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Abstract

:

Arabinoxylan (AX)-based films can improve the mechanical characteristics of biodegradable materials when utilized for food packaging. However, the mechanical properties of AX films for food packaging applications require thorough investigation to establish their viability. In this study, AX was extracted from corn bran coproducts of dry-milling (DCB), wet-milling (WCB), and dried distiller’s grains with solubles (DDGS) using an acid–alkali method. Packaging materials were produced using these AX extracts, each combined with laccase and sorbitol, forming the basis for three different films. These films were then modified by immersing the surface in a lipase–acetate solution. We evaluated their mechanical characteristics, including thickness, tensile properties, tear resistance, and puncture resistance. The thickness and tensile properties of the modified AX films derived from DCB and DDGS showed significant improvements (p < 0.05) compared to the unmodified AX films. In contrast, the modified AX films from WCB showed no significant changes (p > 0.05) in thickness and tensile properties compared to the unmodified WCB AX films. A significant increase in tear resistance (p < 0.05) was observed in all modified AX films after immersion in the lipase–acetate mixture. While puncture resistance was enhanced in the modified AX films, the improvement was not statistically significant (p > 0.05) compared to the unmodified films. The presence of hydroxyl (OH) and carbonyl (CO) groups on the surfaces of AX films from DCB and DDGS, modified by the lipase–acetate solution, suggests excellent biodegradability properties. The modification process positively affected the AX films, rendering them more bendable, flexible, and resistant to deformation when stretched, compared to the unmodified AX films.
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1. Introduction


Corn is a cereal also known as maize, and mature corn is referred to as dent maize. One of the major byproducts of both dry-milling and wet-milling operations is corn bran (CB), which has a low commercial value. The bran obtained from dry-milling and the bran from wet-milling have different appearances, such as color and various chemical compounds. The corn dry-milling process includes tempering, conditioning in warm water, heating, drying, grinding, and then sifting through multiple sieves by a mill, which rubs the corn particles to remove the germ and bran, resulting in endosperm flour [1,2]. In contrast, the corn wet-milling process separates the corn grain into the kernel’s main chemical compositions of starch, protein, oil, and fiber-bran. This operation comprises several steps: steeping in 0.2% sulfur dioxide (SO2), drying, milling into coarse grounds, separating the germ, grinding into finer grounds, separating the WCB, removing gluten, washing, and sifting into starch flour [3,4].



Bran is rich in fibers, mainly cellulose and hemicellulose. Chemically, the content of CB ranges between 100 and 130 grams per kilogram (g kg−1) of protein, 90 and 230 g kg−1 starch, 20 and 30 g kg−1 lipids, 20 and 15 g kg−1 ash, and 200 g kg−1 cellulose [5]. Hemicellulose mainly comprises heteroxylan, which is present in the cell walls and accounts for 500 g kg−1 of the CB [5,6]. AX is the main component of the heteroxylan found in CB. Moreover, while AX is found in the corn bran, endosperm, and germ, the ratio of arabinose to xylose (A/X) in the AX present in each part of the corn kernel differs [6,7,8]. In other words, the two major fibers of AX found in the corn kernel, bran fiber and endosperm fiber, are characterized by their unique arabinose/xylose ratios.



DDGS are those grains, including corn, that have a dense nutrient coproduct from dry-milled ethanol production [9]. Unlike dry- and wet-milling, the DDGS process does not only reduce the grain particle size but it also includes the specific ethanol production pathway in the conversion of starch to ethanol. DDGS production from maize grains includes the following steps: grinding from 3 to 5 millimeters (mm), slurrying by adding water, liquefying by amylolytic enzymes, fermenting, distilling, centrifuging, and drying [10,11,12]. Most importantly, the solution is fermented by yeast, Saccharomyces cerevisiae, which converts sugars to ethanol at 32 Celsius (°C) for 12 hours (h) [12,13]. Ethanol is then collected by distillation columns, and the remaining fluids and solids are called whole stillage, which is centrifuged to remove coarse solids from the liquid [9]. The coarse solids are called wet cake and are subjected to a drying process to produce DDGS. DDGS are mostly used for animal feed that contains 30 g kg−1 protein, 15 g kg−1 cellulose, and 20 g kg−1 hemicellulose; half of the hemicellulose is AX [14,15].



AX is a non-cellulose polysaccharide mainly localized in the cell walls and the aleurone layer surrounding the endosperm of corn grains [7,16]. AX is mainly made up of two monosaccharide sugars: xylose and arabinose, although glucose or galactose may also be found in corn fiber [8,16,17]. The structure of AX in corn is that of a β-(1,4)-linked D-xylopyranose (Xylp) backbone at C (O)-2 with 4-O-methyl-D-glucuronic acid and at C (O)-2 and/or C (O)-3 positions of α-L-arabinofuranose (Araf) residues [5,7]. Most of the phenolic acid in CB is ferulic acid (FA), which is esterified to AX, but FA is localized at the C (O)-5 position of Araf. Additionally, FA plays a significant role in the cross-linkages between polysaccharides containing AX and AX or AX and protein [18]. Moreover, although FA is proportionally the highest phenolic acid in AX, overall it is only a small portion of AX; nevertheless, FA tends to have significant effects on the molecular weight, solubility, and gelation properties of the AX in CB [19,20,21].



While CB and DDGS are used for animal feed, AX extracted from CB and DDGS can be utilized as the basis for materials in food packaging. People prefer food packaging to be transparent so that they can directly see what item can be bought or not [22]. A film created from AX is typically brittle, causing the film to split when handled; consequently, the film has low extensibility and flexibility [23,24]. Plasticizers, often sorbitol or glycerol, are typically used to reduce brittleness and to increase AX film’s flexibility, and both are recognized as safe compounds, humectants, and non-carcinogenic [23,24]. Sorbitol or glycerol used can significantly influence the characteristics of packaging materials. Whereas films containing glycerol have excellent mechanical properties such as extension and resistance, films made with sorbitol include a high hydrophobicity for food packaging materials that can improve the shelf-life of a packaged product [23,25].



The mechanical properties of AX films include tensile strength, tear resistance, and puncture resistance, which must be high to increase the strength of food packaging materials [26,27]. These mechanical characteristics of AX film are dependent on the AX source, plasticizer type, and the amount of plasticizer used [23,28,29]. The mechanical characterizations of AX films made from DCB, WCB, and DDGS for use in the food packaging industry have to be properly investigated to demonstrate the feasibility of film use for food packaging. Other properties of biomaterial films that must be considered are how they interact with water, such as the moisture content, water solubility, contact angle, water vapor transmission rate, and biodegradability. All the mechanical characteristics and water interaction properties of AX films determine their usability as a material in food packaging.



AX casting film can be modified with lipase to increase film hydrophobicity, with lipase suspended in vinyl acetate [30]. Thus, the use of lipase decreases the amount of acetate required for the esterification reaction [30,31]. Lipase has a high level of reaction specificity in hydrolyzing ester bonds, resulting in the esterification of AX [32,33,34]. The activity of lipase can demonstrate an esterified monosaccharide or oligosaccharide of AX, indicating a biomaterial film could be developed [30].



The objectives of this research were to extract AX and analyze AX characteristics from the three sources, including DCB, WCB, and DDGS, to include lipase–acetate application on the surface of AX casting films and to evaluate the mechanical properties of AX films. A biodegradable food packaging material was created using the combinations of AX solution, laccase, and sorbitol [28]; the surface of the casting AX film was modified by suspending it in acetate reagent with lipase in this research.




2. Materials and Methods


2.1. Materials and Size Reduction


Milled DCB was provided by Archer Daniels Midland (ADM) Company, Decatur, IL, USA. Corn bran produced through wet-milling, WCB was also provided by ADM, but this sample needed to be ground in the laboratory. DDGS were purchased from Elk Mound Seed Company, Elk Mound, WI. The DCB specimen had brown flour, while the WCB sample was milled to yellow flour using a UDY miller, cyclone sample mill from UDY corporation. The specimen of the DDGS was ground to sticky flour using the UDY miller.




2.2. Arabinoxylan Extraction


The three main steps of AX extraction from the milled DCB, WCB, and DDGS specimens included the following: defatting, acid–alkali extraction, and ethanol fractionation. Three samples were defatted by mixing DCB, WCB, or DDGS flour with hexane (1/10; w/v) [28]. The flour–hexane solution was twice stirred at 900 rpm, each stirring for 1 h at 25 °C using an LED Digital Stirrer. Arabinoxylan was extracted from the defatted DCB, WCB, and DDGS flour using 0.25 M hydrochloric acid (HCl) and 3.0 M sodium hydroxide (NaOH) before centrifuging to obtain solubilized arabinoxylan. A total of 50 grams (g) of defatted DCB, WCB, or DDGS was placed in 500 milliliters (mL) of 0.25 M HCl and stirred at 450 rpm on a hot plate set to 75 °C, holding the slurry temperature at 45 °C for 2 h. Then, 100 mL of 3.0 M NaOH was poured into the slurry while maintaining stirring and heating for another 2 h. The solution of the DCB, WCB, or DDGS specimen was neutralized to pH = 7 using concentrated HCl. The solution was then centrifuged at 4945 rpm for 10 minutes (min), and the supernatant was collected. Finally, 95% ethanol was added to the AX solution (2/1; v/v) and stirred for 1 h at 25 °C with 900 rpm in a Lab-Line Mistral Multi-Stirrer, and then the AX fraction was collected by centrifugation (6600 rpm, 10 min) before drying in an oven at 50 °C [14]. The weight of the AX pellet (from DCB, WCB, or DDGS) after each extraction was recorded, and the sample was stored in the freezer.




2.3. Arabinoxylan Composition and Characterization


The proximate compositions of the extracted AX were determined as follows: The moisture content of the three AX samples was determined by following the AACC International Method 44-15.02: Moisture Air-Oven Method [35]. The flour’s ash content of AX specimens was estimated following the AACC International Method 08-01.01: Ash-Basic Method [36]. The protein content of the AX flours was analyzed by estimating the nitrogen content with the AACC International Method 46-30.01: Crude Protein-Combustion Method [37]. The starch content of each AX specimen was analyzed by following the AACC International Method 76-13.01: a Megazyme Enzyme Assay Kit K-TSTA [38].



The sugar compositions of the AX yields were determined by High-Performance Anion-Exchange Chromatography–Pulsed Amperometric Detection (HPAEC-PAD). A 1 mL aliquot of 1 M HCl was separately added to 5–6 milligrams (mg) of each AX sample to ensure enough time for the removal of the acidic solvents by evaporation [39]. The samples were incubated in heating blocks at 100 °C for 1 h. The samples were cooled and neutralized using 1 mL of 1 M NaOH to facilitate the separation of Araf and Xylp. After that, the solutions were filtered through a 0.2 μm nylon syringe filter, and the sugar compounds of filtered samples were analyzed using HPAEC-PAD with a CarboPac PA20 column according to the method of a former study [39]. The sugar compositions of AX extracts from DCB, WCB, or DDGS were calculated according to the following formula:


  A X   %   = 0.88 × ( % X y l p + % A r a f )  



(1)







The weight average molecular weights (Mw) and polydispersity index (PI) were determined by High-Performance Size-Exclusion Chromatography–Multi-Angle Light Scattering with Refractive Index (HPSEC-MALS-RI) [40]. The system was Shimadzu HPLC coupled to a Wyatt Opti lab RI detector and Wyatt MALS Dawn Heleos II. Separation was conducted using two columns (PL Aquagel-OH 40 and 60) connected in series at a flow rate of 0.5 mL/min. The mobile phase used was 0.05% sodium azide in double distilled water. The extracted AX of DCB, WCB, or DDGS was dissolved in 50 mM NaNO3 (2 mg/mL) for 16 h, and the solution was filtered through a 0.45 μm filter. A total of 100 μm of the sample was injected into the HPSEC-MALS-RI system. The dn/dc value was 0.146, and the Mw and PI were calculated using Astra 6.1.6 software. The light scattering model was Zimm with a fit degree of 1.




2.4. Modification of Arabinoxylan Films


AX film casting was completed in deionized water including D-sorbitol with a slight modification (Figure 1). The film solutions were created by making a 2.7% (w/v) AX extraction from DCB, WCB, and DDGS samples in deionized water with laccase from Aspergillus sp. Laccase (130 µL/2.7% AX film solution) added to produce cross-linked gel formations [19]. The AX solution was stirred for 24 h at 25 °C using a Cimarec i Poly 15 Stirrer. After one day, the solution was heated for 15 min at 90 °C in a water-shaking bath. D-Sorbitol (98% powder hygroscopic) was added as a plasticizer to the AX solution at 25% (w/v), 25% D-sorbitol/2.7% AX extraction [28]. After adding D-sorbitol, the solution was heated for 15 min at 90 °C in the water-shaking bath. Then, the AX film solutions made from DCB, WCB, and DDGS were cast onto a Nunc Square BioAssay Dish and dried at 60 °C overnight in an air oven (VWR® Forced Air Ovens) (Figure 1). Once dried, all AX films were stored at Boveda 50–60% relative humidity (RH) and 25 °C in a dry keeper desiccator cabinet. The unmodified AX film from each sample had three replications. The modified AX film also included three replications. In order to modify the AX film, the surface of the AX film from the DCB, WCB, and DDGS samples was constantly incubated into a lipase–acetate mixture to increase film hydrophobicity [30]. The lipase was suspended in vinyl acetate, and the modified AX films were suspended in the reaction mixture at 40 °C for 24 h in a closed system [30]. On the following day, the surfaces of the modified AX films were washed several times using methanol and hexane and dried in the fume hood for 10 min (Figure 1). Finally, the modified AX films were maintained at 50–60% RH, 25 °C in the dry keeper desiccator cabinet before the determination of their mechanical properties and compared to their unmodified AX film counterparts.




2.5. Mechanical Properties of Biodegradable Arabinoxylan Films


2.5.1. Morphology


The modified and unmodified AX films generated from DCB, WCB, and DDGS samples were dried in an oven at 105 °C for 1 h [41]. The dried AX film samples were cut into very small pieces (0.4 cm × 0.8 cm) and attached to the scanning electron microscope (SEM) stub with adhesive tape. A Nova nano SEM was utilized to obtain the images at 7.00 kilovolts (kV). Six morphology images were taken at magnification binoculars of 2022-2078x.




2.5.2. Thickness


The thickness of each modified or unmodified AX film was measured by evaluating five points of the AX film’s surface using a Mitutoyo Dial Thickness Gauge, NO. 7304A. The surface of the AX film was inserted into the thickness gauge clipper, and the digital display was recorded in inches.




2.5.3. Tensile Strength


The maximum tensile strength, percentage of tensile elongation, and modulus of elasticity were determined three times for the unmodified and modified AX films of the DCB, WCB, or DDGS specimen by a texture analyzer (Texture Technologies Group TA-XT2i). The peak tensile strength is the ratio between the maximum load and the minimum cross-sectional region of the film prior to testing. The percentage of tensile elongation indicates the ratio between the extension at break and the initial gage length multiplied by 100. The modulus of elasticity is the relationship between stress and strain in the load extension curve. This procedure was completed by following ASTM D882-18 [42]. The modified and unmodified AX film was cut using ASTM Specimen Die Pioneer Dietecs and VEVOR Leather Cutting Machine Manual Black (Figure 2A) [42]. The width of the breaking part (center) of the cutting film was 3.02 mm, and the break sensitivity was 750.2 millinewtons (mN) with tension test mode. The test temperature and RH of the cutting film were at 23–25 °C and 50–60%, respectively. The test speed and post-test speed were 8.30 and 10 mm/sec, respectively. The testing condition of tensile strength also included a strain rate of 51 mm and an initial grip separation of 25.4 mm. The AX film was held between initial grip separation settings: flat grip inserts and line grip inserts. The two grips completely cut the AX film into two pieces.




2.5.4. Tear Resistance


The tear resistance of the modified and unmodified AX films made from DCB, WCB, and DDGS samples was determined three times using a texture analyzer (Texture Technologies Group TA-XT2i). This testing was performed by following ASTM D1004-21 [43]. Each AX film was cut using an ASTM D-1004 Tear Die and a VEVOR Leather Cutting Machine Manual Black (Figure 2B) [43]. The testing condition was at 23–25 °C and 50–60% RH of cutting film. The test mode was tension, with test speed and post-test speed 1 and 10 mm/sec, respectively. The trigger force was 49.0 mN, including a strain rate of 51 mm and an initial grip separation of 25.4 mm. The AX film was held between initial grip separation settings: flat grip inserts and line grip inserts. Once the test was completed, the two grips cut the film into two pieces. The tear resistance and tear extension outcomes were automatically calculated through the computer system.




2.5.5. Puncture Resistance


Puncture resistance was conducted in three replications for each modified or unmodified AX film per sample using a texture analyzer (Texture Technologies Group TA-XT2i) with a 2 mm diameter stainless probe with a flat head. The puncture resistance of each modified or unmodified AX film was determined by a modified version of ASTM D7192-20 [44]. The test mode, test temperature, and RH of the 4 cm × 5 cm film piece were compression, at 23–25 °C, and 50–60%, respectively. The pre-test speed, test speed, and post-test speed were 2, 33, and 10 mm/s, respectively, with a 49.0 mN trigger force. To hold the AX films, a tortilla extensibility platform of the texture analyzer (Texture Technologies Group TA-XT2i) was utilized in conjunction via two CD disks with an outer diameter of 120 mm and an inner diameter of 15 mm [28]. The puncture resistance and puncture extensibility results were automatically calculated through Texture Exponent 32 software (Texture Technologies Corporation, Hamilton, MA, USA, 2016).




2.5.6. Structural Analysis


Fourier-transform infrared (FTIR) spectroscopy was used to determine the interaction in structures between modified and unmodified AX films [45]. The testing condition was at 4 Reciprocal Centimeter (cm−1) resolution and 10 Aperture, with the range of the wavenumber between 4000 and 700 cm−1 (Thermo Scientific, Nicolet 8700, Wilmington, DE, USA).





2.6. Statistical Analysis


Statistical analysis was performed with SAS 9.4 for Windows, SAS Institute [46]. The source (DCB, WCB, and DDGS) was the first factor, and the modification of AX films was the second factor. For each dependent variable, we used two-way effects Model ANOVA to assess the main effects of the source and modification of AX films as well as their interaction. In all cases, the interaction was either not significant or if significant, it was of a diverging nature such that the main effects were still interpretable. Fisher’s least significant difference (LSD) was used for the mean separation of the levels of the main effects. A Cell Means model was used to assess differences among the interaction means, and the LSD was used for mean separation. All tests were assessed using the significant level of 0.05.





3. Results and Discussion


3.1. Proximate Compositions of Arabinoxylan Extractions


Extracted arabinoxylan (AX) was analyzed for its proximate composition, revealing significant variations among three samples: dry corn bran (DCB), wet corn bran (WCB), and distiller’s dried grains with solubles (DDGS), as shown in Table 1. The AX yields from DCB and DDGS were approximately 23.30% and 23.01%, respectively, while WCB accounted for a higher yield of 25.39% (Table 1). The differences in AX yields between DCB and DDGS were not statistically significant (p > 0.05); however, the yield from WCB was significantly higher (p < 0.05) compared to both DCB and DDGS. Arabinoxylan is primarily extracted from corn bran (CB), where its concentration typically ranges from 25 to 35% of the total bran content [47,48]. The elevated yield in WCB can be attributed to differences in processing methods. Corn dry-milling separates the kernel’s main physical components—germ, bran, and endosperm [1]—whereas wet-milling divides the grain’s primary chemical compositions into starch, protein, fiber, and oil [4]. The ethanol production process, which includes additional steps like fermenting, distilling, and centrifuging, complicates the extraction of AX from DDGS [14].



Moisture content is commonly used as a primary metric for evaluating other proximate compositions in food science research [49,50]. In our study, the AX extracted from DCB had the highest moisture percentage at 14.14%, followed by the AX from DDGS at 13.85%, and the AX from WCB at 13.15% (Table 1). This indicates that the moisture contents of the AX yields from these three sources are significantly different (p < 0.05), suggesting that variations in moisture content among the AX yields from DCB, WCB, and DDGS samples could be attributed to differences in material sources and storage conditions.



The concentration of AX is influenced by the mill stream, and a notable correlation has been observed between ash and AX contents, indicating that samples with a lower ash content tend to have lower AX content [51]. In this context, the AX from DDGS exhibited the highest ash content at 18.36%, markedly higher than that found in DCB AX and WCB AX, which had ash contents of 5.36% and 5.86%, respectively (Table 1). Therefore, the ash contents of all AX extracts were significantly different from one another (p < 0.05), supporting the premise that a higher ash content correlates with higher AX content.



Protein plays a critical role in forming the structure of cell walls in the corn kernel [1,52]. The acid–alkali extraction process for AX, which involves disrupting covalent and hydrogen bonds and breaking down the corn bran matrix, results in extracts low in protein and starch [53]. The protein contents in DCB AX and DDGS AX were 6.67% and 6.51%, respectively, both significantly lower (p < 0.05) than the 9.33% protein content found in the WCB AX extract (Table 1). Similarly, the starch content in WCB AX and DDGS AX was approximately 2.5% for each, significantly lower (p < 0.05) than the 8.83% starch content in DCB AX (Table 1). The relatively low starch contents in WCB and DDGS are reflected in their AX extracts, likely a consequence of the chemical extraction method’s hydrolyzing effect on starch, leading to a decrease in starch content in WCB AX and DDGS AX due to the release of more non-polysaccharides through acid–alkali extraction [16,53].




3.2. Arabinoxylan Characterizations


The concentration of AX and its arabinose to xylose ratio (A/X) differ based on the source of the byproduct or coproduct and the extraction procedure employed. For the AX extracted from DCB, WCB, and DDGS, the polymer percentages were 76.60%, 77.64%, and 66.68%, respectively, as outlined in Table 1. Additionally, the A/X ratios for these extracts were distinct, measuring at 1.02 for DCB AX, 1.20 for WCB AX, and 1.32 for DDGS AX, also noted in Table 1. These differences in AX polymer composition and A/X ratios among the three types of extracted AX were statistically significant (p < 0.05), highlighting the variability in their chemical structures.



Regarding the Mw, the AX extracts varied significantly (p < 0.05), with DCB AX showing the highest molecular weight at 4,063,667, followed by WCB AX at 1,876,333, and DDGS AX at 879,133, as indicated in Table 1. This trend suggests that a higher AX concentration correlates with a greater Mw, a concept supported by previous findings [32]. The two Mws observed in this study are consistent with this hypothesis, demonstrating a clear relationship between the AX content and Mw of the extracts from WCB and DDGS. Furthermore, a low A/X ratio leads to low AX solubility, making it an increase in the Mw of AX [48]. Because of a lower A/X ratio and reduction in AX solubility, the Mw of AX extracted from DCB was much larger compared to the two molecular weights.



Similarly, the polydispersity index (PI) for all AX extracts was significantly different (p < 0.05) across the different AX yields, with DCB AX having the highest PI at 3.05, followed by WCB AX at 2.37, and DDGS AX at 1.80, as shown in Table 1. Since all PIs were above 1, it indicates that the molecular weights of the AX extracts are greater than their number average molecular weights [54]. This variation in the PI underscores the heterogeneity present in the AX extracts derived from DCB, WCB, and DDGS, reflecting the complexity and diversity of their structural properties.




3.3. Arabinoxylan Film Morphology


The surface morphology of both modified and unmodified AX films derived from DCB, WCB, and DDGS was meticulously examined using scanning electron microscopy (SEM). Through SEM, the evaporated surface images of the AX films exhibited distinctive topographical features and morphological structures, which manifested as variations in brightness or color intensity in the images (Figure 3). Specifically, bright spots within these images indicated the presence of nickel, a common practice in SEM analysis for enhancing image contrast. These bright spots were observed in both unmodified and modified AX films from DCB and WCB samples. Notably, the modified AX film from DDGS samples featured the largest bright spots among the examined samples (Figure 3).



The presence of cracks on the surface of these AX films is attributed to the drying process in an oven, a necessary step in preparing the solid surface of the sample before SEM analysis [41]. This drying process can induce stress on the film’s surface, leading to crack formation. Interestingly, the modified AX films from DCB and WCB exhibited fewer surface cracks compared to their unmodified counterparts (Figure 3), suggesting that modification processes may influence the film’s structural integrity. It is plausible that fewer cracks are indicative of a smoother or more impermeable film surface, while a higher prevalence of cracks may correlate with a rougher or more porous film structure [55]. A relationship between film morphology and water solubility was found in this study [55]. Cracks might be an inlet for water in the inside of the compound matrix, resulting in a soluble film, which is reinforcing for biodegradable properties.



Furthermore, the unmodified AX films from DDGS samples displayed no visible cracks, yet they possessed a rough surface texture, which could imply greater permeability. Conversely, the modified AX films from DDGS were characterized by small cracks and the inclusion of large spots, a feature that might suggest a tendency towards impermeability. This variance in surface morphology between modified and unmodified AX films across different sample sources provides insight into how modification processes can affect the physical properties of AX films, potentially impacting their application in various industries.




3.4. Arabinoxylan Film Thickness


The thickness of AX films varied significantly among samples derived from DCB, WCB, and DDGS, a variance attributable to the differing sources of the samples and the inherent heterogeneity of AX [55]. Specifically, the AX film produced from DCB exhibited the greatest thickness, measuring 0.0041 inches, which was considerably thicker than the AX films originating from WCB and DDGS, with thicknesses of 0.0036 inches and 0.0037 inches, respectively (Table 2). These findings align with the thickness ranges reported in prior studies, reinforcing the impact of the source material and AX composition on film thickness [55,56].



Moreover, the thickness of the modified AX film samples, for all three sources, was uniformly measured at 0.0041 inches, marking a significant increase (p < 0.05) compared to the 0.0035 inches thickness of the unmodified AX films (Table 2). Particularly, this increase in thickness was notably significant (p < 0.05) for the modified AX films derived from DCB and DDGS when juxtaposed with their unmodified counterparts (Figure 4A). Such an increase in thickness for the modified films from DCB and DDGS can be attributed to the addition of a lipase–acetate mixture, suggesting that this modification process enhances the structural integrity of the AX films.



Conversely, the modified AX film produced from WCB demonstrated a thickness comparable to that of its unmodified version, with no statistically significant difference between the two (p > 0.05) (Figure 4A). This observation might suggest that AX films from WCB inherently possess a minimal thickness that remains relatively unaffected by the modification process, possibly due to the unique composition of WCB-derived AX. This characteristic indicates that while modifications can influence the thickness and potentially the physical properties of AX films from DCB and DDGS, the effect on WCB-derived films appears to be more subdued, underscoring the complex interplay between the source material, modification processes, and the resulting physical characteristics of AX films.




3.5. Tensile Strength


The tensile properties of film sheeting, crucial for the evaluation of food packaging materials, are significantly influenced by the film’s preparation method, testing speed, and thickness. These properties, including tensile strength, tensile elongation, and the modulus of elasticity, are essential parameters for assessing the suitability of packaging materials, which require a high tensile strength and modulus of elasticity to enhance their tensile properties [55]. A balanced combination of tensile strength and tensile elongation is vital for developing the requisite durability in food packaging materials [57].



In our study, the AX film derived from WCB exhibited the highest tensile strength at 0.144 MPa, followed by the AX film from DDGS at 0.120 MPa, and the AX film from DCB at 0.111 MPa, as detailed in Table 2. Similarly, the WCB AX film demonstrated the greatest modulus of elasticity at 0.020 MJ/m3, with the DDGS AX film and the DCB AX film following at 0.017 MJ/m3 and 0.015 MJ/m3, respectively (Table 2). Although there were no significant differences (p > 0.05) observed between the sources of the AX film regarding their elastic modulus and tensile strength, the results for the WCB AX film suggest that it is more ductile, bendable, and resistant to deformation when stretched compared to the AX films from DCB and DDGS. This finding aligns with desirable characteristics for ductile and bendable packaging materials [55,56].



The tensile elongation was notably different, with the DCB AX film showing the lowest percentage at 77.01%, which was significantly lower (p < 0.05) than the 85.47% observed for the DDGS AX film (Table 2). A high percentage of tensile elongation is indicative of a material’s ability to deform elastically when stretched, an essential feature for certain packaging applications [55].



Furthermore, an interesting observation was made regarding the tensile strength of modified AX films. When the surfaces of these films were treated with a lipase–acetate solution, a significant increase in tensile strength was noted, rising to 0.148 MPa for the modified films compared to 0.102 MPa for the unmodified samples (Table 2). Although the modulus of elasticity for the modified AX films increased to 0.021 MJ/m3 from 0.015 MJ/m3 for the unmodified films, this change was not statistically significant (p > 0.05) (Table 2). The tensile elongation decreased slightly in the modified films to 78.31% from 83.28% in the unmodified films (Table 2), yet this difference was also not significant (p > 0.05).



These results indicate that modifying the surface of AX films enhances their tensile properties, rendering the AX film sheeting more ductile and resistant to deformation. This improvement underscores the potential for modified AX films in food packaging applications, where robust mechanical properties are a prerequisite for performance and durability.



The statistical analysis revealed a significant increase (p < 0.05) in the tensile strength of the modified arabinoxylan (AX) film derived from dry corn bran (DCB) when compared to its unmodified counterpart (Figure 4B). This enhancement in tensile strength was not mirrored in the modified AX films from wet corn bran (WCB) and distiller’s dried grains with solubles (DDGS), where improvements were observed but did not reach statistical significance (p > 0.05) compared to their respective unmodified films (Figure 4B). This suggests that the modification process, involving suspension in a lipase–acetate mixture, has a distinct impact on the tensile strength of AX films, contributing to the development of more flexible films. This observation aligns with findings from other contemporary research [55,56], highlighting the potential benefits of enzymatic–chemical modification in enhancing film properties.



Furthermore, the modified DCB AX film displayed a significant increase (p < 0.05) in the elastic modulus compared to the unmodified DCB AX film (Figure 4D), corroborating the observed improvement in tensile strength. While the modified WCB AX film also showed an increase in its elastic modulus, this change was not statistically significant (p > 0.05) when compared to its unmodified version (Figure 4D). The enhancement in both the tensile strength and elastic modulus in modified AX films suggests their suitability as flexible and bendable materials for food packaging applications.



Interestingly, the tensile elongation for the modified DCB AX and WCB AX films remained similar to that of their unmodified samples, with no statistically significant differences observed between them (p > 0.05) (Figure 4C). This indicates that the modification process does not adversely affect the film’s ability to elongate under tension. In contrast, the modified DDGS AX film exhibited a significant reduction (p < 0.05) in the percentage of tensile elongation compared to the unmodified DDGS AX film (Figure 4C). Such a decrease in tensile elongation could result in films that are less deformable, potentially limiting their application in certain types of food packaging where flexibility is desired, as also documented in the existing literature [55]. This nuanced understanding of how modifications influence the tensile properties of AX films underscores the complexity of optimizing film characteristics for specific packaging needs.




3.6. Tear Resistance


In the evaluation of tear resistance, crucial factors such as film thickness, film geometry, and the speed of testing are meticulously controlled. This method aims to identify the force required to initiate a tear across a specified film geometry, with the peak stress encountered being quantified as the tear resistance [24]. Consequently, the maximum tear resistance and the maximum tear extension are computed for the film samples tested at a predetermined speed. Ideal food packaging materials should exhibit high tear resistance coupled with low tear extension to optimize their tear characteristics [27]. The load necessary before tear propagation commences is also considered an indicator of the film sheeting’s resistance to rupturing. Essentially, a greater load enhances tear resistance and diminishes tear extension.



Among the tested samples, the AX film derived from DCB showcased the highest tear resistance, recorded at 1.05 N, followed by the AX film from WCB at 0.85 N, and the AX film from DDGS at 0.40 N (Table 3). The disparity in tear resistance between the DCB AX and WCB AX films was not statistically significant (p > 0.05); however, both showed a significant difference (p < 0.05) when compared to the tear resistance of the DDGS AX film (Table 3). As a consequence, the DCB AX film demonstrated superior flexibility in packaging film sheeting, in contrast to the DDGS AX film, which exhibited reduced flexibility. Bio-based films that are characterized by a higher tear resistance and lower extensibility are deemed suitable for flexible and pliable food packaging applications [26].



Moreover, the DDGS AX films exhibited the greatest tear extensibility at 57.69 mm, with the DCB AX films and WCB AX films following closely at 56.31 mm and 55.90 mm, respectively (Table 3). No significant difference (p > 0.05) was observed in tear extension among the AX film sources. A reduction in the extensible behavior of the WCB AX films was associated with increased material flexibility.



The tear resistance of both modified and unmodified AX films was observed to increase following the immersion of AX film surfaces in a lipase–acetate solution. Specifically, the tear resistance for unmodified AX films was significantly enhanced from 0.39 N to 1.14 N for the modified AX films (p < 0.05) (Table 3). Similarly, the tear extension for both film types showed a decrease after treatment with the lipase–acetate mixture. The tear extension of unmodified AX films, initially at 57.82 mm, was significantly reduced to 55.45 mm for the modified AX films (p < 0.05) (Table 3). This trend suggests that bio-based films with a high tear resistance and low extensibility are optimal for creating flexible and pliable food packaging materials [26,27]. The modifications applied to the AX film surfaces in this study successfully enhanced their tear strength, thereby increasing the flexibility and pliability of the AX film materials, indicating a promising advancement for food packaging technology.



Maintaining a uniform film thickness within the same sample is crucial for the validity of tear resistance comparisons, as variations in thickness can significantly influence tear resistance measurements [26]. The investigation into the thickness of unmodified and modified WCB AX films revealed no significant difference (p > 0.05), ensuring a reliable basis for comparing their tear resistance (as indicated in Figure 4A). This uniformity in thickness set the stage for observing significant differences in the tear resistance and extensibility behaviors between the modified and unmodified WCB AX films.



Notably, the tear resistance of the modified WCB AX film exhibited a significant increase (p < 0.05) compared to its unmodified counterpart (Figure 5A), demonstrating the efficacy of the modification process in enhancing this critical property. Additionally, the tear extension of the modified WCB AX films showed a significant decrease (p < 0.05) compared to the unmodified films (Figure 5B). These findings collectively highlight the modification process’s success in optimizing the tear strength of WCB AX films, resulting in materials with improved flexibility suited for packaging applications [26].



Similarly, the modified DCB AX and DDGS AX films also showed significant improvements in tear resistance (p < 0.05) when compared to their unmodified versions (Figure 5A). However, unlike the WCB AX films, the tear extension for the modified DCB AX and DDGS AX films did not significantly change (p > 0.05) (Figure 5B), indicating that while their resistance to tearing increased, their ability to extend before breaking remained consistent with the unmodified films.



This enhancement in tear resistance across all modified AX films, attributed to the treatment with a lipase–acetate solution, underscores the positive impact of surface modification on the mechanical properties of AX films. By achieving a balance between tear resistance and extension, the modified films emerge as more flexible and suitable candidates for food packaging materials, aligning with the objectives of creating durable, reliable packaging solutions.




3.7. Puncture Resistance


Puncture resistance is a crucial factor in the selection of materials for food packaging, influenced by the type of polymer composition, film fabrication procedure, and film uniformity. Defined as a material’s ability to withstand a concentrated force over a small area, puncture resistance is vital due to the stresses food packaging endures from industry to consumer transport. Notably, both the extraction level and purity of AX can enhance the puncture resistance of AX films [28]. In contrast to tear resistance evaluations, comparing puncture resistance does not necessitate uniform film thicknesses for films derived from the same AX polymer.



In this study, the puncture resistance values for DCB AX and WCB AX films were similar and not statistically different (p > 0.05), both estimated at approximately 6.75 N (Table 3). However, the puncture resistance of the DDGS AX film was significantly lower, recorded at 4.21 N (p < 0.05). This difference suggests that the higher AX extraction from DCB and WCB contributes to their films’ increased puncture resistance, whereas the lower AX yield from DDGS results in diminished resistance [28]. Further, the purity of AX from corn bran has been linked to higher puncture resistance in AX films, with reduced AX extraction from DDGS correlating with decreased resistance [28].



The puncture extensibility observed in the DCB AX film was 34.43 mm, significantly higher (p < 0.05) than the 33.17 mm measured for the DDGS AX film (Table 3). The WCB AX film’s puncture extensibility was 33.78 mm, showing no significant difference (p > 0.05) from the other samples, suggesting an increase in puncture resistance may correspond with increased extensibility, a trend supported by previous studies [28,58].



Modifications through suspending AX film surfaces in a lipase–acetate solution led to an increase in both puncture resistance and extensibility. The puncture resistance for modified AX films was slightly higher at 6.54 N compared to 5.29 N for unmodified films, though this increase was not statistically significant (p > 0.05). However, the puncture extensibility of modified films significantly improved to 34.29 mm from 33.29 mm for unmodified films (p < 0.05) (Table 3), indicating that film composition and formation processes can affect these properties [28,58]. Consequently, surface modification enhances puncture resistance, yielding more ductile and flexible films suitable for food packaging.



No significant interaction was noted for the puncture resistance between modified and unmodified AX films from the same source, although all modified films showed increased resistance. Interestingly, a relationship was observed between surface film cracks, detected through scanning electron microscopy (SEM), and puncture resistance. Unmodified DCB AX and WCB AX films exhibited more surface cracks and consequently lower puncture resistance, failing to maintain ductile, elastomeric properties. Conversely, modified DCB AX and WCB AX films, with fewer surface cracks, demonstrated improved puncture resistance. This correlation underscores that films with fewer surface cracks and higher puncture resistance are more adaptable and suitable for use in food packaging. Significantly, only the puncture extensibility of modified versus unmodified DDGS AX films showed a significant difference (p < 0.05), highlighting that lipase–acetate preparation contributes to both higher puncture resistance and extensibility.




3.8. Structural Analysis


A Fourier-transform infrared spectroscopy (FTIR) analysis was conducted to identify the chemical compounds and functional groups within AX films, which are pivotal in determining the suitability of these materials for food packaging applications. The FTIR spectra for both modified and unmodified AX films derived from DCB, WCB, and DDGS encompassed a broad range from 600 cm−1 to 3700 cm−1, showcasing the diverse chemical composition of these films (Figure 6A–C). A signal ranging from 3265 cm−1 to 3277 cm−1 was attributed to O−H stretching, indicative of hydroxyl groups within the AX films, a common feature across all samples (Figure 6A–C). This presence of hydroxyl groups is crucial as it points to the films’ hydrophilic nature.



Furthermore, the spectra revealed C=O stretching vibrations between 1637 cm−1 and 1642 cm−1, identifying the existence of carbonyl groups (Figure 6A–C). The detection of these groups is significant for understanding the chemical functionality of AX films. Additionally, characteristic bands appearing from 2917 cm−1 to 2935 cm−1 demonstrated C−H stretching, while bands from 1407 cm−1 to 1413 cm−1 were indicative of C−H bending in the AX films, aligning with findings from previous research by Zhang et al., 2011 [59].



The analysis not only confirmed the presence of hydroxyl (OH) and carbonyl (CO) groups but also identified ester compounds within the AX films. The occurrence of OH, CO, and ester compounds in these plant-based films suggests excellent biodegradability properties [60,61], an essential characteristic for sustainable food packaging solutions. Notably, the absorption of OH, CO, and ester compounds in the modified DCB AX films was higher than in their unmodified counterparts (Figure 6A), indicating an alteration in chemical structure post-modification. Conversely, the absorption levels of these functional groups in the modified WCB AX films showed no significant difference compared to the unmodified WCB AX films (Figure 6B). The modified DDGS AX films, however, exhibited a decrease in OH absorption and an increase in CO and ester compounds compared to the unmodified DDGS AX films (Figure 6C), reflecting changes in chemical composition due to the modification process.



Overall, these findings underscore the impact of suspension in a lipase–acetate solution on the chemical composition of DCB AX and DDGS AX films, enhancing their biodegradability properties. This adjustment in functional group concentrations, particularly in modified films, provides insights into the potential for these materials to serve as environmentally friendly options in food packaging, aligning with the growing demand for sustainable packaging solutions.





4. Conclusions


The modification of AX films (derived from DCB and DDGS) through immersion in a lipase–acetate mixture resulted in an increase in film thickness, highlighting the efficacy of this treatment in enhancing the physical structure of the films. Contrarily, the AX film from wet corn bran (WCB) maintained a consistent thickness post-modification, indicating a varied response to the treatment based on the source material. Moreover, the tensile properties of the modified AX films from DCB and DDGS experienced a significant enhancement compared to their unmodified counterparts. The modified AX films derived from WCB also showed improved tensile properties, albeit insignificant improvement. These enhancements emphasize the impact of the lipase–acetate suspension in augmenting the films’ mechanical strength, making them more ductile, bendable, and resistant to deformation when stretched.



The surface modification process applied to AX films from all three sources (DCB, WCB, and DDGS) notably increased their tear resistance, affirming a boost in material flexibility and pliability. While puncture resistance saw an uplift in the modified films as well, the change was not statistically significant, suggesting a nuanced influence of the modification on this particular property. Collectively, these modifications have rendered the AX films with heightened mechanical properties—namely tensile strength, tear tolerance, and puncture resistance—thereby enhancing their suitability as robust food packaging materials. Among these, the modified AX film derived from DCB exhibited superior physical and mechanical characteristics compared to films made from WCB and DDGS.



Regarding further analysis, the color variation observed in the modified AX films suggests an avenue for additional research, particularly given the importance of aesthetic appeal in food packaging for marketing purposes. The observed color differences—darker, brown shades in DCB AX films versus lighter, more yellow hues in WCB AX films—point to the potential for tailoring the visual attributes of packaging materials to enhance consumer appeal. The color of AX films can be precisely evaluated using instruments such as the MacBeth Color Eye, employing color measurement standards like CIELab and Hunter Lab [55]. However, there is a noticeable gap in the literature concerning the impact of lipase–acetate incubation on the yellow and white properties of biodegradable films derived from corn bran AX.



Future research directions should encompass a broad spectrum of studies to further enhance the utility and acceptance of AX films in food packaging. These should include investigations into the long-term color stability of modified AX films under various environmental conditions and the exploration of methods for intentional color modification to align with branding strategies. Additionally, comprehensive studies on the biodegradability rates of these films in different settings, consumer perception analysis focusing on color and mechanical properties, and the enhancement of barrier properties such as moisture, oxygen, and lipid permeability are crucial. Finally, assessing the scalability of modified AX film production for commercial use, including cost analysis, manufacturing process optimization, and regulatory compliance, will be vital for their practical application in the food packaging industry. Collectively, these research avenues aim to not only improve the functional and aesthetic properties of AX films but also to ensure their sustainability and market acceptance.







Author Contributions


A.A.: investigation, methodology, and writing—original draft. S.S.: conceptualization, data curation, supervision, and writing—review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.




Acknowledgments


The authors would like to thank Kristin Whitney and Ali Ayoub for their technical help and sample handling, as well as Curt DoetKott for his statistical analysis.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Anderson, B.; Almeida, H. Corn dry milling: Processes, products, and applications. In Corn Chemistry and Technology, 3rd ed.; Serna-Saldivar, S.O., Ed.; AACC International Inc.: St. Paul, MN, USA, 2019; pp. 405–433. [Google Scholar] [CrossRef]

	



Anderson, T.J.; Lamsal, B.P. Zein extraction from corn, corn products, and coproducts and modifications for various applications: A review. Cereal Chem. 2011, 88, 159–173. [Google Scholar] [CrossRef]

	



Rausch, K.D.; Hummel, D.; Johnson, L.A.; May, J.B. Wet milling: The basis for corn biorefineries. In Corn Chemistry and Technology, 3rd ed.; Serna-Saldivar, S.O., Ed.; AACC International Inc.: St. Paul, MN, USA, 2019; pp. 501–535. [Google Scholar] [CrossRef]

	



Zhang, R.; Ma, S.; Li, L.; Zhang, M.; Tian, S.; Wang, D.; Liu, K.; Liu, H.; Zhu, W.; Wang, X. Comprehensive utilization of corn starch processing by-products: A review. Grain Oil Sci. Tech. 2021, 4, 89–107. [Google Scholar] [CrossRef]

	



Agger, J.; Viksø-Nielsen, A.; Meyer, A.S. Enzymatic xylose release from pretreated corn bran arabinoxylan: Differential effects of deacetylation and deferuloylation on insoluble and soluble substrate fractions. J. Agric. Food Chem. 2010, 58, 6141–6148. [Google Scholar] [CrossRef] [PubMed]

	



Ma, F.; Li, X.; Yin, J.; Ma, L.; Li, D. Optimisation of double-enzymatic extraction of arabinoxylan from fresh corn fibre. J. Food Sci. Technol. 2020, 57, 4649–4659. [Google Scholar] [CrossRef]

	



Correia, M.A.; Mazumder, K.; Brás, J.L.; Firbank, S.J.; Zhu, Y.; Lewis, R.J.; York, W.S.; Fontes, C.M.; Gilbert, H.J. Structure and function of an arabinoxylan-specific xylanase. J. Biol. Chem. 2011, 286, 22510–22520. [Google Scholar] [CrossRef] [PubMed]

	



García-Lara, S.; Chuck-Hernandez, C.; Serna-Saldivar, S.O. Development and structure of the corn kernel. In Corn Chemistry and Technology, 3rd ed.; Serna-Saldivar, S.O., Ed.; AACC International Inc.: St. Paul, MN, USA, 2019; pp. 147–163. [Google Scholar] [CrossRef]

	



U.S. Grain Council. Dry-Grind Production of Ethanol, Distillers Corn Oil and Corn Co-Products. In DDGS Handbook; U.S. Grain Council: Washington, DC, USA, 2018; pp. 8–14. Available online: https://grains.org/buying-selling/ddgs/user-handbook/ (accessed on 12 January 2024).

	



Chen, J.; Lu, S.; Lii, C. Effects of milling on the physicochemical characteristics of waxy rice in Taiwan. Cereal Chem. 1999, 76, 796–799. [Google Scholar] [CrossRef]

	



Li, X.; Chen, S.; Yu, Y.; Wang, S.; Xu, Z.; Huang, H.; Jin, M. Ethanol production from mixtures of Distiller’s Dried Grains with Solubles (DDGS) and corn. Ind. Crops Prod. 2019, 129, 59–66. [Google Scholar] [CrossRef]

	



Parapouli, M.; Vasileiadis, A.; Afendra, A.-S.; Hatziloukas, E. Saccharomyces cerevisiae and its industrial applications. AIMS Microbiol. 2020, 6, 1–31. [Google Scholar] [CrossRef] [PubMed]

	



Tse, T.J.; Wiens, D.J.; Chicilo, F.; Purdy, S.K.; Reaney, M.J. Value-added products from ethanol fermentation—A review. Fermentation 2021, 7, 267. [Google Scholar] [CrossRef]

	



Xiang, Z.; Watson, J.; Tobimatsu, Y.; Runge, T. Film-forming polymers from distillers’ grains: Structural and material properties. Ind. Crops Prod. 2014, 59, 282–289. [Google Scholar] [CrossRef]

	



Zarrinbakhsh, N.; Mohanty, A.K.; Misra, M. Fundamental studies on water-washing of the corn ethanol coproduct (DDGS) and its characterization for biocomposite applications. Biomass Bioenergy 2013, 55, 251–259. [Google Scholar] [CrossRef]

	



Zhang, Z.; Smith, C.; Li, W. Extraction and modification technology of arabinoxylans from cereal by-products: A critical review. Int. Food Res. J. 2014, 65, 423–436. [Google Scholar] [CrossRef]

	



Rose, D.J.; Patterson, J.A.; Hamaker, B.R. Structural differences among alkali-soluble arabinoxylans from maize (Zea mays), rice (Oryza sativa), and wheat (Triticum aestivum) brans influence human fecal fermentation profiles. J. Agric. Food Chem. 2010, 58, 493–499. [Google Scholar] [CrossRef] [PubMed]

	



Acosta-Estrada, B.A.; Gutiérrez-Uribe, J.A.; Serna-Saldivar, S.O. Minor constituents and phytochemicals of the kernel. In Corn Chemistry and Technology, 3rd ed.; Serna-Saldivar, S.O., Ed.; AACC International Inc.: St. Paul, MN, USA, 2019; pp. 369–403. [Google Scholar] [CrossRef]

	



Kale, M.S.; Hamaker, B.R.; Campanella, O.H. Alkaline extraction conditions determine gelling properties of corn bran arabinoxylans. Food Hydrocoll. 2013, 31, 121–126. [Google Scholar] [CrossRef]

	



Kale, M.S.; Pai, D.A.; Hamaker, B.R.; Campanella, O.H. Structure–function relationships for corn bran arabinoxylans. J. Cereal Sci. 2010, 52, 368–372. [Google Scholar] [CrossRef]

	



Rumpagaporn, P.; Reuhs, B.L.; Kaur, A.; Patterson, J.A.; Keshavarzian, A.; Hamaker, B.R. Structural features of soluble cereal arabinoxylan fibers associated with a slow rate of in vitro fermentation by human fecal microbiota. Carbohydr. Polym. 2015, 130, 191–197. [Google Scholar] [CrossRef]

	



Arrieta, M.P.; Fortunati, E.; Dominici, F.; López, J.; Kenny, J.M. Bionanocomposite films based on plasticized PLA–PHB/cellulose nanocrystal blends. Carbohydr. Polym. 2015, 121, 265–275. [Google Scholar] [CrossRef] [PubMed]

	



Antoniou, J.; Liu, F.; Majeed, H.; Qazi, H.J.; Zhong, F. Physicochemical and thermomechanical characterization of tara gum edible films: Effect of polyols as plasticizers. Carbohydr. Polym. 2014, 111, 359–365. [Google Scholar] [CrossRef] [PubMed]

	



Robertson, G.L. Optical, mechanical and barrier properties of thermoplastic polymers. In Food Packaging Principles and Practice, 3rd ed.; CRC Press Taylor & Francis Group LLC.: Boca Raton, FL, USA, 2012; pp. 91–130. [Google Scholar] [CrossRef]

	



Anderson, C.; Simsek, S. How do arabinoxylan films interact with water and soil? Foods 2019, 8, 213. [Google Scholar] [CrossRef]

	



Briassoulis, D.; Giannoulis, A. Evaluation of the functionality of bio-based food packaging films. Polym. Test. 2018, 69, 39–51. [Google Scholar] [CrossRef]

	



Ciannamea, E.M.; Castillo, L.A.; Barbosa, S.E.; De Angelis, M.G. Barrier properties and mechanical strength of bio-renewable, heat-sealable films based on gelatin, glycerol and soybean oil for sustainable food packaging. React. Funct. Polym. 2018, 125, 29–36. [Google Scholar] [CrossRef]

	



Anderson, C.; Simsek, S. Mechanical profiles and topographical properties of films made from alkaline extracted arabinoxylans from wheat bran, maize bran, or dried distillers grain. Food Hydrocoll. 2019, 86, 78–86. [Google Scholar] [CrossRef]

	



Chen, H.-R.; Chen, H.-T.; Liu, S.; Dun, G.-Q.; Zhang, Y. Effect of plasticizers on properties of rice straw fiber film. J. Northeast Agric. Univ. 2014, 21, 67–72. [Google Scholar] [CrossRef]

	



Stepan, A.; Anasontzis, G.; Matama, T.; Cavaco-Paulo, A.; Olsson, L.; Gatenholm, P. Lipases efficiently stearate and cutinases acetylate the surface of arabinoxylan films. J. Biotech. 2013, 167, 16–23. [Google Scholar] [CrossRef]

	



Bengtsson, M.; Koch, K.; Gatenholm, P. Surface octanoylation of high-amylose potato starch films. Carbohydr. Polym. 2003, 54, 1–11. [Google Scholar] [CrossRef]

	



Kontkanen, H.; Tenkanen, M.; Fagerström, R.; Reinikainen, T. Characterisation of steryl esterase activities in commercial lipase preparations. J. Biotech. 2004, 108, 51–59. [Google Scholar] [CrossRef]

	



Sakai, S.; Antoku, K.; Yamaguchi, T.; Kawakami, K. Transesterification by lipase entrapped in electrospun poly (vinyl alcohol) fibers and its application to a flow-through reactor. J. Biosci. Bioeng. 2008, 105, 687–689. [Google Scholar] [CrossRef]

	



Utsugi, A.; Kanda, A.; Hara, S. Lipase specificity in the transacylation of triacylglycerin. J. Oleo Sci. 2009, 58, 123–132. [Google Scholar] [CrossRef]

	



AACC International. Method 44-15.02. Moisture-air oven method. In Approved Methods of Analysis, 11th ed.; AACC International, Inc.: St. Paul, MN, USA, 1999. [Google Scholar] [CrossRef]

	



AACC International. Method 08-01.01. Ash-Basic Method. In Approved Methods of Analysis, 11th ed.; AACC International, Inc.: St. Paul, MN, USA, 1999. [Google Scholar] [CrossRef]

	



AACC International. Method 46-30.01. Crude protein-combustion method. In Approved Methods of Analysis, 11th ed.; AACC International, Inc.: St. Paul, MN, USA, 1999. [Google Scholar] [CrossRef]

	



AACC International. Method 76-13.01. Total starch assay procedure (Megazyme amyloglucosidase/alpha-amylase method). In Approved Methods of Analysis, 11th ed.; AACC International, Inc.: St. Paul, MN, USA, 1999. [Google Scholar] [CrossRef]

	



Nagel, A.; Sirisakulwat, S.; Carle, R.; Neidhart, S. An acetate–hydroxide gradient for the quantitation of the neutral sugar and uronic acid profile of pectins by HPAEC-PAD without postcolumn pH adjustment. J. Agric. Food Chem. 2014, 62, 2037–2048. [Google Scholar] [CrossRef]

	



Nishitsuji, Y.; Whitney, K.; Nakamura, K.; Hayakawa, K.; Simsek, S. Analysis of molecular weight and structural changes in water-extractable arabinoxylans during the breadmaking process. Food Chem. 2022, 386, 132772. [Google Scholar] [CrossRef]

	



Naidu, D.S.; John, M.J. Effect of clay nanofillers on the mechanical and water vapor permeability properties of xylan–alginate films. Polymers 2020, 12, 2279. [Google Scholar] [CrossRef]

	



ASTM D882-18; Standard Test Method for Tensile Properties of Thin Plastic Sheeting. ASTM International: West Conshohocken, PA, USA, 2018. [CrossRef]

	



ASTM D1004-21; Standard Test Method for Tear Resistance (Graves Tear) of Plastic Film and Sheeting. ASTM International: West Conshohocken, PA, USA, 2021. [CrossRef]

	



ASTM D7192-20; Standard Test Method for High-Speed Puncture Properties of Plastic Films Using Load and Displacement Sensors. ASTM International: West Conshohocken, PA, USA, 2020. [CrossRef]

	



Leon-Bejarano, M.; Durmus, Y.; Ovando-Martínez, M.; Simsek, S. Physical, barrier, mechanical, and biodegradability properties of modified starch films with nut by-products extracts. Foods 2020, 9, 226. [Google Scholar] [CrossRef]

	



SAS Institute Inc. SAS Software, Version 9.4; SAS Institute Inc.: Cary, NC, USA, 2013. [Google Scholar]

	



Saeed, F.; Pasha, I.; Anjum, F.M.; Sultan, M.T. Arabinoxylans and arabinogalactans: A comprehensive treatise. Crit. Rev. Food Sci. Nutr. 2011, 51, 467–476. [Google Scholar] [CrossRef]

	



Zannini, E.; Bravo Núñez, Á.; Sahin, A.W.; Arendt, E.K. Arabinoxylans as functional food ingredients: A review. Foods 2022, 11, 1026. [Google Scholar] [CrossRef]

	



McCleary, B.V.; DeVries, J.W.; Rader, J.I.; Cohen, G.; Prosky, L.; Mugford, D.C.; Champ, M.; Okuma, K. Determination of insoluble, soluble, and total dietary fiber (CODEX definition) by enzymatic-gravimetric method and liquid chromatography: Collaborative study. J. AOAC Int. 2012, 95, 824–844. [Google Scholar] [CrossRef]

	



Omohimi, C.; Piccirillo, C.; Roriz, M.; Ferraro, V.; Vasconcelos, M.; Sanni, L.; Tomlins, K.; Pintado, M.; Abayomi, L. Study of the proximate and mineral composition of different Nigerian yam chips, flakes and flours. J. Food Sci. Technol. 2018, 55, 42–51. [Google Scholar] [CrossRef]

	



Ramseyer, D.D.; Bettge, A.D.; Morris, C.F. Distribution of total, water-unextractable, and water-extractable arabinoxylans in wheat flour mill streams. Cereal Chem. 2011, 88, 209–216. [Google Scholar] [CrossRef]

	



Larkins, B.A. Proteins of the kernel. In Corn Chemistry and Technology, 3rd ed.; Serna-Saldivar, S.O., Ed.; AACC International Inc.: St. Paul, MN, USA, 2019; pp. 319–336. [Google Scholar]

	



Wang, J.; Fan, M.; Li, Y.; Qian, H.; Wang, L. Structural and emulsion-stabilizing properties of the alkali-extracted arabinoxylans from corn and wheat brans. Int. J. Biol. Macromol. 2023, 251, 126190. [Google Scholar] [CrossRef]

	



Anderson, C.; Simsek, S. A novel combination of methods for the extraction and purification of arabinoxylan from byproducts of the cereal industry. J. Food Meas. Charact. 2019, 13, 1049–1057. [Google Scholar] [CrossRef]

	



Salvada, J.; Alke, B.; Brazinha, C.; Alves, V.D.; Coelhoso, I.M. Development and characterisation of arabinoxylan-based composite films. Coatings 2022, 12, 813. [Google Scholar] [CrossRef]

	



Weng, V.; Brazinha, C.; Coelhoso, I.M.; Alves, V.D. Decolorization of a corn fiber arabinoxylan extract and formulation of biodegradable films for food packaging. Membranes 2021, 11, 321. [Google Scholar] [CrossRef] [PubMed]

	



Martins, J.R.; Llanos, J.H.R.; Abe, M.M.; Costa, M.L.; Brienzo, M. New blend of renewable bioplastic based on starch and acetylated xylan with high resistance to oil and water vapor. Carbohydr. Res. 2024, 537, 109068. [Google Scholar] [CrossRef] [PubMed]

	



Cazón, P.; Velázquez, G.; Vázquez, M. Regenerated cellulose films combined with glycerol and polyvinyl alcohol: Effect of moisture content on the physical properties. Food Hydrocoll. 2020, 103, 105657. [Google Scholar] [CrossRef]

	



Zhang, L.; Yang, X.; Li, S.; Gao, W. Preparation, physicochemical characterization and in vitro digestibility on solid complex of maize starches with quercetin. LWT-Food Sci. Tech. 2011, 44, 787–792. [Google Scholar] [CrossRef]

	



Behera, L.; Mohanta, M.; Thirugnanam, A. Intensification of yam-starch based biodegradable bioplastic film with bentonite for food packaging application. Environ. Technol. Innovation. 2022, 25, 102180. [Google Scholar] [CrossRef]

	



Rusianto, T.; Yuniwati, M.; Wibowo, H.; Akrowiah, L. Biodegradable plastic from taro tuber (Xanthosoma sagittifolium) and chitosan. Saudi J. Eng. Technol. 2019, 4, 16–22. [Google Scholar]








[image: Foods 13 01314 g001] 





Figure 1. Flow chart of AX film casting. * Start modifying AX films. 
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Figure 2. DCB AX films (left) and DDGS AX films (right) cutting by tear and tensile dies. (A) tensile shape. (B) tear shape. 
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Figure 3. Scanning electron microscopy (SEM) of unmodified and modified arabinoxylan (AX) films. Dry corn bran: DCB; wet corn bran: WCB; distiller’s dried grains with solubles: DDGS. +: AX film that suspended lipase–acetate. 
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Figure 4. Interactions of thickness and tensile properties of unmodified and modified AX films. (A) Thickness. (B) Tensile strength. (C) Tensile elongation. (D) Modulus of elasticity. Means with the same letter in the same sub-figure are not significantly different (p > 0.05). The data are the means of three independent replicate experiments (n = 3). Thickness (inches); tensile strength (megapascals = MPa); tensile elongation (%); modulus of elasticity (megajoule per cubic meter = MJ/m3). Dry corn bran: DCB; wet corn bran: WCB; distiller’s dried grains with solubles: DDGS. +: AX film that suspended lipase–acetate. 
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Figure 5. Interactions of tear and puncture resistances of unmodified and modified AX films. (A) Tear and puncture resistances. (B) Tear and puncture extensibilities. Means with the same letter in the same sub-figure are not significantly different (p > 0.05). The data are the means of three independent replicate experiments (n = 3). Tear and puncture resistances (newton = N); tear and puncture extensibilities (millimeter = mm). Dry corn bran: DCB; wet corn bran: WCB; distiller’s dried grains with solubles: DDGS. +: AX film that suspended lipase–acetate. 






Figure 5. Interactions of tear and puncture resistances of unmodified and modified AX films. (A) Tear and puncture resistances. (B) Tear and puncture extensibilities. Means with the same letter in the same sub-figure are not significantly different (p > 0.05). The data are the means of three independent replicate experiments (n = 3). Tear and puncture resistances (newton = N); tear and puncture extensibilities (millimeter = mm). Dry corn bran: DCB; wet corn bran: WCB; distiller’s dried grains with solubles: DDGS. +: AX film that suspended lipase–acetate.



[image: Foods 13 01314 g005]







[image: Foods 13 01314 g006] 





Figure 6. FTIR spectroscopy profiles for unmodified and modified arabinoxylan (AX) films made with dry corn bran: DCB (A), wet corn bran: WCB (B), and dried distiller’s grains with solubles: DDGS (C). 
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Table 1. Proximate composition and characteristics of arabinoxylan extractions.
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	Extracted AX
	Yield
	Moisture
	Ash
	Protein
	Starch
	AX
	A/X
	Mw
	PI





	DCB
	23.30 a
	14.14 a
	5.36 a
	6.67 a
	8.83 a
	76.60 a
	1.02 a
	4,063,667 a
	3.05 a



	WCB
	25.39 b
	13.15 b
	5.86 b
	9.33 b
	2.53 b
	77.64 b
	1.20 b
	1,876,333 b
	2.37 b



	DDGS
	23.01 a
	13.85 c
	18.36 c
	6.51 a
	2.73 b
	66.68 c
	1.32 c
	879,133 c
	1.80 c







a–c Means with the same letter in the same column for the same sample type are not significantly different (p > 0.05). The data are the means of three independent replicate experiments (n = 3). Yield, moisture, ash, protein, starch, and AX (Dry Weight Basis = DWB%); A/X: arabinose to xylose ratio; Mw: weight average molecular weight; PI: polydispersity index; AX and A/X are the sugar measurement of the AX yields by HPAEC-PAD. Mw and PI are the molecular weight characteristics of AX yields using HPSEC-MALS-RI. Dry corn bran: DCB; wet corn bran: WCB; distiller’s dried grains with solubles: DDGS.













 





Table 2. Evaluation of thickness and tensile properties of unmodified and modified AX films.
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	Factors
	AX Films
	Thickness
	Tensile Strength
	Tensile Elongation
	Modulus of Elasticity





	Sources
	DCB
	0.0041 a
	0.111 a
	77.01 a
	0.015 a



	
	WCB
	0.0036 b
	0.144 a
	79.91 ab
	0.020 a



	
	DDGS
	0.0037 ab
	0.120 a
	85.47 b
	0.017 a



	Modification
	Unmodified
	0.0035 a
	0.102 a
	83.28 a
	0.015 a



	
	Modified
	0.0041 b
	0.148 b
	78.31 a
	0.021 a







a,b Means with the same letter in the same column for the same factor are not significantly different (p > 0.05). The data are the means of three independent replicate experiments (n = 3). Thickness (inches); tensile strength (megapascals = MPa); tensile elongation (%); modulus of elasticity (megajoule per cubic meter = MJ/m3). Dry corn bran: DCB; wet corn bran: WCB; distiller’s dried grains with solubles: DDGS.













 





Table 3. Determination of tear and puncture properties of unmodified and modified AX films.
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	Factors
	AX Films
	Tear Resistance
	Tear Extension
	Puncture Resistance
	Puncture Extensibility





	Sources
	DCB
	1.05 a
	56.31 a
	6.78 a
	34.43 a



	
	WCB
	0.85 a
	55.90 a
	6.75 a
	33.78 ab



	
	DDGS
	0.40 b
	57.69 a
	4.21 b
	33.17 b



	Modification
	Unmodified
	0.39 a
	57.82 a
	5.29 a
	33.29 a



	
	Modified
	1.14 b
	55.45 b
	6.54 a
	34.29 b







a,b Means with the same letter in the same column for the same factor are not significantly different (p > 0.05). The data are the means of three independent replicate experiments (n = 3). Tear and puncture resistances (newton = N); tear and puncture extensibilities (millimeter = mm). Dry corn bran: DCB; wet corn bran: WCB; distiller’s dried grains with solubles: DDGS.

