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Abstract

:

Food packaging is often made from plastic, which is usually obtained from non-renewable resources. The development of new technologies, like biocomposite films, has been driven in response to environmental concerns as well as consumer demands for eco-friendly, high-quality products derived from nature. Biocomposite films were prepared by incorporating taro mucilage, carboxymethyl cellulose (CMC), ZnO, glycerol, and black cumin seed (BCS) oil. The SEM results showed that the biocomposite films containing taro mucilage (TM), ZnO, and BCS oil had noticeably smoother surfaces. The FTIR analysis indicated the existence of a -OH group, N-H bond, alkaline group, C-C, C=N, C-H, C-O-H, and C-O-C bond formation, confirming the interaction of CMC, glycerol, BCS oil, ZnO nanoparticles, and TM. The results of TGA and DSC analysis suggest that incorporating ZnO nanoparticles, BCS oil, and TM into the CMC polymer matrix increased thermal stability. The addition of TM significantly increased water uptake capacity, antioxidative property, tensile strength, and elongation at break, with significantly decreased whiteness index and water solubility. The film inhibited the growth of Staphylococcus aureus and Escherichia coli as foodborne pathogens. The results suggest that the films can be potentially used as environment-friendly antioxidative and antimicrobial packaging films with additional research.
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1. Introduction


The total volume of food packaging materials used today exceeds 200 million tons per year, with an annual increase of about 5% [1]. Currently, enormous quantities of food packaging are dumped into the environment, making the waste problem worse each year. Therefore, alternative materials must replace conventional, non-recyclable, or non-biodegradable packaging to solve numerous ecological issues. In this aspect, biodegradable and eco-friendly biopolymer-based packaging is the ideal contender for lowering the enormous volume of conventional plastics. Recently, the biodegradable film generated from hydrocolloid compounds has received the most attention due to its biodegradability and edible properties. However, the biodegradable films’ use is limited by their brittleness and weak resistance to gas exchange [2]. This factor, along with environmental concerns and consumer demands for high quality eco-friendly products related to those found in nature (natural products), has driven the development of new technologies, such as the production of biocomposite films. Using plant-derived materials with antioxidant and antimicrobial properties in biocomposite films as a sustainable strategy for maintaining and/or extending the shelf life of food products has been promising [3].



Natural biopolymers, such as cellulose, are currently attracting particular attention in the food packaging industry due to the increased demand for environmentally friendly products from customers and manufacturers. Cellulose is one of the most promising materials for developing biocomposite films. Cellulose is the most abundant, renewable, and biodegradable substance and has a linear polysaccharide consisting of repeated units of β-(1–4) linked D-glucose [4]. For food packaging, processing, and pharmaceutical industries, carboxymethyl cellulose (CMC) is the most common cellulose derivative because of its outstanding film formability, stable internal network structure, and strong gas barrier properties, biocompatibility, and hydrophilicity. Additionally, CMC has been utilized to enhance the qualities of polymer-based composite films and edible coatings that extend the shelf life of food [5].



It is worth mentioning that poor moisture resistance and limited mechanical properties are the most frequent challenges in developing biocomposite films [6]. To address this issue, mucilage can be utilized as an alternative to a binary polymer to enhance the mechanical properties of a biocomposite film. Moreover, mucilage has been exploited as a stabilizer and thickening agent in the food and pharmaceutical industries due to its excellent viscosity, water-holding capacity, and antimicrobial activity. Among the plant kingdom, taro (Colocasia esculenta) is a potential source of about 4 to 20% mucilage and 80 to 90% starch. In addition, taro mucilage (TM) has better emulsifying properties because partially or completely hydrophobic amino acids in TM contain radicals. It is believed that the hydrophobic portion of TM is attributable to fractions of proteins containing non-polar radicals, whereas the hydrophilic portion is due to carbohydrates [7].



On the other hand, a plasticizer makes brittle films more flexible, but they are less intense and are more prone to moisture absorption. In this case, glycerol can dramatically affect the films’ tensile and barrier properties. In addition, the lower glycerol content of the films, the tensile strength, and barrier properties will be better than films with higher content [8].



Nonetheless, extending a food’s shelf life by inhibiting microbial growth and preventing undesirable biological or chemical changes remains one of the biggest hurdles in food packaging. Thus, the use of antimicrobial agents and antioxidants in packaging films is of particular interest for food packaging applications. In the production of antibacterial packaging films, various metal and metal oxide nanoparticles have already been utilized as antibacterial agents, including ZnO, Cu, Ag, TiO2, and CuO. Moreover, the production of antioxidant packaging materials has used various antioxidants such as the natural pigments of anthocyanin, curcumin, and melanin, and essential oils and plant extracts [9]. Therefore, antimicrobial agents and antioxidants can be used together to produce biocomposite films with antimicrobial and antioxidant properties. For this purpose, ZnO nanoparticles can be used as antimicrobial agents to develop biocomposite films because of their higher thermal stability and less cytotoxicity.



Furthermore, it has been shown that ZnO nanoparticle antibacterial activity is primarily related to the destruction of cell membrane structures, diffusion of ions from the surface of nanoparticles, and binding to the cell membrane [10]. On the other hand, black cumin (Nigella sativa L.) seed oil (BCS oil) can be utilized as a potential antioxidant agent due to the predominant antioxidative compounds such as thymoquinone (30% of total volatile oil). Additionally, BCS oil also possesses numerous advantages, including hydrophilic properties, easy extraction, low cost, relative abundance, and biocompatibility compared to artificial ones [11]. Therefore, adding ZnO and BCS oil to biocomposite films is anticipated to improve the films’ characteristics and impart antibacterial and antioxidant properties.



It is hypothesized that using biocomposite films for food packaging not only protects food and extends its shelf life but also reduces environmental pollution by eliminating the usage of plastic packaging materials. Realizing the importance of biocomposite film, an attempt has been made in this study to prepare CMC/TM/BCS oil-based biocomposite films containing ZnO nanoparticles as well as glycerol and to investigate the physico-mechanical properties, antioxidant activity, and antibacterial activity of the prepared biocomposite films.




2. Materials and Methods


2.1. Materials


Fresh taro (Colocasia essculenta) corms were collected from Bangladesh Agricultural Development Corporation (BADC) Agro Service Center, Kumargaon, Sylhet, Bangladesh. Synthesized ZnO nanoparticles were provided by the Department of Chemistry, Shahjalal University of Science and Technology (SUST), Bangladesh. BCS oil was brought from a renowned super shop. Escherichia coli and Staphylococcus aureus were provided by the Department of Biochemistry and Molecular Biology, SUST. All the chemical compounds utilized were of analytical reagent grade and collected from Sigma-Aldrich (Burlington, MA, USA) and Merck (Darmstadt, Germany).




2.2. Taro Sample Collection and Preparation


After collecting and sorting, fresh taro corms were rinsed with distilled water to remove dirt and sand. Then the taro corms were peeled out using a stainless-steel knife. After that, the peeled taro corms were sliced into small surface area pieces.




2.3. Extraction of Taro Mucilage (TM)


The microwave extraction method was followed by some modifications for TM extraction [12]. Sliced taro corms were weighted to 100 gm. After weighing, they were soaked in a beaker with 550 mL distilled water for 2 h. Then the beaker was kept in the microwave (Model: Farberware Countertop Microwave Oven, Farberware, Fairfield, CA, USA) at 450 °C for 7 min. The supernatant was collected after centrifugation at 4000 rpm for 10 min. The aqueous TM solution was precipitated in a 1:3 volume of acetone (aqueous solution: acetone). The precipitate substances were filtered with filter paper no. 1. Then the aqueous and semi-liquid mucilage substances were placed carefully in a Petri dish and dried in a constant temperature and humid chamber (Model: VS-8111H-150, input 220 V 50 Hz 16 A 1 phase, Vision Scientific Co. Ltd., Yuseong-Gu, Daejeon-Si, South Korea) at 60 °C for 18 h. Dried TM was collected carefully and then kept in a desiccator.




2.4. Preparation of Biocomposite Films Based on CMC/ZnO/TM/BCS Oil


According to Table 1, biocomposite films were made using the solvent casting method [13]. According to our knowledge, a specific study on biocomposite film composed of CMC, TM, BCS oil, and ZnO nanoparticles has not yet been presented. As a foundation for future research, the present work aims to evaluate the influence of varied CMC and TM concentrations on the biocomposite film properties. Therefore, the concentrations of TM, CMC, ZnO, glycerol, and BCS oil were arbitrarily chosen. To prepare CMC film, first we dissolved the 2 g of CMC in 100 mL of distilled water and then mixed continuously for 5 min at 100 rpm with a homogenizer (Model: HG-15D-Set A-230V, Daihan, Korea). Afterward, 1 g/100 mL of glycerol was dissolved into the solution. Later, the homogenized solution was centrifuged at 4000 rpm for 10 min to remove air bubbles.



ZnO nanoparticles (0.5 g/100 mL per film-forming solution) were dispersed into distilled water to prepare a composite with ZnO and CMC (CMC/ZnO). After that, a mixture solution was formed by adding 2 g CMC and homogenized. The solution was centrifuged at 4000 rpm for 10 min to remove air bubbles. The same procedure was followed while adding 1 g/100 mL of black cumin seed oil to prepare CMC/ZnO/BCS oil composite film.



To prepare CMC/ZnO/BCS oil/TM, at first, precise weighted CMC (1, 1.2, 1.4, 2 g/100 mL), ZnO (0.5 g/100 mL), and TM (0.6, 0.8, 1 g/100 mL) were dispersed in 100 mL of deionized water. After pre-heating in an ultrasonic water bath at 60 °C for 20 min, then with an ultrasonic homogenizer (Ultrasonic Processor FS-200T, Hanchen, China), the solutions were mixed vigorously for 15 min at 80 W. To integrate more precisely, they were homogenized at 100 rpm. Finally, 1 g/100 mL of black cumin seed oil and 1 g/100 mL of glycerol were injected with a micropipette. A centrifuge (4000 rpm for 10 min) was then used to remove air bubbles from the film solutions.



All film solutions were equally cast onto a flat Petri dish and then dried for about 16 h at 60 °C in a Constant Temp and Humid Chamber (Model: VS-8111H-150, input 220 V 50 Hz 16 A 1 phase, Vision Scientific Co., Ltd., South Korea). To pour the same quantity of each treatment onto each panel, a consistent amount (film weight to plate area 1:3) of the film-forming solution was used. Then, the formed films were peeled away from the casting surface. The prepared films were kept in zip bags until further tests. Every film was coded as F1, F2, F3, F4, F5, and F6 per their CMC/ZnO/TM/BCS oil composition.




2.5. Characterization of Biocomposite Films


2.5.1. Appearance and Surface Color Measurements


The film’s color was measured using a colorimeter (Model: PCE-CSM4, PCE Instruments, Southampton, UK) following the technique by Marvdashi et al. [14] with some modifications. Film specimens were put on the white standard plate (L* = 88.23, a* = 8.03, and b* = −5.56), and the degree of lightness (L*), redness (a*) or greenness (a*), and yellowness (b*) or blueness (b*) of the films were measured. The following Equation (1) was used to calculate the overall color difference (ΔE). Three readings were taken on either side of each film piece.


ΔE = [(Lfilm − Lstandard)2 + (afilm − astandard)2 + (bfilm − bstandard)2]1/2



(1)








2.5.2. Whiteness Index Measurement


Packaging materials, plastics, and photographic paper each have whiteness indexes. Thus, the whiteness index connects visual assessments of whiteness for particular white and near-white surfaces, such as glass. The ASTM defines whiteness and yellowness indexes. The E313 whiteness index measures opaque near-white materials, including paper, paint, and plastic. In reality, this index applies to any substance that seems white. For example, if a flawless reflecting surface does not absorb or transmit light but instead reflects it at equal powers in all directions, it is described as white. The color of this kind of surface is known as preferred white for the reasons behind this norm. The whitening index was calculated from L (lightness), a (greenness), and b (yellowness or blueness) values according to Equation (2). The following equation was also used to obtain the whitening index of the biocomposite films. Three readings were taken on either side of each film piece [15].


   Whiteness   index  =  [  100 −    [     (  100 − L  )   2  +  a 2  +  b 2   ]     ]   



(2)








2.5.3. Thickness and Mass


The thickness of biocomposite films was measured using a thickness gauge (Model: 2364-10, INSIZE, Suzhou New District, China) with a precision of 0.01 mm [16]. Each film was placed in the lower part, and the gap was filled with the grip. The Equation (3) was used to calculate the thickness. The mass of the films was precisely weighed in triplicate using an electronic balance.


   Thickness     (  mm  )  =  (   Reading   with   sample    −    Reading   without   sample   )  × 0.01    mm     



(3)








2.5.4. Moisture Content


Moisture content has been determined according to the method described by Rhim and Wang [17] through the drying oven technique with some modifications. First, the rectangular films were cut into 3 cm × 3 cm squares and dried in a forced convection oven (Model: OF-21E, Jeio Tech, Korea) for 24 h at 105 °C. Then, the moisture content was determined using the weight loss after drying according to the Equation (4) and represented as a percentage.


   Moisture   content     ( % )  =  [   (     Initial   sample   weight     ( g )  −  weight   of   sample   after   drying     ( g )     Initial   sample   weight     ( g )     )  × 100  ]   



(4)








2.5.5. Water Activity


The unbound water vapor pressure of the films was determined with a handheld water activity meter (Model: WA-60A, Amtast, Lakeland, FL, USA). The individual film samples were placed in the sample plates with affixing. The non-conductive humidity sensor was placed on the sample. When the vapor pressure of the water in the films and the water in the air approach equilibrium, the relative humidity of the air around the sample equals the water activity of the piece and is automatically shown on the monitor.




2.5.6. Water Solubility


The water solubility of biocomposite films was determined according to a method developed by Fernandes et al. [18] with some modifications. The materials were cut into 1 cm × 1 cm pieces and left to dry at 105 °C. Dried film specimens were soaked in distilled water (30 mL) and shaken for 1 h at 200 rpm in a shaking incubator (Model: SI-150, Hanyang Science Lab Co., Ltd., Seoul, Korea). The insoluble debris was separated and dried for 24 h at 105 °C. The following Equation (5) was used to calculate each biocomposite film’s water solubility percentage.


   Water   solubility     ( % )  =  [   (     Initial   dry   weight   of   the   film     ( g )  −  final   dry   weight   of   the   film     ( g )     initial   dry   weight   of   the   film     ( g )     )  × 100  ]   



(5)








2.5.7. Water Uptake Capacity


The water uptake capacity of the biocomposite films was evaluated by following the methods described by Ghazihoseini et al. [19] and Foghara et al. [10] with slight modifications. The films were trimmed to 20 mm × 20 mm and put in a desiccator with calcium chloride powder (to eliminate moisture) for 24 h. The sliced films were weighed and put in a desiccator with water for 24 h. The films were weighed, and the quantity of water absorption was calculated according to the Equation (6):


   Water   uptake   capacity     ( % )  =  [   (    P − Q  Q   )  × 100  ]   



(6)




where P = weight of films after being in contact with H2O of the desiccator (g) and Q = weight of films after being in contact with CaCl2 of the desiccator (g).




2.5.8. Mechanical Properties


A tensile strength test was carried out to evaluate the mechanical properties of the biocomposite films following the guidelines provided by the American Society for Testing and Materials (ASTM Standard, 2003) with a few adjustments [20]. Each film was divided into three replicate samples that were 8 cm × 1.5 cm in size. Before conducting tensile strength studies, the texture analyzer (Model: Z10-700, AML Instruments, Lincolnshire, UK) was calibrated using a 5 kg load. A 2 cm line was drawn at both ends of the film strips. The starting separation distance was set at 40 mm and the velocity was maintained at 0.40 mm/second. The trigger force was automatically set to 300 mm/minute before testing and 600 mm/minute following testing. The texture analyzer had a cell load capacity of 30 kg and its return distance was 190 mm. The tensile strength (TS), as well as the elongation at break (EB), were obtained by directly analyzing the stress-strain curves with the Texture Exponent 32 software V.4.0.5.0. (SMS) and calculated according to the Equations (7) and (8).


   TS     (  MPa  )  =  [     Maximum   force   at   break     ( N )     Biocomposile   film   surface     (    mm  2   )     ]   



(7)






   EB     ( % )  =  [   (     Length   extended   at   breaking   point   of   sample     (  mm  )  −  Initial   length   of   sample     (  mm  )     Initial   length   of   sample     (  mm  )     )  × 100  ]   



(8)








2.5.9. Analysis of Fourier Transform-Infrared (FT-IR) Spectroscopy


Film samples were analyzed using an ATR-FTIR spectrophotometer (Model: MIRacle 10, IR Prestige21, Shimadzu Corporation, Japan) with a wavenumber of 4000–400 cm−1 and a resolution of 30 scans at 4 cm−1. Film samples (5 × 5 cm) were put instantly on the beam exposure stage and evaluated for measurement [21].




2.5.10. Scanning Electron Microscopy (SEM)


The surface morphology of specified films was analyzed using a scanning electron microscope (Model: Phenom Pro Desktop SEM/Prox G6, nanoscience Instruments, Arizona, USA) with a magnification of 50 µm. The stub pin was inserted with a sample of 180 µm into the hole on the monitoring surface. The height adjustment for the sample holder was monitored and then positioned correctly. After activating the optical camera, the image was displayed in the main viewing window of the image screen; 5 kV was set for the operation and the image was autofocused. Finally, the microstructure for each film was collected.




2.5.11. Thermal Properties


A synchronous thermal analyzer (Model: STA449F3, NETZSCH, Weimar, Germany) was used to determine the thermal properties of films (TGA and DSC). Films were heated at a constant rate of 10 °C/min from 30 °C to 600 °C under nitrogen.





2.6. Antioxidant Activity of Biocomposite Films (DPPH Method)


The antioxidant potential of CMC-based biocomposite film samples was evaluated utilizing DPPH extremists [22]. It was necessary to create the extract by dissolving 0.1 g of the film specimens in 10 mL of distilled water. After being vortexed for 3 min, the solution was put in a shaking incubator for 30 min to finish the process. After 30 min, the samples were centrifuged at 2700× g for 10 min to separate the components. After that, the supernatant was decanted to measure DPPH radical scavenging activity. Next, 0.1 mL film extraction solution was added to a 0.1 mM 3.9 mL DPPH solution, which resulted in a final concentration of 0.1 mM. The solution is vortexed once more before being stored in a dark chamber. The solution’s absorbance was measured using a UV-Vis spectrophotometer (Model-T60U, PG instruments limited, Leicestershire, UK) at a wavelength of 517 nm [23].




2.7. Antimicrobial Activity of the Biocomposite Films


Determining the inhibition zone of biocomposite against bacteria is an essential parameter in any active packaging. The antibacterial activity of film samples was determined by plating them on an agar medium [24]. The films were tested for their ability to suppress the growth of Staphylococcus aureus (a Gram-positive organism) and Escherichia coli (a Gram-negative organism). The susceptibility of control E. coli and S. aureus isolates to a panel of samples (F1, F2, F3, F4, F5, and F6) and was determined by using the Kirby–Bauer disc diffusion method on Mueller–Hinton Agar plates according to the guidelines and breakpoints of the Clinical and Laboratory Standard Institute [25]. The plates were loaded well with nighttime bacterial isolate at a level of 1.0 × 106 (100 μL) CFU/mL. The films were trimmed to 6 mm diameter discs using a hole puncher. Then, the film was inserted in the exact center bearing already infested agar. After incubating at 37 °C for 24 h, the clear zone generated in the media around the film sample was measured with a caliper. The inhibition area diameter was obtained by eliminating each film region from the entire zone. Every evaluation of the inhibition test was conducted in triplicate. The mean ± standard deviation of triplicates was utilized as the outcome of each test.




2.8. Statistical Analysis


The film properties were measured in triplicate with individually prepared films as replicated experimental units. One-way analysis of variance (ANOVA) was performed, and the significance of each mean property value was determined (p < 0.05) by the Tukey honestly significant difference (HSD) test using the SPSS statistical analysis program for Windows (SPSS Inc., Chicago, IL, USA).





3. Results and Discussion


3.1. Appearance and Surface Color of Biocomposite Film


Figure 1 and Table 2 illustrate the visual and color characteristics of the prepared biocomposite films. Biocomposite films’ color properties were affected by the addition of TM, BCS oil, and ZnO nanoparticles. Figure 1 shows that the surface of the biocomposite film F1 was generally colorless and transparent. The film became whiter after the addition of ZnO nanoparticles. It indicated the formation of ZnO nanoparticles. A similar type of surface appearance was also observed when ZnO nanoparticles were added into rice-starch/ZnO nanoparticles-based antimicrobial film [26]. Additionally, BCS oil added to F3 caused the surface to roughen more than F2, and the biocomposite films (F4, F5, F6) that contained TM together with ZnO nanoparticles and BCS oil had noticeably smoother surfaces, demonstrating that the TM concentration in the solution used to make the film served as a leveling agent.



In Table 2, the measured color characteristics of the biocomposite films are presented. These parameters include ΔE (total color difference), L (lightness), a (green-red), and b (blue-yellow). Compared to the standard white plate, the CMC and glycerol-prepared film (F1) had the lowest ΔE value (6.96 ± 0.42). The addition of BCS oil, ZnO nanoparticles, and TM to the samples increased ΔE, resulting in more blurred films. The total color difference (ΔE) of the biocomposite films increased to 8.28 ± 3.68 (F2), 12.83 ± 0.04 (F3), 17.28 ± 0.36 (F4), 16.30 ± 0.02 (F5), and 22.55 ± 0.30 (F6). In a study on nanocomposite films prepared with CMC, okra mucilage, and ZnO nanoparticles, Mohammadi et al. [27] found that the film prepared with CMC had the lowest ΔE value (3.78 ± 0.37). The increasing mucilage content in the samples and the inclusion of ZnO nanoparticles contributed to a rise in ΔE.



The lightness (L value) of the F1 film was 81.45 ± 0.43; however, it considerably increased (p < 0.05) following integration with BCS oil and ZnO nanoparticles, reaching 88.33 ± 0.77 and 88.48 ± 0.36, respectively, in the F2 and F3 films. Even though the L value of the F4 and F5 biocomposite films dropped dramatically after TM was added, the color of the biocomposite films was remarkably improved when the concentration of TM was increased from 0.6 to 1.0 g/100 mL. Comparatively, the L values of the processed films ranged from 77.21 ± 0.99 to 88.48 ± 0.36. A higher L value indicates the reflection of light, which can protect foods susceptible to light or oxidation. In fact, light speeds up the oxidation and rancidification of pigments and vitamins, thereby reducing the nutritional value of foods [28].



As illustrated in Figure 1, the films had b color parameters that ranged from −4.00 ± 0.01 to 13.15 ± 0.21, which indicated that they had linen white to light yellow tint. Likewise, a slight increase in the value of a was also caused by ZnO nanoparticles and BCS oils, but an increase in TM concentration led to a significant increase in the value of a, which gave the films a faint reddish appearance. These findings may be attributable to polyphenols in BCS oil and TM, which imparted color and various light barrier properties to the biocomposite films [29].



3.1.1. Whiteness Index


The color analysis revealed that the effect of CMC, TM concentration, ZnO nanoparticles, and BCS oil had a significant impact on the whiteness index factor of the prepared biocomposite films. As shown in Table 2, adding ZnO nanoparticles to F2 film considerably increased the whiteness index (79.44 ± 0.39), likely due to the white color of the ZnO nanoparticles. In contrast, the whiteness index of the F2 film decreased significantly to 89.90 ± 0.63 after the addition of BCS oil. As essential oils in BCS oil are hydrophobic, they are slightly soluble in water, creating a heterogeneous film that causes turbidity. The reduction in the whiteness index of the film after the addition of essential oil was evident, and the findings of this study are consistent with those of Ghamari et al. [15], Ojagh et al. [30], and Atares et al. [31]. Correspondingly, the increased TM concentration significantly decreased the films’ whiteness index from 80.96 ± 0.10 (F4) to 71.33 ± 0.85 (F6). The increased starch concentration from TM addition made biocomposite films more opaque [32].




3.1.2. Surface Morphology of the Biocomposite Film Using SEM


The surface morphology characteristics of the biocomposite films were investigated using scanning electron microscopy (SEM), as shown in Figure 2. The surfaces of film F1, a mixture of CMC and glycerol, were smooth and homogeneous. The ability of glycerol to form hydrogen bonds makes it an ideal plasticizer for various applications. Thus, it is possible that CMC hydroxyl groups and glycerol formed hydrogen bonds within the film, reducing its surface free energy and increasing its contact angle [33]. Srikandace et al. [34] found that incorporation of CMC-glycerol in a bio-cellulose film produced smooth and homogeneous fibers with fewer pores. In contrast, the CMC/glycerol/ZnO nanoparticles film (F2) showed rough-surface structures. The SEM results revealed that the ZnO nanoparticles were equally dispersed throughout the films, with no particle agglomeration. Similar surface morphologies of nanocomposite films were found with ZnO nanoparticles’ incorporation such as agar/ZnO nanoparticles, carrageenan/ZnO nanoparticles, CMC/ZnO nanoparticles [35], and gelatin/ZnO nanoparticles [36]. On the contrary, the film containing BCS oil (F3) exhibited a cracked structure and pores, possibly due to the evaporation of the essential oil from BCS oil during drying. This was also evident from a study by Muñoz-Tébar et al. [37], who reported that films comprised of chia mucilage and essential oil exhibited smooth surfaces devoid of pores or cracks, indicating that the film solution maintained a stable emulsion system after drying. The same results were also observed by Ghamari et al. [15], who found a pore and crack structure in the film’s microstructure containing BCS oil. Interestingly, incorporating BCS oil reduced the surface roughness of the biocomposite films (F4, F5, and F6), and increasing the concentration of BCS oil made the surface smoother and had fewer pores. This property may be due to interactions between the starch of TM, glycerol, and CMC during the process of gelatinization with heating. In the film matrix, hydrocolloids assemble themselves, and hydrogen bonds may be disrupted during heating, resulting in the formation of the crystalline zone. During film preparation, the starch expanded, resulting in granule expansion and starch gelatinization. Similarly, Wang et al. [38] developed four films that contain CMC, glycerol, mucilage, and starch in different compositions. In the SEM analysis, dry films were characterized by their homogeneity and lack of defects or cracks, while having clear starch granules and a smooth structure [39]. It could be assumed that films with homogeneous matrix and fewer pores or cracks would have good mechanical properties, as well as better resistance to solvents and a lower permeance value to water vapor.




3.1.3. Chemical Structure Characteristics of the Biocomposite Film Using FT-IR


As shown in Figure 3, FT-IR spectra were used to identify the functional groups in biocomposite films. Comparing the spectra of all the films, no new peaks were found, meaning that no new chemical bonds were formed as a result of adding TM, BCS oil, or ZnO nanoparticles. Nonetheless, the different peak intensities suggest different contents of functional groups. All of the biocomposite films’ spectra exhibited distinctive peaks within the region of 3340 to 570 cm−1. Broad bands between 3500–3100 cm−1 in all samples pointed to the presence of hydroxyl groups (–OH) with intermolecular hydrogen stretching bonds. These types of interactions are typical of polysaccharides. Moreover, these bands may also suggest the presence of N–H bonds in proteins, as 30–51% of proteins were identified in the TM [40]. The peak around 2920 cm−1 was likely due to the stretching vibration of an alkane group within the biopolymer chain [21]. The β-casein-derived C–C or C=N appeared as a strong peak between 2200–2400 cm−1 [41]. The peak identified at 1592 cm−1 was attributed to the carboxyl group’s asymmetric stretching vibration [21]. C–H bending vibrations and C–O–H of carboxylic acid may correspond to the band around 1414 and 1321 cm−1, respectively [42,43]. It was determined that the C–O–H and C–O–C vibrations of the glycosidic bond in the TM were responsible for the peaks that were seen at 1110 cm−1 and 1045 cm−1, respectively [44]. In the biocomposite film, it was found that peaks at 880 cm−1 and 831 cm−1 were caused by the C–H stretching of β-galactose residues. Alternatively, it may also result from C-H angular variation vibration of pyranoid sugar’s α-epimerism [35,40]. Another vibrational band around 570 cm−1 may be associated with the skeletal mode vibration of the pyranose ring in the glucose unit [26].




3.1.4. Thermal Properties


Figure 4a,b shows the thermogravimetric analysis at 30–600 °C, including thermogravimetry (TGA) and differential scanning calorimetry (DSC), respectively. A thermal analyzer determines the behavioral changes, fusion regions, and phase transition range. Figure 4a shows the TGA, which illustrates the weight loss stages. The TGA curve displayed three-step weight loss patterns. The first, weight loss, started at 50−100 °C due to desorption of moisture linked by hydrogen bonds to the polysaccharide structure [45]. The second stage of degradation occurred at 100−250 °C and corresponded to glycerol plasticizer, BCS oil, and CMC degradation from the complex [46]. The foremost degradation step at 260–350 °C was the decomposition of the polysaccharides of hemicellulose in TM [47]. The fourth stage started near 350 °C, with a tendency to continue decreasing above 450 °C. The final stage suggested the decomposition of polymers in all samples [48]. It is clear from the findings that the inclusion of ZnO nanoparticles, BCS oil, and TM into the CMC polymer matrix displayed a stabilization influence against decomposition. This could be attributed to the adhesion between CMC polymer chains, ZnO nanoparticles, BCS oil, and TM, which enhanced thermal stability. Above 500 °C, the TGA curve stabilized, which corresponds to endothermic crystallization that allows the formation of mineral salts and ashes [49]. It is also worth noting that early weight gain in deterioration may be attributed to TGA equipment buoyancy. In TGA analysis, buoyancy is the upward push on the sample created by the surrounding atmosphere. With increasing temperature, the atmosphere’s density drops, resulting in apparent mass gain.



DSC thermograms of the prepared films are presented in Figure 4b. Three small endothermic and one exothermic transition were observed for each film. The first endothermic peak situated at approximately 50 °C may correspond to the water evaporation [38]. Similar values were found by Li et al. [40], where water evaporation started at approximately 80 °C from CMC/Dioscorea opposite mucilage/glycerol/ZnO nanoparticles-based edible films. The second endothermic peak in the range of 110–160 °C can be attributed to the evaporation of low molecular weight compounds such as glycerol or structurally bound water of the film network [50]. The third sharp endothermic peak in the range of 270–310 °C may correspond to the melting temperature of CMC [51]. On the other hand, the F1 (only CMC and glycerol) biocomposite films showed a sharp exothermic peak, whereas for the F2, F3, F4, F5, and F6 films, a slight decrease was noticed after the addition of ZnO nanoparticles, BCS oil, and TM. Moreover, a small exothermic peak appeared at a higher temperature (approximately 450–500 °C), which could be attributed to the release of inorganic materials like oxides, carbonaceous residues due to methylation [52]. Overall, the present observation suggests that incorporating ZnO nanoparticles, BCS oil, and TM into the CMC polymer matrix improved the thermal stability of prepared biocomposite films.




3.1.5. Thickness and Mass


Table 2 shows the thickness and mass of each film. Each film was analyzed in triplicate and the thickness was measured at five random locations. Film thickness varied from 0.13 ± 0.02 mm to 0.20 ± 0.03 mm. The addition of ZnO, BCS oil, and TM on a biocomposite film did not significantly affect film thickness. The results showed that adding ZnO nanoparticles and BCS oil increased the thickness of biocomposite films from 0.13 ± 0.02 mm (F1) to 0.20 ± 0.03 mm (F3). This phenomenon can be related to the increase in dry matter content of the matrix due to the addition of ZnO nanoparticles and BCS oil [53]. It can also be possible that the interactions between the CMC and the active compounds present in BCS oil may have reduced the alignment of the polymer chains, reducing the compression of the network and consequently increasing the thickness of the films [54]. This result was consistent with Praseptiangga et al. [55] and Mohammadi et al. [27]. They reported an increase in the nanocomposite film thickness associated with an increase in the total solid content mass in the film matrix after adding ZnO nanoparticles. Lee et al. [56] also reported a significant increase in thickness in hydroxypropyl methylcellulose film containing oregano essential oil. In the present work, it has been observed that a correlation exists between the thickness and mass of the biocomposite films. The mass of films F, F2, F3 were 0.75 ± 0.13 g, 0.96 ± 0.13 g, and 1.37 ± 0.19 g, respectively, which indicated that adding ZnO nanoparticles and BCS oil increased the mass of the prepared biocomposite films significantly. Interestingly, increased concentration of TM and decreased concentration of CMC gradually declined the thickness (F4: 0.20 ± 0.09 mm-F6: 0.15 ± 0.03 mm) as well as mass (F4:1 ± 0.08 g-F6:0.96 ± 0.03 g) of the biocomposite films (not significantly). The hydrogen atom from the hydroxyl group (O–H) in the film matrix interacted with the oxygen atom from the nanoparticle molecules to form a hydrogen bond. Even though the concentration of CMC decreased, more hydrogen bonds were able to form when the concentration of TM increased. This led to a reduction in the availability of the hydroxyl groups in the polymer to interact with H2O molecules, thereby reducing the amount of water bounded in the film matrix so that the thickness was also reduced [28].




3.1.6. Mechanical Properties


The mechanical properties of the prepared biocomposite films, including tensile strength and elongation at break, are presented in Table 2. The tensile strength of the F1 film (consisting of CMC and glycerol) was 7.54 ± 1.03 MPa. Biocomposite films containing ZnO nanoparticles and BCS oil have significantly improved tensile properties (F2: 11.80 ± 4.94 MPa; F3: 13.17 ± 0.48 MPa). As a result of uniform dispersion of ZnO nanoparticles in the CMC polymer matrix, CMC and ZnO form stronger bonds with each other through ion bonding, increasing the tensile strength [57] and the van der Waals force, which strengthens the intermolecular forces between ZnO nanoparticles and polysaccharide in BCS oil [58]. In agreement with our result, a chitosan/ZnO/Melissa officinalis essential oil nanocomposite film exhibited increased tensile strength after adding ZnO nanoparticles and Melissa officinalis essential oil to the chitosan polymer matrix [59]. Conversely, it was observed that with increasing TM concentration from 0.6 to 1.0 g/100 mL, the tensile strength decreased significantly (14.41 ± 0.65 MPa (F4), 11.29 ± 1.92 MPa (F5), and 6.29 ± 0.64 MPa (F6)). As a result of the intermolecular interaction between TM and CMC, the molecule structure of the TM-CMC mixture becomes less compact, resulting in a decrease in tensile strength. The addition of okra mucilage to CMC led to a decrease in the tensile strength of CMC/okra mucilage/ZnO nanoparticles-based nanocomposite films, which was in line with our findings [27].



Table 2 also shows a significant increase (from 12.39 ± 4.60% (F1) to 45.52 ± 11.59% (F2)) in the elongation at break of the film samples after the addition of ZnO nanoparticles, which can be attributed to the dispersion of ZnO nanoparticles, uniform distribution of ZnO nanoparticles, and decrystallization of ZnO nanoparticles in the polymer matrix [60]. A similar result was observed when adding ZnO nanoparticles into a CMC matrix [35]. The addition of BCS oil also significantly decreased the elongation at the break of the prepared biocomposite films (31.54 ± 6.25% (F3)). BCS oil created a compact structure by improving continuity in a network of polysaccharides, which caused the elongation at break to decrease. A study carried out by Sharma et al. [61] also found a decrease in elongation at break with the incorporation of the essential oregano oil in the PLA/PBAT (Poly (lactide)/poly (butylene adipate-co-terephthalate) blend film [61]. On the other hand, the elongation at break values of films first increased (F4: 52.8 ± 1.92%, F5: 65.64 ± 4.86%) and then decreased (F6: 50.99 ± 6.04%) as the addition ratio of TM increased. Perhaps this is due to interactions between protein chains and polysaccharide chains strengthening effects on the film matrix. Nevertheless, a high amount of TM caused a weakening of interactions between polysaccharide chains and protein chains, lowering the extensibility of films and increasing rigidity. The same trending results were found after adding chia mucilage to blended films containing chia mucilage and gelatin [62].




3.1.7. Moisture Content and Water Activity


Results shown in Table 2 show that moisture content ranged from 20.43 ± 0.34% to 38.32 ± 0.12%. The statistical analysis revealed that CMC, ZnO nanoparticles, BCS oil, and TM substantially affect the moisture content of biocomposite films. A significant decrease in moisture content was observed after adding ZnO nanoparticles. Biocomposite films have lower moisture contents due to the relatively strong interaction between the glycerol, ZnO nanoparticles, and CMC, which leads to an increase in -OH bonds. In addition, it may also be associated with cation-dipole solid interactions between the ZnO atom and –OH groups of water and glycerol. As a result, ZnO nanoparticles, when incorporated in biocomposite films and interacting with CMC, decrease the free water content and therefore, decrease water accessibility [63]. Numerous studies [60,64] have reported a decrease in moisture content following the inclusion of nanoparticles of ZnO. Similarly, the moisture content of the biocomposite film F3 went down significantly from 22.07 ± 0.19% to 20.43 ± 0.34% during the addition of BCS oil. The repellent effect of non-polar components of BCS oil on water molecules may have hastened the flow of moisture through the films and decreased the moisture content of the film samples [65]. This trend appears to be well established; Hopkins et al. [65] reported similar findings for soy protein-flaxseed oil films. In contrast, an increased TM concentration significantly increased the biocomposite film’s moisture content from 29.30 ± 0.22% (F4) to 38.32 ± 0.12% (F6). In agreement with an earlier report by RM and Nair [66], the biodegradable, edible film containing Hibiscus mucilage showed a 7.86% increased moisture content. The researchers also concluded that as a hydrocolloid, mucilage retains moisture better, which is helpful for coatings and wrappers to keep fruits fresh for extended periods.



The water activity measurement is essential because it reveals the amount of water that is free from the substrate and consequently available for the growth of microorganisms. According to Table 2, the water activity significantly decreased from 0.21 ± 0.01% (F1) to 0.06 ± 0.01% (F2) during the addition of ZnO nanoparticles in the biocomposite films. A decrease in water activity in the film samples following the addition of ZnO nanoparticles can be attributed to the nanoparticles filling the pores in the CMC film. Rezaei et al. [67] reported that ZnO nanoparticles decreased the water activity in wheat gluten/ZnO nanoparticle films, which confirmed our results. The results also overperformed with an increase in glycerol content. This might be a result of glycerol’s capacity to bind water. Glycerol is a polyhydric alcohol humectant that binds to water in food products to change or reduce water activity. In contrast, adding BCS oil to film F3 significantly increased its water activity (0.09 ± 0.02%), possibly due to hydrogen and covalent interactions between the CMC network and the polyphenolic compounds in BCS oil. These processes likely maximize the accessibility of hydrogen groups to form a hydrophilic bond with water, hence increasing the film’s affinity. Table 2 shows that water activity increased as the amount of TM increased in the film samples. The soluble fiber of TM presents a high capacity for water retention. Thus, the amount of free water increased with the addition of TM. However, the values found were still lower than in other studies [68,69].




3.1.8. Water Solubility and Water Uptake Capacity


To better understand film behavior when in contact with water, water solubility and water uptake capacity are two critical characteristics of biocomposite films. According to Table 2, the higher water solubility of the biocomposite film F1 (88.96 ± 4.00%) could be explained by the CMC hydrophilic groups and glycerol interacting readily with water. Several reports show higher water solubility for CMC-based films [27,70]. Moreover, with the addition of ZnO nanoparticles, the water solubility value of F2 was significantly reduced to 75.33 ± 2.52%. The solubility reduction exhibited by the ZnO nanoparticles may have been caused by the aggregation of CMC and ZnO nanoparticles [71]. The same effect of ZnO nanoparticles was also reported on CMC, Chinese yam, ZnO nanoparticles, and glycerol-blended edible films [40], and CMC, okra mucilage, and ZnO nanoparticles-based nanocomposite films [27]. In a similar trend, the water solubility value of F3 (57.45 ± 0.51%) significantly decreased with the addition of BCS oil. These results could be ascribed to a decrease in the films’ hydrophilic nature, as well as the interaction between the components of BCS oil and the hydroxyl groups of film, which would reduce the availability of hydroxyl groups for interaction with water molecules, consequently resulting in a more water-resistant film [72]. Similarly, Song et al. [73] found that the water solubility values of active corn/wheat starch film decreased slightly with the addition of lemon oil. When TM at 0.6 g/100 mL level was added to the CMC, ZnO nanoparticles, and BCS oil, the obtained biocomposite film F4 was significantly less soluble than F3 film alone at 45.89 ± 2.77%. However, as the concentration of TM increased beyond the 0.6 g/100 mL level, the solubility decreased significantly.



Interestingly, there was no significant difference between the biocomposite films, 34 ± 2.65% (F5), compared to 37.33 ± 3.21% (F6), at the level of 0.8 g/100 mL and 1.0 g/100 mL. These results concord with Mohammadi et al. [13], who reported a significant decrease in water solubility of CMC, okra mucilage, and ZnO nanoparticles-based nanocomposite films from 65.4 ± 2.8% to 45.81 ± 4.1% with the increasing concentration of okra mucilage. This effect indicated high cohesion matrices by numerous hydrogen bonds between the polysaccharides of TM and BCS oil. Simple sugars present in TM in conjunction with water and glycerol have a plasticizing effect in films. However, the increase of sugar content led to a large fraction of available water bonded by sugars, reducing, in this way, the possibility of interaction with the surrounding water. As a consequence, films incorporating TM presented reduced water solubility. Moreover, water solubility involves an interaction of film components with water through hydrogen bonds, after a swelling of hydrophilic polymers. Additionally, the penetration of water disrupting hydrogen and van der Waals forces between polymer chains affected the film’s water solubility [73].



The water uptake capacity of the biocomposite films is given in Table 2. Introducing ZnO nanoparticles and BCS oil to the CMC matrix significantly decreases the biocomposite films’ water uptake capacity from 274.67 ± 43.59% (F1) to 152.81 ± 35.41% (F2). The experimental results showed that when the ZnO nanoparticle content of films was increased, more hydrogen bonds formed between the ZnO and the matrix components. For this reason, free water molecules do not interact as strongly with biocomposite films as with composite films alone [74]. On the other hand, the decrease in the value of water uptake with the addition of BCS oil is due to the hydrophobic nature of the essential oil, so the higher the volatile oil content, the lower the absorption of the films to water [75]. These results are consistent with results reported by other researchers on nanocomposites [74,76]. Table 2 shows that films F5 and F6 have absorbed a significantly higher percentage of water (F5: 365 ± 12.87%, F6: 363.92 ± 5.55%), resulting from the binding of hydroxyl groups in the TM with water. The TM’s water-soluble fibers can absorb water up to several times its weight [77]. These results showed consistency with the prepared films’ moisture content and water activity.




3.1.9. Antioxidant Activity (DPPH Method)


To assess the antioxidant activity of biocomposite films, the DPPH radical scavenging activity method was used and the results are shown in Table 2. The DPPH radical scavenging activities of the prepared films significantly increased to 24.14 ± 0.01%, respectively, when 0.5 g/100 mL ZnO nanoparticles were added. A mechanism to explain the ZnO nanoparticles’ antioxidant activity may be the transfer of oxygen electron density to the odd electron on the nitrogen atom in DPPH [78]. The obtained results are the same line as the case of the previous findings by Semi et al. [79]. However, the antioxidant activity of the F3 film increased significantly (31.11 ± 0.04%) when added to 1 g/100 mL of BCS oil. The phenolic compounds have an essential role in enhancing the antioxidant properties of the BCS oil due to their high potential for inhibiting free radicals [80]. This result confirms Taami et al. [81], who showed similar results in biodegradable starch film formulated with Bunium persicum essential oil nanoemulsion. Furthermore, the antioxidant activity of the prepared films dramatically increased from 37.61 ± 0.02% (F4) to 65.63 ± 0.01% (F6), which was statistically significant. The chelating ability and the reducing power of taro increased with mucilage content. Moreover, the antioxidant activity of phenolic compounds in TM is due to their redox characteristics, which allow them to act as singlet oxygen quenchers, hydrogen donors, and reducing agents. They also have metal-chelating potential. Therefore, TM has excellent antioxidant properties [82]. Similar results were obtained by Makhloufi et al. [83] with polysaccharide-based films of cactus mucilage and agar.




3.1.10. Antimicrobial Activity


In the present study, the antimicrobial activity of the prepared films is the inhibition of the growth of foodborne pathogens Staphylococcus aureus (a Gram-positive organism) and Escherichia coli (a Gram-negative organism), as measured by the diameter of an inhibitory zone (mm). Inhibition zones ensure that the film is more efficient at inhibiting microbial growth by forming a greater inhibition zone. As presented in Figure 5, the film F1 (which consists of CMC and glycerol) did not show any antibacterial activity; however, F2 film with ZnO nanoparticles presented a significant (p < 0.05) reduction in cell viability of both E. coli and S. aureus. Antibacterial activity of the F3 film increased significantly when 1 g/100 mL BCS oil was added. There was a significant inhibitory effect on E. coli and S. aureus when the films were formulated with different concentrations of TM. Compared to Gram-negative E. coli, Gram-positive S. aureus caused a more significant decrease in viable cells. Since Gram-negative bacteria have an external lipopolysaccharide wall surrounding their peptidoglycan cell wall, they are more resistant to antimicrobial agents than Gram-positive bacteria [84].



The effectiveness of ZnO nanoparticles against Gram-positive bacteria is well documented. A further study found that films containing ZnO nanoparticles had more potent antimicrobial activity against Gram-positive bacteria [85]. According to Anitha et al. [86], ZnO nanoparticles exerted a more significant inhibitory effect on Gram-positive S. aureus than the Gram-negative E. coli. Other studies have also reported the antimicrobial properties of films containing ZnO nanoparticles [27,55]. There is a possibility that ZnO nanoparticles may directly bind to the outer cell wall of Gram-positive bacteria, which has numerous pores, allowing them to easily penetrate the cell and cause leakage of intracellular contents that may ultimately lead to cell death. Nevertheless, ZnO nanoparticles may not attach readily to the outer cell membrane of Gram-negative bacteria since they contain lipoprotein, lipopolysaccharide, and phospholipids [87]. Furthermore, membrane lipid oxidation of bacteria may also be mediated by reactive oxygen species [40]. On the other hand, the antibacterial effect of BCS oil is primarily attributable to the presence of phenolic compounds, which, by releasing their proton, promote the delocalization of double bonds and ATP in bacteria, as well as the disruption of their cell wall and eventual cell death [88]. Many active compounds have been isolated from BCS oil, including thymoquinone (TQ). TQ (2-isopropyl-5-methyl-1,4-benzoquinone) is the main bioactive compound of BCS oil, showing antibacterial activity [89]. Moreover, researchers have shown that natural antinutrient components, including phytic acid and tannins, affect bacterial growth. Thus, the present study anticipates that significant differences in the antibacterial activity of films containing TM may correlate with the antinutrient contents of the films [27].






4. Conclusions


Biocomposite films containing antioxidant and antimicrobial activity promise to postpone microbial spoilage in food and reduce contamination risks. Additionally, plastic waste disposal has long been the focus of researchers searching for potential biocomposite materials. The combination of plant-based materials could be an adequate substitute for non-biodegradable packaging materials. Hence, given the importance of plant-derived materials-based biocomposite film, the present study intended to prepare CMC/BCS oil/TM-based biocomposite film with antioxidant and antimicrobial activities by incorporating ZnO particles and glycerol using a solution casting method. The key aim was to determine the effect of various concentrations of CMC and TM on the mechanical and physical properties of the biocomposite films. Significant changes in moisture content, water activity, water solubility, water uptake capacity, antioxidative property, tensile strength, elongation at break, surface color, and whiteness index were observed. Noticeable surface morphological differences were observed between the prepared films analyzed by SEM. The FTIR analysis indicated the existence of a -OH group, N-H bond, alkaline group, C-C, C=N, C-H, C-O-H, and C-O-C bond formation, confirming the interaction of CMC, glycerol, BCS oil, ZnO nanoparticles, and TM. Incorporating ZnO nanoparticles, BCS oil, and TM into composite films increased thermal stability and possessed antibacterial effects, inhibiting the growth of Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) foodborne pathogens. Based on the results, the present study suggests that the different combinations of CMC, glycerol, ZnO particles, and TM have considerable effects on the properties and performance of the biocomposite films, which can be used as environment-friendly antioxidative and antimicrobial packaging films. Having said that, there are several improvements and research that should be worked on for future endeavors. For instance, it should be necessary to conduct experiments to validate how well the prepared films can protect the texture of real foodstuffs against environmental factors and preserve its color and odor for a long period. Moreover, the optimization of CMC, glycerol, BCS oil, and TM concentrations should be carried out further to increase the efficacy of the prepared biocomposite films. Furthermore, additional studies are required to determine particle sizes, zeta potential, rheological behavior, and acute toxicity of the prepared biocomposite films.
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Figure 1. The visual appearance of the biocomposite films incorporated with CMC and TM concentrations with ZnO nanoparticles, BCS oil, and glycerol. CMC, carboxymethyl cellulose; TM, taro mucilage; ZnO, Zinc oxide; BCS: black cumin seed. For sample codes F1 to F6, refer to Table 1. 
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Figure 2. Micrographs of the biocomposite films with 50 µm magnification. For sample codes F1 to F6, refer to Table 1. 
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Figure 3. The FT-IR spectra of biocomposite films. For sample codes F1 to F6, refer to Table 1. 
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Figure 4. Thermogravimetric analysis of the biocomposite films: thermogravimetric analysis (a) and differential scanning calorimetry (b). For sample codes F1 to F6, refer to Table 1. 
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Figure 5. Inhibitory effects of the biocomposite films on Escherichia coli and Staphylococcus aureus. The same color bars with different letters are statistically different (p < 0.05) according to Tukey honestly significant difference test. For sample codes F1 to F6, refer to Table 1. 
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Table 1. Composition of the biocomposite film-forming solutions 1.
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	Batch Code
	CMC

(g/100 mL)
	TM

(g/100 mL)
	ZnO

(g/100 mL)
	Glycerol

(g/100 mL)
	BCS Oil

(g/100 mL)





	F1
	2.0
	-
	-
	1.0
	-



	F2
	2.0
	-
	0.5
	1.0
	-



	F3
	2.0
	-
	0.5
	1.0
	1.0



	F4
	1.4
	0.6
	0.5
	1.0
	1.0



	F5
	1.2
	0.8
	0.5
	1.0
	1.0



	F6
	1.0
	1.0
	0.5
	1.0
	1.0







1 CMC, carboxymethyl cellulose; TM, taro mucilage; ZnO, zinc oxide; BCS: black cumin seed.
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Table 2. Physico-mechanical and antioxidative properties of the biocomposite films 1.
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	Parameters
	F1
	F2
	F3
	F4
	F5
	F6





	Mass (g)
	0.75 ± 0.13 a
	0.96 ± 0.13 ab
	1.37 ± 0.19 c
	1 ± 0.08 b
	0.86 ± 0.02 ab
	0.96 ± 0.03 ab



	Thickness (mm)
	0.13 ± 0.02 a
	0.15 ± 0.04 a
	0.20 ± 0.03 a
	0.20 ± 0.09 a
	0.17 ± 0.05 a
	0.15 ± 0.03 a



	Moisture content (%)
	25.38 ± 0.10 a
	22.07 ± 0.19 b
	20.43 ± 0.34 c
	29.30 ± 0.22 d
	33.21 ± 0.44 e
	38.32 ± 0.12 f



	Water activity (%)
	0.21 ± 0.01 a
	0.06 ± 0.01 b
	0.09 ± 0.02 c
	0.10 ± 0.01 c
	0.20 ± 0.02 a
	0.21 ± 0.02 a



	Water solubility (%)
	88.96 ± 4.00 a
	75.33 ± 2.52 b
	57.45 ± 0.51 c
	45.89 ± 2.77 d
	34 ± 2.65 e
	37.33 ± 3.21 e



	Water uptake capacity (%)
	274.67 ± 43.59 a
	215.70 ± 49.75 b
	152.81 ± 35.41 c
	158.19 ± 5.97 c
	365 ± 12.87 d
	363.92 ± 5.55 d



	Antioxidative activity (%)
	20.76 ± 0.03 a
	24.14 ± 0.01 b
	31.11 ± 0.04 c
	37.61 ± 0.02 d
	44.04 ± 0.04 e
	65.63 ± 0.01 f



	Tensile strength (MPa)
	7.54 ± 1.03 ab
	11.80 ± 4.94 c
	13.17 ± 0.48 c
	14.41 ± 0.65 c
	11.29 ± 1.92 bc
	6.29 ± 0.64 a



	Elongation at break (%)
	12.39 ± 4.60 a
	45.52 ± 11.59 b
	31.54 ± 6.25 c
	52.8 ± 1.92 b
	65.64 ± 4.86 d
	50.99 ± 6.04 b



	Surface color
	
	
	
	
	
	



	L*
	81.45 ± 0.43 a
	88.33 ± 0.77 b
	88.48 ± 0.36 b
	77.21 ± 0.99 c
	78.39 ± 1.18 c
	88.28 ± 0.20 b



	a*
	7.90 ± 0.01 a
	7.90 ± 0.01 a
	8.19 ± 0.03 a
	9.82 ± 0.01 b
	10.77 ± 0.09 c
	11.38 ± 0.35 d



	b*
	−4.00 ± 0.01 a
	0.06 ± 0.01 b
	7.27 ± 0.04 c
	8.32 ± 0.09 d
	10.47 ± 0.04 e
	13.15 ± 0.21 f



	Color difference (ΔE)
	6.96 ± 0.42 a
	8.28 ± 3.68 a
	12.83 ± 0.04 b
	17.28 ± 0.36 c
	16.30 ± 0.02 c
	22.55 ± 0.30 d



	Whiteness index
	79.44 ± 0.39 a
	89.90 ± 0.63 b
	85.91 ± 0.17 c
	80.96 ± 0.10 d
	74.60 ± 1.12 e
	71.33 ± 0.85 f







1 Data are mean ± standard deviation (SD). Mean values with different letters in a row indicate a significant difference at p < 0.05 using Tukey honestly significant difference test. L*, lightness; a*, red/green value; b*, blue/yellow value. For sample codes F1 to F6, refer to Table 1.
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