecules, water vapor possesses high permeability, thus it is a matter of concern for polymeric materials meant for food packaging, as a high transmission rate of water vapor can impact the food’s quality and its shelf life. The WVP for natural and biodegradable polymeric materials must be low to offer maximum resistance to water vapors and to also stop excessive water loss from the packed food into the environment [50]. However, the majority of natural and biodegradable polymeric materials exhibit poor water vapor barrier properties. Generally, many factors, such as surface morphology (e.g., defects, such as porosity and cracks), thickness, density, composition, number of layers, type of polymer and atmospheric temperature, as well as the relative humidity, determine the WVP of a polymeric material [51]. Additionally, the infiltration of small molecules across a polymeric barrier is determined by its diffusion rate and its solubility. Measuring the extent of vapor transmitted through a material can offer better understanding when assessing its suitability as a water-resistant coating material. Several barrier fillers or modifiers have been reported to improve the WVP [52,53]. As reported previously, the higher the GEO level in a polymeric film, the lower the WVP [54].



Current findings suggest that oil loaded films show lower WVP values than those without GEO. A blend of CS and GE showed a drop in the WVP values by forming a tortuous path across the film, improving the cohesiveness of the polymer via filling the empty spaces among the polymer chains and decreasing free space for water vapor transmission [55]. In addition, gelatin contains higher amounts of proline and arginine than bovine gelatin, which imparts more hydrophobicity to the polymeric network, and thus, decreases the permeability of water vapor across the films [43]. Drying temperature significantly affects the WVP of the material. In a groupwise comparison of samples, it was reported that WVP values decreased significantly with an increase in drying temperature except for the blank samples [56]. Our findings are in agreement with these previous studies, confirming that films dried at higher temperature show lower WVP values than those dried at lower temperature. This might be due to the change in overall crystallinity of polymers at higher temperature. Thus, a change in the drying conditions may influence the polymer architecture and arrangement resulting in changes in density or compactness of the polymer. On the other hand, an increase in the amount of gelatin has not shown a significant difference in WVP values. This could be due to the greater availability of free volume in the polymer matrix at higher concentrations, which may slightly restrict the transmission of water molecules across the films [57]. In the current work, the composite films (CS-GE) showed lower WVP values than the CS blank, because CS might have increased the crosslinking of gelatin [57]. Gelatin, due to the presence of high levels of hydrophilic amino acids, has shown greater WVP values [58]; however, in the presence of CS, GE exhibited low WVP. This behavior could be due to the increase in the crosslinking of gelatin.




3.9. Water Solubility


The water solubility of the films represents their ability to resist against water as well as their integrity in the presence of water [38]. CS is a weak base and is insoluble in water; however, gelatin-based films demonstrate low water resistance because of their hydrophilic nature [58]. The solubility of CS is dependent on pH; the solubility is due to the protonation of amino groups at pH 6 or less to produce cationic amine groups [59]. The water solubility of the samples is demonstrated in Table 3. It was found that the WS values were higher for the films dried at high temperature than those that were dried at the lower temperature, except FL9 and FL10. This is due to the evaporation of oil at high temperature conditions. The GEO loaded samples showed less water solubility than the CS blank because of its hydrophobic nature; and the evaporation of GEO will decrease the hydrophobicity of the samples. It was observed that the variation in the concentration of gelatin from 1 to 1.5% (w/v) did not impact the WS values significantly (p > 0.05). This could be due to the low bloom value of gelatin, which does not impact water solubility after increasing the concentration by 0.5% [60].




3.10. Moisture Content


Detailed information of the moisture content (MC) of the prepared films is given in Table 3. The MC values ranged from 40.21–30.47% for the films dried at room temperature and 30.22–23.22% for the films dried at a higher temperature. The GEO loaded samples showed less moisture content because the hydrophobic nature of oil prevents water absorption, and further, the free interstitial sites could be occupied with oil droplets. The composite films without GEO showed a higher moisture content than the GEO loaded CS films because of the presence of GEO. Similarly, to WS, the variation in the concentration of gelatin from 1 to 1.5% (w/v) did not impact the MC values significantly (p > 0.05).




3.11. Swelling Factor


The swelling degree of EFs dried at 25 °C varied from 89.21–177.11%, while the swelling degree of EFs dried at 45 °C varied between 67.16–128.16%, respectively. Gelatin containing films loaded with GEO showed greater SD values than the other samples (FL3 and FL8). This showed that the swelling behavior is greatly affected by the GE and GEO contents (Table 3). Elevation of swelling degree due to the addition of oil could be associated with the alteration of the microstructure during drying [61]. The change in the gelatin ratio increased the swelling degree of the films from FL4 to FL5 at both drying conditions. This finding is inconsistent with previous findings where changes in the gelatin ratio did not have much effect on the swelling behavior, possibly due to the change in the behavior of gelatin in the presence of GEO [62].




3.12. Transparency


Film transmittance is usually influenced by changes in the composition, compactness, type, grade, and arrangement of the polymers. Arrangement of the polymers impact the refraction index, and thus, limit the transmission of light across the matrix. As per the current finding, films dried at 45 °C showed more transparency than the films dried at 25 °C. This might be due to the evaporation of GEO and water molecules. In addition, blank CS films (F1, F6) showed more transparency than the GEO loaded and GE blended films. Addition of GE reduced the light transmittance; however, the incorporation of GEO had a more significant effect on light transmission. A decrease in transparency due to the addition of oil has been previously reported in several studies [63,64]. This could be due to the absorption of light by the chemical constituents of the oil [65]. Obstruction in light transmittance caused by GE could be because the amino acids (phenylalanine, tyrosine, and glutamine) present in porcine GE have a double bond structure. These amino acids contain more double bonds, which account for the absorbance of light, and thus, show lower light transmission values [66]. These findings indicate that GE in combination with essential oils demonstrate better UV-reflecting properties due to the aromatic amino acids, which are capable of absorbing UV light.




3.13. Total Phenol Content


The total phenolic content of samples is demonstrated in Figure 6. CS blank films revealed a TPC of 1.75 mg GAE/g film. This finding corroborates with the findings described by Ruiz-Navajas et al. 2013. This could be due to the chromogen generation (blue color complex formation) with non-phenolic reducing substances [25,67]. GEO loaded CS-GE samples showed more phenolic content than blank CS and CS-GE samples. EFs samples without GEO (FL1, FL3, FL6 and FL8) exhibited neglected amount of phenol content and thus were labelled as ns; non-significant (Figure 6). Overall, the TPC content of GEO loaded films dried at the low temperature (FL2, FL4 and FL5) was found to be higher than the films dried at the high temperature. However, differences in the TPC content of the films dried at both conditions was found to be lower and insignificant. This phenomenon was also previously observed by Monica A. M et al. 2009 [68] who stated that the phenolic content converts into other chemical motives, such as chlorogenic and neochlorogenic acid, at a higher drying temperature. The small difference in the TPC content could possibly be due to changes in the structural configuration of the polymer or more crystallinity of the films, which could have made them denser and more compact with fewer pores, resulting in the entrapment of more essential oil droplets into the matrix. No significant difference was found between the TPC content of CS (FL1, FL6) and CS-GE (FL3, FL8) without GEO due to the presence of CS in all samples.




3.14. Antioxidant Assay


Antioxidant property assessment is one of the most important parameters used to assess the capability of active packaging material to prevent food oxidation due to intrinsic and extrinsic factors. In the present study, the antioxidant activities of CS, CS-GE and CS-GE-GEO samples (dissolved in 1% acetic acid and then added to 15 mL methanol solution (10%)) were assessed by DPPH and ABTS assays. FL1 and FL6 samples contain no oil due to which these samples exhibited non-significant (ns) antioxidant potential. As demonstrated in Figure 7 and Figure 8, films dried at the low temperature showed more antioxidant activity than those dried at the high temperature. This could be associated with the conversion of some of the phenolic compounds to other derivatives at high temperature condition. Furthermore, the antioxidant effect of GEO could be due to the presence of phenolic components, such as eugenol, shogaols, zingerone, gingerdiols, and gingerols [69].



The reduced antioxidant activity at high temperature could also be due to changes in the structural configuration of the polymer, due to which, the film became more dense and less porous, resulting in the entrapment of GEO, and thus, limiting the release of GEO. In both assays, the CS-GE films showed more antioxidant activity than the CS blank films. This could be attributed to the hydrolysis of GE, resulting in the release of antioxidative peptides rich in hydroxyproline, and proline. Additionally, a change in the antioxidant properties of these samples could be ascribed to the change in the solubility of the CS and CS-GE films at two different drying conditions [70].



GEO loaded films showed more antioxidant effects than blank CS and CS-GE samples because of the presence of the phenolic components in the essential oil loaded in these films. Furthermore, there was no prominent difference found between the antioxidant activity of the CS-GE-GEO films with 1 and 1.5% GE. It was observed that FL4 and FL5 demonstrated almost comparable antioxidant effects to BHA, which could be due to the synergistic interactions between the phenolic components of GEO and CS.





4. Conclusions


The fabrication of biopolymer based EFs for food packaging holds several advantages over synthetic packaging materials. The process parameters, i.e., drying temperature, as well as the composition of the films (such as the type and concentration of the polymers), significantly impact the chemical, physical, mechanical, and antioxidant properties of the films. Blending chitosan with other polymer and hydrophobic core materials, such as essential oil, significantly enhances its characteristics, and eventually, its applications in food packaging. In the current study, we fabricated GEO loaded, chitosan based EFs with different concentrations of gelatin (1–1.5%) at different drying conditions (25 °C and 45 °C), and studied their physical, chemical, mechanical and antioxidant properties. We concluded that chitosan-gelatin based composite edible films incorporated with ginger EO demonstrated better physio-chemical properties at a higher drying temperature and good antioxidant potential was observed at a lower drying temperature. An increase in gelatin concentration from 1 to 1.5% did not show any significant impact on its physical, chemical, and antioxidant properties. The application of these oil loaded composite films can be utilized in food packaging as they exhibit better optical, barrier, mechanical, and antioxidant properties. Furthermore, the material fabricated in this current study requires further attention in terms of the assessment of its antimicrobial properties, its performance in food applications, and its sensory attributes.







Author Contributions


A.A.-H.: supervision, conceptualization, project administration; S.B.: supervision, project administration, conceptualization, writing, reviewing and editing original draft, investigation, formal analysis; M.S.A.-A.: data curation; S.U.: writing, visualization, editing; A.E.-D.A.B.: reviewing and editing; L.K.: reviewing and editing; M.A.: writing and data curation; M.F.A.: reviewing; M.K.A.: reviewing and editing. All authors have read and agreed to the published version of the manuscript.




Funding


The study was supported by TRC grant number BFP/GRG/HSS/22/106 and BFP/RGP/HSS/22/007.




Data Availability Statement


Not applicable.




Acknowledgments


The authors are thankful to the technical staff of NMSRC for helping us in the characterization of the materials.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Díaz-Montes, E.; Castro-Muñoz, R. Edible Films and Coatings as Food-Quality Preservers: An Overview. Foods 2021, 10, 249. [Google Scholar] [CrossRef] [PubMed]

	



Abe, M.; Martins, J.; Sanvezzo, P.; Macedo, J.; Branciforti, M.; Halley, P.; Botaro, V.; Brienzo, M. Advantages and Disadvantages of Bioplastics Production from Starch and Lignocellulosic Components. Polymers 2021, 13, 2484. [Google Scholar] [CrossRef]

	



Jridi, M.; Hajji, S.; Ayed, H.B.; Lassoued, I.; Mbarek, A.; Kammoun, M.; Souissi, N.; Nasri, M. Physical, structural, antioxidant and antimicrobial properties of gelatin–chitosan composite edible films. Int. J. Biol. Macromol. 2014, 67, 373–379. [Google Scholar] [CrossRef] [PubMed]

	



Dhumal, C.V.; Sarkar, P. Composite edible films and coatings from food-grade biopolymers. J. Food Sci. Technol. 2018, 55, 4369–4383. [Google Scholar] [CrossRef] [PubMed]

	



Souza, V.G.L.; Pires, J.R.A.; Rodrigues, C.; Coelhoso, I.M.; Fernando, A.L. Chitosan Composites in Packaging Industry—Current Trends and Future Challenges. Polymers 2020, 12, 417. [Google Scholar] [CrossRef]

	



Kołodziejska, I.; Piotrowska, B. The water vapour permeability, mechanical properties and solubility of fish gelatin–chitosan films modified with transglutaminase or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and plasticized with glycerol. Food Chem. 2007, 103, 295–300. [Google Scholar] [CrossRef]

	



Cai, L.; Shi, H.; Cao, A.; Jia, J. Characterization of gelatin/chitosan ploymer films integrated with docosahexaenoic acids fabricated by different methods. Sci. Rep. 2019, 9, 8375. [Google Scholar] [CrossRef]

	



Sancakli, A.; Basaran, B.; Arican, F.; Polat, O. Effects of bovine gelatin viscosity on gelatin-based edible film mechanical, physical and morphological properties. SN Appl. Sci. 2021, 3, 8. [Google Scholar] [CrossRef]

	



Fakhouri, F.M.; Martelli, S.M.; Caon, T.; Velasco, J.I.; Mei, L.H.I. Edible films and coatings based on starch/gelatin: Film properties and effect of coatings on quality of refrigerated Red Crimson grapes. Postharvest Biol. Technol. 2015, 109, 57–64. [Google Scholar] [CrossRef]

	



Ramos, M.; Valdés, A.; Beltrán, A.; Garrigós, M.D.C. Gelatin-Based Films and Coatings for Food Packaging Applications. Coatings 2016, 6, 41. [Google Scholar] [CrossRef]

	



The, D.P.; Debeaufort, F.; Voilley, A.; Luu, D. Biopolymer interactions affect the functional properties of edible films based on agar, cassava starch and arabinoxylan blends. J. Food Eng. 2009, 90, 548–558. [Google Scholar] [CrossRef]

	



Rojas-Graü, M.A.; Avena-Bustillos, R.J.; Olsen, C.; Friedman, M.; Henika, P.R.; Martín-Belloso, O.; Pan, Z.; McHugh, T.H. Effects of plant essential oils and oil compounds on mechanical, barrier and antimicrobial properties of alginate–apple puree edible films. J. Food Eng. 2007, 81, 634–641. [Google Scholar] [CrossRef]

	



Atarés, L.; Bonilla, J.; Chiralt, A. Characterization of sodium caseinate-based edible films incorporated with cinnamon or ginger essential oils. J. Food Eng. 2010, 100, 678–687. [Google Scholar] [CrossRef]

	



Jeevahan, J.J.; Chandrasekaran, M.; Venkatesan, S.P.; Sriram, V.; Joseph, G.B.; Mageshwaran, G.; Durairaj, R.B. Scaling up difficulties and commercial aspects of edible films for food packaging: A review. Trends Food Sci. Technol. 2020, 100, 210–222. [Google Scholar] [CrossRef]

	



Homez-Jara, A.; Daza, L.D.; Aguirre, D.M.; Muñoz, J.A.; Solanilla, J.F.; Váquiro, H.A. Characterization of chitosan edible films obtained with various polymer concentrations and drying temperatures. Int. J. Biol. Macromol. 2018, 113, 1233–1240. [Google Scholar] [CrossRef]

	



Hanani, Z.N.; O’Mahony, J.A.; Roos, Y.H.; Oliveira, P.M.; Kerry, J. Extrusion of gelatin-based composite films: Effects of processing temperature and pH of film forming solution on mechanical and barrier properties of manufactured films. Food Packag. Shelf Life 2014, 2, 91–101. [Google Scholar] [CrossRef]

	



Al-Harrasi, A.; Bhatia, S.; Al-Azri, M.S.; Ullah, S.; Najmi, A.; Albratty, M.; Meraya, A.M.; Mohan, S.; Aldawsari, M.F. Effect of Drying Temperature on Physical, Chemical, and Antioxidant Properties of Ginger Oil Loaded Gelatin-Sodium Alginate Edible Films. Membranes 2022, 12, 862. [Google Scholar] [CrossRef]

	



ASTM. Standard test method for tensile properties of thin plastic sheeting. In Annual Book of ASTM Standards; ASTM: West Conshohocken, PA, USA, 1995; Volume 8, pp. 182–190. [Google Scholar]

	



ASTM International. Annual Book of ASTM Standards; ASTM International: West Conshohocken, PA, USA, 2003. [Google Scholar]

	



Singh, T.P.; Chatli, M.K.; Sahoo, J. Development of chitosan based edible films: Process optimization using response surface methodology. J. Food Sci. Technol. 2014, 52, 2530–2543. [Google Scholar] [CrossRef]

	



Turhan, K.N.; Şahbaz, F. Water vapor permeability, tensile properties and solubility of methylcellulose-based edible films. J. Food Eng. 2004, 61, 459–466. [Google Scholar] [CrossRef]

	



Basiak, E.; Galus, S.; Lenart, A. Characterisation of composite edible films based on wheat starch and whey-protein isolate. Int. J. Food Sci. Technol. 2014, 50, 372–380. [Google Scholar] [CrossRef]

	



Singleton, V.L.; Rossi, J.A. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol. Vitic. 1965, 16, 144–158. [Google Scholar]

	



Gómez-Estaca, J.; Bravo, L.; Gómez-Guillén, M.; Alemán, A.; Montero, P. Antioxidant properties of tuna-skin and bovine-hide gelatin films induced by the addition of oregano and rosemary extracts. Food Chem. 2009, 112, 18–25. [Google Scholar] [CrossRef]

	



Ruiz-Navajas, Y.; Viuda-Martos, M.; Sendra, E.; Perez-Alvarez, J.; Fernández-López, J. In vitro antibacterial and antioxidant properties of chitosan edible films incorporated with Thymus moroderi or Thymus piperella essential oils. Food Control. 2013, 30, 386–392. [Google Scholar] [CrossRef]

	



Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Zhang, H.; Wang, F.; Wang, L.-X. Preparation and Properties of Ginger Essential Oil β-Cyclodextrin/Chitosan Inclusion Complexes. Coatings 2018, 8, 305. [Google Scholar] [CrossRef]

	



Lima, M.D.M.; Carneiro, L.C.; Bianchini, D.; Dias, A.R.G.; Zavareze, E.D.R.; Prentice, C.; Moreira, A.D.S. Structural, Thermal, Physical, Mechanical, and Barrier Properties of Chitosan Films with the Addition of Xanthan Gum. J. Food Sci. 2017, 82, 698–705. [Google Scholar] [CrossRef]

	



Kerch, G.; Korkhov, V. Effect of storage time and temperature on structure, mechanical and barrier properties of chitosan-based films. Eur. Food Res. Technol. 2010, 232, 17–22. [Google Scholar] [CrossRef]

	



Wang, S.; Marcone, M.F.; Barbut, S.; Lim, L.-T. Fortification of dietary biopolymers-based packaging material with bioactive plant extracts. Food Res. Int. 2012, 49, 80–91. [Google Scholar] [CrossRef]

	



Nagahama, H.; Maeda, H.; Kashiki, T.; Jayakumar, R.; Furuike, T.; Tamura, H. Preparation and characterization of novel chitosan/gelatin membranes using chitosan hydrogel. Carbohydr. Polym. 2009, 76, 255–260. [Google Scholar] [CrossRef]

	



Olad, A.; Azhar, F.F. The synergetic effect of bioactive ceramic and nanoclay on the properties of chitosan–gelatin/nanohydroxyapatite–montmorillonite scaffold for bone tissue engineering. Ceram. Int. 2014, 40, 10061–10072. [Google Scholar] [CrossRef]

	



Liu, F.; Chang, W.; Chen, M.; Xu, F.; Ma, J.; Zhong, F. Tailoring physicochemical properties of chitosan films and their protective effects on meat by varying drying temperature. Carbohydr. Polym. 2019, 212, 150–159. [Google Scholar] [CrossRef] [PubMed]

	



Roy, S.; Rhim, J.-W. Fabrication of bioactive binary composite film based on gelatin/chitosan incorporated with cinnamon essential oil and rutin. Colloids Surf. B Biointerfaces 2021, 204, 111830. [Google Scholar] [CrossRef] [PubMed]

	



Xu, D.; Chen, T.; Liu, Y. The physical properties, antioxidant and antimicrobial activity of chitosan–gelatin edible films incorporated with the extract from hop plant. Polym. Bull. 2021, 78, 3607–3624. [Google Scholar] [CrossRef]

	



Bagde, P.; Nadanathangam, V. Mechanical, antibacterial and biodegradable properties of starch film containing bacteriocin immobilized crystalline nanocellulose. Carbohydr. Polym. 2019, 222, 115021. [Google Scholar] [CrossRef]

	



Nandiyanto, A.B.D.; Oktiani, R.; Ragadhita, R. How to Read and Interpret FTIR Spectroscope of Organic Material. Indones. J. Sci. Technol. 2019, 4, 97–118. [Google Scholar] [CrossRef]

	



Roy, S.; Rhim, J.-W. Preparation of Gelatin/Carrageenan-Based Color-Indicator Film Integrated with Shikonin and Propolis for Smart Food Packaging Applications. ACS Appl. Bio Mater. 2020, 4, 770–779. [Google Scholar] [CrossRef]

	



Roy, S.; Van Hai, L.; Kim, H.C.; Zhai, L.; Kim, J. Preparation and characterization of synthetic melanin-like nanoparticles reinforced chitosan nanocomposite films. Carbohydr. Polym. 2019, 231, 115729. [Google Scholar] [CrossRef]

	



Liang, J.; Yan, H.; Zhang, J.; Dai, W.; Gao, X.; Zhou, Y.; Wan, X.; Puligundla, P. Preparation and characterization of antioxidant edible chitosan films incorporated with epigallocatechin gallate nanocapsules. Carbohydr. Polym. 2017, 171, 300–306. [Google Scholar] [CrossRef]

	



Al-Harrasi, A.; Bhtaia, S.; Al-Azri, M.S.; Makeen, H.A.; Albratty, M.; Alhazmi, H.A.; Mohan, S.; Sharma, A.; Behl, T. Development and characterization of chitosan and porphyran based composite edible films containing ginger essential oil. Polymers 2022, 14, 1782. [Google Scholar] [CrossRef]

	



Ahmad, M.; Benjakul, S.; Prodpran, T.; Agustini, T.W. Physico-mechanical and antimicrobial properties of gelatin film from the skin of unicorn leatherjacket incorporated with essential oils. Food Hydrocoll. 2012, 28, 189–199. [Google Scholar] [CrossRef]

	



Said, N.S.; Sarbon, N.M. Physical and Mechanical Characteristics of Gelatin-Based Films as a Potential Food Packaging Material: A Review. Membranes 2022, 12, 442. [Google Scholar] [CrossRef] [PubMed]

	



Bonilla, J.; Sobral, P.J. 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]

	



Sarbon, N.M.; Badii, F.; Howell, N.K. Preparation and characterisation of chicken skin gelatin as an alternative to mammalian gelatin. Food Hydrocoll. 2013, 30, 143–151. [Google Scholar] [CrossRef]

	



Singh, G.P.; Bangar, S.P.; Yang, T.; Trif, M.; Kumar, V.; Kumar, D. Effect on the Properties of Edible Starch-Based Films by the Incorporation of Additives: A Review. Polymers 2022, 14, 1987. [Google Scholar] [CrossRef]

	



Du, W.-X.; Avena-Bustillos, R.J.; Hua, S.S.T.; McHugh, T.H. Antimicrobial volatile essential oils in edible films for food safety. Sci. Against Microb. Pathog. Commun. Curr. Res. Technol. Adv. 2011, 2, 1124–1134. [Google Scholar]

	



Yilmaz, H.; Gultekin Subasi, B.; ÇELEBİOĞLU, H.; Ozdal, T.; Çapanoğlu Güven, E. Chemistry of Protein-Phenolic Interactions Toward the Microbiota and Microbial Infections. Front. Nutr. 2022, 9, 160. [Google Scholar] [CrossRef] [PubMed]

	



Ghoshal, G.; Chopra, H. Impact of apricot oil incorporation in tamarind starch/gelatin based edible coating on shelf life of grape fruit. J. Food Meas. Charact. 2022, 16, 1274–1290. [Google Scholar] [CrossRef]

	



Siracusa, V.; Rocculi, P.; Romani, S.; Rosa, M.D. Biodegradable polymers for food packaging: A review. Trends Food Sci. Technol. 2008, 19, 634–643. [Google Scholar] [CrossRef]

	



Morillon, V.; Debeaufort, F.; Blond, G.; Capelle, M.; Voilley, A. Factors Affecting the Moisture Permeability of Lipid-Based Edible Films: A Review. Crit. Rev. Food Sci. Nutr. 2002, 42, 67–89. [Google Scholar] [CrossRef]

	



Ollé Resa, C.P.; Jagus, R.J.; Gerschenson, L.N. Do fillers improve the physicochemical properties of antimicrobial tapioca starch edible films? J. Food Saf. 2021, 41, e12880. [Google Scholar] [CrossRef]

	



De’Nobili, M.D.; Bernhardt, D.C.; Basanta, M.F.; Rojas, A.M. Sunflower (Helianthus annuus L.) Seed Hull Waste: Composition, Antioxidant Activity, and Filler Performance in Pectin-Based Film Composites. Front. Nutr. 2021, 8, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Kavas, N.; Kavas, G.; Saygili, D. Use of ginger essential oil-fortified edible coatings in Kashar cheese and its effects onEscherichia coliO157:H7 andStaphylococcus aureus. CyTA J. Food 2016, 14, 317–323. [Google Scholar] [CrossRef]

	



Rui, L.; Xie, M.; Hu, B.; Zhou, L.; Yin, D.; Zeng, X. A comparative study on chitosan/gelatin composite films with conjugated or incorporated gallic acid. Carbohydr. Polym. 2017, 173, 473–481. [Google Scholar] [CrossRef] [PubMed]

	



Perez-Gago, M.B.; Krochta, J.M. Drying Temperature Effect on Water Vapor Permeability and Mechanical Properties of Whey Protein−Lipid Emulsion Films. J. Agric. Food Chem. 2000, 48, 2687–2692. [Google Scholar] [CrossRef] [PubMed]

	



Cao, N.; Fu, Y.; He, J. Preparation and physical properties of soy protein isolate and gelatin composite films. Food Hydrocoll. 2007, 21, 1153–1162. [Google Scholar] [CrossRef]

	



McHugh, T.H.; Avena-Bustillos, R.; Krochta, J. Hydrophilic Edible Films: Modified Procedure for Water Vapor Permeability and Explanation of Thickness Effects. J. Food Sci. 1993, 58, 899–903. [Google Scholar] [CrossRef]

	



Kim, K.M.; Son, J.H.; Kim, S.-K.; Weller, C.L.; Hanna, M.A. Properties of Chitosan Films as a Function of pH and Solvent Type. J. Food Sci. 2006, 71, E119–E124. [Google Scholar] [CrossRef]

	



Hanani, Z.N.; Roos, Y.; Kerry, J. Use and application of gelatin as potential biodegradable packaging materials for food products. Int. J. Biol. Macromol. 2014, 71, 94–102. [Google Scholar] [CrossRef]

	



Galus, S.; Kadzińska, J. Moisture Sensitivity, Optical, Mechanical and Structural Properties of Whey Protein-Based Edible Films Incorporated with Rapeseed Oil. Food Technol. Biotechnol. 2016, 54, 78–89. [Google Scholar] [CrossRef]

	



Koc, F.E.; Altıncekic, T.G. Investigation of gelatin/chitosan as potential biodegradable polymer films on swelling behavior and methylene blue release kinetics. Polym. Bull. 2020, 78, 3383–3398. [Google Scholar] [CrossRef]

	



Šuput, D.; Lazić, V.; Pezo, L.; Markov, S.; Vaštag, Ž.; Popović, L.; Radulović, A.; Ostojic, S.; Zlatanovic, S.; Popović, S. Characterization of Starch Edible Films with Different Essential Oils Addition. Pol. J. Food Nutr. Sci. 2016, 66, 277–285. [Google Scholar] [CrossRef]

	



Sánchez-González, L.; Vargas, M.; González-Martínez, C.; Chiralt, A.; Cháfer, M. Characterization of edible films based on hydroxypropylmethylcellulose and tea tree essential oil. Food Hydrocoll. 2009, 23, 2102–2109. [Google Scholar] [CrossRef]

	



Simona, J.; Dani, D.; Petr, S.; Marcela, N.; Jakub, T.; Bohuslava, T. Edible Films from Carrageenan/Orange Essential Oil/Trehalose—Structure, Optical Properties, and Antimicrobial Activity. Polymers 2021, 13, 332. [Google Scholar] [CrossRef]

	



Hermanto, S.; Fatimah, W. Differentiation of bovine and porcine gelatin based on spectroscopic and electrophoretic analysis. J. Food Pharm. Sci. 2013, 1, 68–73. [Google Scholar]

	



Moradi, M.; Tajik, H.; Rohani, S.M.R.; Oromiehie, A.R.; Malekinejad, H.; Aliakbarlu, J.; Hadian, M. Characterization of antioxidant chitosan film incorporated with Zataria multiflora Boiss essential oil and grape seed extract. LWT Food Sci. Technol. 2012, 46, 477–484. [Google Scholar] [CrossRef]

	



Madrau, M.A.; Piscopo, A.; Sanguinetti, A.M.; Del Caro, A.; Poiana, M.; Romeo, F.V.; Piga, A. Effect of drying temperature on polyphenolic content and antioxidant activity of apricots. Eur. Food Res. Technol. 2008, 228, 441–448. [Google Scholar] [CrossRef]

	



Pawar, N.; Pai, S.; Nimbalkar, M.; Dixit, G. RP-HPLC analysis of phenolic antioxidant compound 6-gingerol from different ginger cultivars. Food Chem. 2011, 126, 1330–1336. [Google Scholar] [CrossRef]

	



Ao, J.; Li, B. Amino acid composition and antioxidant activities of hydrolysates and peptide fractions from porcine collagen. Food Sci. Technol. Int. 2012, 18, 425–434. [Google Scholar] [CrossRef]








[image: Foods 12 00364 g001 550] 





Figure 1. Visual appearances of edible films FL1–FL10. 
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Figure 2. Thermogravimetric analysis (TGA) spectra of blank and composite films (FL1–FL10). FL1–FL5; EFs dried at 25 °C, FL6–FL10; EFs dried at 45 °C. 
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Figure 3. XRD Pattern of EFs (FL1–FL10). FL1–FL5; EFs dried at 25 °C, FL6–FL10; EFs dried at 45 °C. 
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Figure 4. Scanning Electron Microscopy (SEM) analysis of the edible films. FL1–FL5; EFs dried at 25 °C, FL6–FL10; EFs dried at 45 °C. The blue color represents the presence of particles on the films’ surface area; the green color represents ridges; and the orange color represents the presence of pores in the film. 
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Figure 5. FTIR spectra of the EFs (FL1−FL10). FL1−FL5; EFs dried at 25 °C, FL6−FL10; EFs dried at 45 °C. 
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Figure 6. Total phenolic content analysis of edible films (FL1–FL10), dried at various temperature. Samples FL1–FL5 were dried at 25 °C and samples FL6–FL10 were dried at 45 °C. Asterisks on bars reveal significant variations between the groups; ns = not significant, *** p < 0.0002, **** p < 0.0001. 
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Figure 7. The antioxidant potency of FL1–FL10 was assessed in comparison with standard BHA, using the DPPH method. Bars correspond to the mean values ± standard variations. Asterisks on bars reveal significant variations between the groups; ns = not significant, * p < 0.0332, *** p < 0.0002, **** p < 0.0001. 
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Figure 8. Antioxidant potency of FL1–FL10 evaluated in comparison with standard BHA determined by the ABTS method. Bars correspond to the mean values ± standard variations. Asterisks on bars reveal significant variations between the groups; ns = not significant, * p < 0.0332, *** p < 0.0002, **** p < 0.0001. 
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Table 1. Composition of the blank and composite CS-GE films (FL1–FL10).






Table 1. Composition of the blank and composite CS-GE films (FL1–FL10).





	
Sample Codes

	
Films Composition

	
Drying Temperature






	
FL1

	
CS (1%)

	
25 °C




	
FL2

	
CS (1%) + GEO (1.5%)




	
FL3

	
CS (1%) + GE (1%)




	
FL4

	
CS (1%) + GE (1%) + GEO (1.5%)




	
FL5

	
CS (1%) + GE (1.5%) + GEO (1.5%)




	
FL6

	
CS (1%)

	
45 °C




	
FL7

	
CS (1%) + GEO (1.5%)




	
FL8

	
CS (1%) + GE (1%)




	
FL9

	
CS (1%) + GE (1%) + GEO (1.5%)




	
FL10

	
CS (1%) + GE (1.5%) + GEO (1.5%)
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Table 2. Visual assessment of the chitosan and gelatin-based films with and without EO.






Table 2. Visual assessment of the chitosan and gelatin-based films with and without EO.





	
Sample Codes

	
Components

	
Drying Temperature

	
Visual Attributes






	
FL1

	
CS

	
Films

dried at 25 °C

	
Less transparent than FL6, inflexible, fragile, non-sticky, difficult to peel, brittle, stiff




	
FL2

	
CS-GEO

	
Same characteristics as FL1 except slight yellowness in appearance




	
FL3

	
CS-GE

	
Less transparent than FL8 and FL1, sticky, shrinkage, difficult to peel and handle




	
FL4

	
CS-GE(1%)-GEO

	
Showed same characteristics as FL3




	
FL5

	
CS-GE(1.5%)-GEO

	
Poor transparency, cracks, pores, brittle, fragile and difficult to peel out, slightly adhesive




	
FL6

	
CS

	
Films

dried at 45 °C

	
More transparent and flexible than FL1, less fragile, brittle, and stiff, easy to peel and non-sticky




	
FL7

	
CS-GEO

	
Same characteristics as FL6 except slight yellowness in appearance




	
FL8

	
CS-GE

	
More transparent than FL3, however, transparency was less than FL6 and less sticky, brittle and fragile, more flexible than FL3, easy to peel and handle




	
FL9

	
CS-GE(1%)-GEO

	
More transparent than FL4, non-brittle, non-fragile, flexible, easy to peel, less sticky, showed no shrinkage from edge




	
FL10

	
CS-GE(1.5%)-GEO

	
More transparent than FL5, no cracks, pores, easy to peel out, non-sticky











[image: Table] 





Table 3. Mechanical properties of WVP, thickness, EAB, TS, Ym, SD, WS, MC, and transparency of the samples.






Table 3. Mechanical properties of WVP, thickness, EAB, TS, Ym, SD, WS, MC, and transparency of the samples.





	Formulations
	Thickness (μm)
	TS (MPa)
	EAB (%)
	Ym (MPa)
	WVP (×10−12

g·cm/cm2·s·Pa)
	WS (%)
	MC (%)
	SD (%)
	Transparency (%)





	FL1
	56.12 ± 1.1 b
	42.11 ± 1.33 c
	21.22 ± 5.12 f
	82.21 ± 5.11 a
	4.73 ±0.05 a
	38.26± 5.17 b
	40.21 ± 3.05 a
	89.21 ± 6.03 d
	43.21 ± 3.17 c



	FL2
	58.11 ± 2.1 b
	40.77 ± 2.41 c
	28.34 ± 3.17 e
	73.11 ± 3.10 b
	3.56 ± 0.02 b
	26.24 ± 5.22 d
	35.11 ± 2.11 b
	121.17 ± 4.05 c
	17.11 ± 1.01 f



	FL3
	55.22 ± 1.5 b
	44.14 ± 2.32 c
	29.11 ± 1.20 e
	67.55 ± 4.16 c
	3.82 ± 0.03 b
	31.26± 3.15 c
	41.55 ± 3.08 a
	117.37 ± 7.13 c
	26.55 ± 2.02 d



	FL4
	65.11 ± 1.2 a
	42.11 ± 1.23 c
	47.11 ± 2.10 c
	35.89 ± 6.10 e
	3.14 ± 0.01 c
	26.58 ± 2.10 d
	28.89. ± 1.01 c
	151.32 ± 2.55 b
	16.89. ± 1.01 f



	FL5
	68.77 ± 1.6 a
	43.38 ± 1.88 c
	51.24 ± 4.11 c
	33.47 ± 2.20 e
	3.03 ± 0.04 c
	23.26± 1.19 d
	30.47 ± 1.22 c
	177.11 ± 8.11 a
	18.47 ± 1.07 f



	FL6
	41.23 ± 2.4 d
	66.24 ± 3.17 a
	24.26 ± 3.17 e
	77.22 ± 6.22 b
	4.57 ± 0.04 a
	46.22 ± 5.21 a
	30.22 ± 3.18 c
	67.16 ± 2.01 g
	64.22 ± 2.21 a



	FL7
	47.77 ± 1.4 d
	54.21 ± 1.34 b
	44.24 ± 2.10 d
	61.47 ± 3.24 c
	3.49 ± 0.02 b
	32.34 ± 8.23 c
	25.87 ± 2.14 d
	82.11 ± 7.18 e
	43.47 ± 4.17 c



	FL8
	42.23 ± 1.3 d
	68.87 ± 4.01 a
	61.26 ± 3.01 b
	48.22 ± 4.12 d
	1.21 ± 0.02 d
	43.11 ± 6.11 a
	29.22 ± 1.18 c
	75.16 ± 4.08 f
	51.22 ± 2.05 b



	FL9
	47.77 ± 2.1 c
	55.11 ± 5.36 b
	82.24 ± 6.1 a
	32.47 ± 5.11 e
	1.13 ± 0.02 d
	27.11 ± 3.24 d
	24.47 ± 2.10 d
	91.11 ± 3.01 d
	29.47 ± 1.12 d



	FL10
	51.11 ± 1.5 c
	58.32 ± 3.48 b
	87.26 ± 3.12 a
	25.22 ± 1.11 f
	1.11 ± 0.05 d
	24.14 ± 2.12 d
	23.22 ± 1.05 d
	128.16 ± 5.22 c
	20.22 ± 1.05 e







Results are shown as the mean value ± standard deviation. Superscripts with different letters signify significant differences (p < 0.05).
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