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Abstract

:

In this study, layer-by-layer assembly was performed to prepare sodium alginate (SA) layer and walnut-peptide–chitosan (CS) bilayer composite films. Genipin was adopted to crosslink CS and walnut peptide. The properties of walnut peptide-CS-SA composite film were determined, and the influence of material ratio on the performance of composite film was explored. According to the results, the mechanical tensile property, oil absorption property, and water vapor barrier property of the composite film were improved with the presence of genipin. Moreover, the proportion of CS and walnut peptide had significant effects on color, transmittance, mechanical properties, barrier properties, and antioxidant properties of the composite films. Among them, the composite film containing 1% (w/v) CS, 1% (w/v) walnut peptide, and 0.01% (w/v) genipin showed the best performance, with a tensile strength of 3.65 MPa, elongation at break of 30.82%, water vapor permeability of 0.60 g·mm·m−2·h−1·kPa−1, oil absorption of 0.85%, and the three-phase electrochemistry of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging rate of 25.59%. Under this condition, the tensile property, barrier property, and oxidation resistance of the composite film are good, which can provide a good preservation effect for food, and has great application potential.
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1. Introduction


Traditional plastics and their products are not easy to be degraded in nature. After entering the environmental system, they can stay in the soil and water for a long time, forming “white pollution”. Incineration may also produce toxic substances, which pose a serious threat to the ecological environment [1]. The work to solve the problem of plastic pollution mainly focuses on three aspects: first, developing substitutes for plastics and their products; second, developing degradable plastics; and third, increasing the recycling of plastics and their products [2,3,4,5,6]. However, over the last decade, there has been a growing interest in the development and use of bio-based packaging materials to replace the conventional synthetic packaging materials needed to preserve and protect foods. The development of innovative edible films has emerged as a new research area in food science [7]. Edible film is made of natural edible biomacromolecules (such as protein, lipid, sugar, etc.) as raw materials, and added with edible plasticizers, crosslinking agents, and other substances, which are edible through the interaction between molecules. The selection of edible materials with good biocompatibility, or the production of packaging films for one particular application is very important to improve the quality of fresh and processed food, and increase the shelf-life of the food and its packaging. Edible films can also be used as a good carrier for functional substances, such as antioxidants, antibacterial agents, flavors, probiotics, etc. It can not only prolong the shelf-life of food, but also improve its nutritional value, and has a good application prospect [8,9,10].



SA and CS have shown great potential for use as food coatings due to their biodegradability, biocompatibility, nontoxicity, and versatile chemical and physical properties [11]. SA is one of the most versatile biodegradable polymers, which is a linear polysaccharide extracted from brown algae. The chemical structure of alginate is composed of β-d-mannuronic acid and β-l-guluronic acid [12]. On the other hand, CS is found in the shells of crustaceans, such as shrimp and crabs. In molecular terms, CS is achieved by the deacetylation of chitin [13].



Because both CS and SA have strong hydrophilicity, the performance of single film is poor. In order to improve the single-film-forming performance of CS and SA, the electrostatic reaction between CS and SA was used to directly blend the two films. However, direct blending may result in a strong reaction between -NH3+ on CS and -COO− on SA, resulting in a water-insoluble mixture. The viscosity of the film solution is large and uneven, resulting in poor film quality [14]. In recent years, the technology of layer-by-layer (LBL) assembly is gradually emerging. Macromolecules with opposite charges are deposited in turn, and the noncovalent interactions between polymer layers can endow bilayer films or multilayer films with better mechanical properties and barrier properties [15]. This technology can overcome the above shortcomings. Different layers in CS-SA bilayer films are not simply superimposed, but intermolecular interactions occur. Under this electrostatic interaction, molecules in the films are combined [16].



Particularly, crosslinking with genipin, which is a reagent of natural origin, improves the swelling, water resistance, and mechanical properties of the films [17]. Genipin has recently been used in biomedical applications and for controlled drug release, due to its biocompatibility and low toxicity [18]. Genipin also has excellent pharmacological value, such as protecting the liver and gallbladder, anti-inflammatory, antibacterial, anti-tumor, treating gastritis, treating diabetes, etc. [19]. Studies have shown that synthetic crosslinking reagents such as glyoxal, glutaraldehyde, and epichlorohydrin are all more or less cytotoxic, and may impair the biocompatibility of chitosan [20]. In this regard, genipin extracted from gardenia fruits is obviously advantageous. As a water-soluble bi-functional crosslinker, it reacts promptly with chitosan. The resulting crosslinked products have better biocompatibility and stability for use [20,21]. The genipin-crosslinked films’ total soluble matter, water vapor permeability, tensile strength, ultraviolet and visible light barriers, and thermal properties were improved in relation to the uncrosslinked film, whereas their moisture content and microstructure were not affected, demonstrating the effectiveness of genipin on improving the properties of gelatin-based films and the promising application of films as food packaging [22,23]. However, the crosslinking agent, genipin, is seldom used in the related research of edible film at present, and the excellent crosslinking ability and biocompatibility of genipin still need to be further explored.



Compared with walnut protein, walnut polypeptide has better solubility, emulsifying property, oil absorption, and oxidation resistance, and is more easily absorbed and utilized by the human body; walnut polypeptide has good nutrition and health care functions, but poor solubility, and is very limited in application in the food field [24]. Research has shown that walnut peptide is rich in amino acid residues such as glutamic acid, arginine, and aspartic acid, related to its antioxidant property. In addition, walnut peptide also has a certain anti-cancer performance, and has great application potential in the fields of medicine and food, and further exploration is needed to expand the scope of application of walnut peptide [25]. In this paper, walnut peptide is added into the composite film as a functional active ingredient, which enhanced the preservative effect of the composite film and also provided a new idea for the application of walnut peptide in production.



In order to achieve better functional properties, the application of multilayers is an available way which can take advantage of the unique properties of several materials [26,27]. In this study, CS and SA were used as the main film-forming matrix, and walnut peptide was added to enhance the antioxidant performance of the composite film. Genipin was added to chemically crosslink CS and walnut peptide, and the walnut-peptide–CS–SA composite film was prepared by a layer-by-layer assembly method. The effects of the ratio of walnut polypeptide to CS on the performances of the composite film are explored, and the performances of the composite film were measured, including thickness, mechanical tensile property, color difference value, light transmittance, water vapor transmittance, oil absorption, and antioxidant property. Further, a novel composite edible film with excellent performance and green safety is prepared.




2. Materials and Methods


2.1. Materials


SA (chemically pure, viscosity (10 g/L, 20 °C) ≥0.02 Pa·s) and CS (≥80% deacetylated, viscosity 50–800 mPa·s) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Walnut peptide powder (98% purity) was obtained from Ningshan Guosheng Biotechnology Co., Ltd. (Shanxi, China). Glycerol (analytically pure) and potassium bromide (analytically pure) were from Tianjin Beichen District Fangzheng Reagent Factory (Tianjin, China), and genipin (>95% purity) was from ChangSha ZhiXin Biotechnology Co., Ltd. (Changsha, China). Acetic acid (analytically pure) and hydrochloric acid (analytically pure) were from Yantai Shuangshuang Chemical Co., Ltd. (Shandong, China). Anhydrous (analytically pure) was from Tianjin Zhiyuan chemical reagent Co., Ltd. (Tianjin, China). Soybean oil was from Yihai Jiali Cereal&Oil Food Industry Co., Ltd. (Guangdong, China). DPPH (97% purity) was from Kaima biochemical Co., Ltd. (Tianjin, China). Absolute alcohol (analytically pure) was from Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, China).




2.2. Preparation of Film Solutions and Film Formation


2.2.1. Sodium Alginate Monolayer Film Production


SA was weighed at 1.5 g, and then slowly added into 100 mL distilled water while stirring. The solutions were stirred continuously for 1 h using a magnetic stirrer (RH-KT/C, IKA Works Guangzhou, Guangzhou, China) in a 40 °C water bath until the powders were completely dissolved. Then, 2 mL glycerol was added, stirred evenly, and made into a 100 mL film solution. The film solution was degassed by ultrasonic cleaner (KQ-300B, Kunshan Shumei Super Sound Instrument Co., Ltd., Kunshan, China) for 10 min. Then, 15 g of the solution was poured into a plastic petri dish with a diameter of 90 mm. The solution was evenly tiled and dried in a constant-temperature air-blowing drying oven at 30 °C for 24 h to form the SA monolayer.




2.2.2. Chitosan–Walnut-Peptide Covalent Complex Production


A certain amount of CS powder was weighed according to the proportion in Table 1 and dissolved in 1% (v/v, %) acetic acid solution, and magnetically stirred until completely dissolved. According to the proportion in Table 1, a certain amount of walnut peptide powder was dissolved in distilled water and magnetically stirred at 60 °C for 30 min. The walnut peptide aqueous solution was mixed with CS acetic acid solution, and 2 mL plasticizer glycerol was added.



S-CG1~S-CG5 were mixed with genipin acetic acid aqueous solution, and S-C0 was the control group without genipin. HCl (1 mol/L) was used to adjust the pH of all the six kinds of mixed solution to 3.0 to prepare the 100 mL membrane solution. The solution was degassed in an ultrasonic cleaner for 10 min, and cooled to room temperature for further use.




2.2.3. Walnut-Peptide–Chitosan–Sodium Alginate Composite Edible Film Production


The preparation process is shown in Figure 1. A total of 17 g CS–walnut-peptide solution was poured onto the SA monolayer that was about to be completely dried, spread evenly, and dried in a constant-temperature blast-drying oven at 30 °C for 24 h to form a film. After drying, the film was taken down and put in a dry dish (RH60%, room temperature) containing saturated KBr solution to return moisture.





2.3. Fourier-Transform Infrared (FTIR) Spectroscopy


The FTIR analysis was carried out using a PIKE MIRacle Universal ATR system in a Tensor 27 FTIR-ATR spectrometer (Bruker Optik GmbH, Ettlingen, Germany) to obtain the FTIR spectra of six sample films and raw material powers (SA, CS, walnut peptide, and genipin). Each sample film was cut into a small piece directedly spread on the scanning table, and each raw material powder was mixed with KBr using a hydraulic press to form a pellet. Then, the samples were kept in the sample recording chamber under reduced vacuum. The scanning and the resolution range were 500–4000 cm−1 and 4 cm−1, respectively.




2.4. Mechanical Test


The composite film was cut into strips of 50 mm × 10 mm, and both ends were clamped flatly on the tensile probe of the texture analyzer (Universal TA, Shanghai Tengba Instrument Technology Co., Ltd., Shanghai, China). The initial spacing was set to be 20 mm, and the tensile speed was set to be 60 mm/min. Three parallels were made for each composite film, and the maximum tensile force and elongation length of the film at break were recorded. The results were averaged. The tensile strength (TS, MPa) and elongation at break (EB, %) were calculated by following Equations (1) and (2).


  TS =  F  d × W    



(1)






  EB =    L 1  −  L 0     L 0    × 100 %  



(2)




where F denotes the maximum tension when the film breaks, N; d represents the thickness of the film, mm; W represents the width of the film sample, mm; L0 is the length of the stretching front film, mm; L1 is the length of the stretched film, mm.




2.5. Chromatic Properties


The color parameters (L: lightness/brightness, a: redness/greenness, and b: yellowness/blueness) of the film were measured by a colorimeter (NR110, Shenzhen 3nh Technology Co., Ltd., Shenzhen, China), and the colorimeter was used after calibration by standard white film. Taking S-CG1 sample as reference, the color difference was calculated, and the average values of three composite film samples were taken. The color difference (ΔE) was calculated by following Equation (3).


  Δ E =      (  L −  L 1   )   2  +    (  a −  a 1   )   2  +    (  b −  b 1   )   2     



(3)




where L, a, and b are the color parameter values of film samples; L1, a1, and b1 are the color parameter values of the control film (S-CG1).




2.6. Transmittance


The light transmittance was measured by UV-visible spectrophotometer (T6, Beijing Persee General Instrument Co., Ltd., Beijing, China). The edible film was cut into 1.2 cm × 4 cm samples, which were closely attached to the inner side of the cuvette (using an empty cuvette as the control). The light transmittance of the samples was measured at the wavelength of 560 nm, and three parallel samples were measured, and the average value was taken [28]. The transmittance (T, %) was calculated by following Equation (4).


  T =   0.1    A  560     × 100 %  



(4)








2.7. Water Vapor Permeability (WVP)


Anhydrous CaCl2 (3 g) was added to a 40 mm × 25 mm weighing bottle, which was then sealed with a film, and the initial mass of the weighing bottle was recorded. The weighing bottle was then placed in a drying dish containing a saturated KBr solution at room temperature and 60% relative humidity, and the mass of the weighing bottle was measured every 24 h until the weighing bottle weight did not change, and the final mass was recorded [29]. The WVP was calculated by following Equation (5).


  WVP =   Δ m × d   A t Δ P    



(5)




where WVP is the water vapor permeability of the film, g·mm·m−2·h−1·kPa−1; Δm is the added mass of the weighing bottle, g; A is the surface area of the composite film, m2; t is the interval time, h; d is the film thickness, mm; ΔP is the vapor pressure difference on both sides of the composite film, kPa.




2.8. Oil Absorption


The film was cut into a square with a size of 25 mm × 25 mm, weighed, and laid flat on the filter paper. Then, 4 mL of soybean oil was poured onto the film and allowed to stand for 0.5 h. Oil on the surface of the dry film was absorbed by the filter paper, and the film weight was measured. The oil absorption of the film was expressed as the ratio of the increment of the film weight to the original weight of the film. The oil absorption was calculated by following Equation (6).


   Oil   absorption  =    m 2  −  m 1     m 1    × 100 %  



(6)




where m1 is the mass before oil absorption of the film, g; m2 is the mass of the film after oil absorption, g.




2.9. Antioxidant Activity


The film sample (0.3 g) was weighed into 30 mL of distilled water, and after 24 h, when it was dissolved completely, 30 mL of ethanol was added. The composite film solution was centrifuged at 4000 r/min for 20 min, and the supernatant was extracted as the film extract. First, 1 mL of the supernatant was mixed with 5 mL of 0.01 mmol/L DPPH ethanol solution, and the mixture was put in the dark for reaction for 30 min. The absorbance, Ai, of the solution at 517 nm, and the absorbance, Aj, of 1 mL film extract and 5 mL ethanol at the same time, as well as the absorbance, Ao, of sample solvent (0.5 mL distilled water + 0.5 mL ethanol) were measured after standing in the dark for 30 min with 5 mL 0.01 mmol/L DPPH ethanol solution [30]. The antioxidant activity was shown as DPPH radical clearance, and it was calculated by following Equation (7).


   DPPH   free   radical   scavenging   rate %  =    A o  −  A i  −  A j     A o    × 100 %  



(7)








2.10. Statistical Analysis


In the experiment, three groups of parallel samples were set for each sample, and the data were processed by Microsoft Excel 2010. The significant difference between the different samples was evaluated by Duncan analysis in SPSS 21 (p < 0.05). The images were drawn by Origin 2019 and KingDraw 3.0.





3. Results and Discussion


3.1. FTIR Analysis


The FTIR-ATR technique was used to evaluate the functional groups of the materials, and to detect possible changes in the proportion of raw materials. As an excellent natural biological crosslinking agent, genipin can not only improve the swelling, water resistance, and mechanical properties of the films [17], but also chemically crosslinks CS and walnut peptide and improves the density of the membrane structure [31,32]. FTIR-ATR spectroscopy was used for the analysis of intermolecular interactions between the genipin, CS, and walnut peptide, which could be reflected in infrared spectra by the location and intensity of characteristic absorption bands, as shown in Figure 2a,b.



A strong and broad adsorption band at around 3500–3000 cm−1 corresponded to -OH stretching, which was affected by the intermolecular or intramolecular hydrogen bonds [33]. The band corresponding to asymmetric stretching vibrations of the methylene group occurred at approximately 2950–2900 cm−1 [34]. In addition, the absorption peaks at the range of 1030–1010 cm−1 correspond to the stretching of CH2-OH, respectively [35].



In Figure 2a, both CS, with a degree of deacetylation of 85%, and walnut peptide displayed two strong vibrations at 1652–1648 and 1580–1550 cm−1. These have previously been assigned to amide I and amide II vibrations [36]. Besides, they had N-H and C-N absorption peaks at 1580 and 1324 cm−1 [37]. The carboxylate anion –COO− of SA had two characteristic absorption peaks at 1632 and 1408 cm−1, and the ester bond COO of genipin also had two characteristic absorption peaks at 1661 and 1428 cm−1, corresponding to the stretching vibrations of C=O and C-O, respectively [38,39]. In Figure 2b, the band at 1661 cm−1, which represents the carbonyl group of ester in genipin, shifted to a lower frequency that appeared at 1638–1642 cm−1 in crosslinked films. This is due to the crosslinking reaction between genepin and CS, that is, the nucleophilic attack by the amino group of CS on the olefinic carbon atom of genipin, resulting in the opening of the dihydropyran ring and the formation of tertiary amine. The subsequent slower reaction is the formation of amide through the reaction of the amino group on chitosan with the ester group of genipin [35,40]. Walnut peptides also have many amino groups that can react with genipin. Furthermore, the increase observed in the peaks at around 1411 cm−1 can be assigned to absorptions from C-N stretching vibrations, respectively, more numerous after crosslinking with genipin [41]. In addition, the absorption peak at 1028 cm−1 could be attributed to the interaction between the -OH group of glycerol (used as a plasticizer) and genipin in all the film samples [42]. This is similar to the results of Kumar et al. [43].




3.2. Mechanical Properties


The composite films were successfully prepared, and the average thickness of each sample was characterized. The results showed that with the increase of walnut peptide content, the thickness of the films gradually increased from 0.1505 mm to 0.2133 mm, and the structure of composite film became loose. In order to evaluate the mechanical properties of composite films with different raw material ratios, the TS (tensile strength) and EB (elongation at break) of composite films were measured. It can be seen from Figure 3 that the TS of the composite film first increased and then decreased with the decreasing mass ratio of CS/walnut peptide in the sample added with the crosslinking agent, genipin. The changes of TS and EB were likely due to the micro network structure and intermolecular force in the film matrix formed by the crosslinking of CS, walnut peptide, and genipin [44].



TS is the maximum tensile strength that a film can sustain, thus it expresses the maximum stress developed in the film during the tensile testing [45]. The TS of the S-CG3 sample with a CS/walnut peptide mass ratio of 1:1 was the highest (3.65 MPa), which was significantly higher than that of S-C0 sample without genipin. This is because the crosslinking effect of genipin made the covalent crosslinking between CS and walnut peptide form a Schiff base [46], which made the film structure closer than CS-SA film and walnut peptide-SA film, and it could better resist the tearing of external forces. However, when the walnut peptide ratio was too large, the strong interaction between CS and SA was replaced by the weak interaction between peptides, and the tensile properties of the bilayer film were also affected. Moreover, too high amounts of walnut peptides possibly caused inhomogeneity of the polymer matrices, which subsequently reduced the mechanical properties [47].



EB is a measure of the film’s capacity for stretching, and also refers to the maximum change in length of the test specimen before breaking [48]. Elongation of the films depended on several factors, including homogeneity of the matrices and plasticization, which increased the flexibility and deformability of the polymers [49]. The elongation at break of the composite film first increased and then decreased from S-CG1 to S-CG4. The binding sites of CS and walnut peptides were limited, so when the proportion of walnut peptides gradually increased, the binding between the two tended to be saturated [50]. The crosslinking agent, genipin, made the film dense, which made the film not easy to be stretched, so the elongation at break of the S-CG3 sample was smaller than that of the S-C0 sample without crosslinking. When the upper film did not contain CS, the polypeptide structure of walnut peptide was loose, which made the film sticky and flexible, and caused maximum elongation at break.




3.3. Chromatic Properties


The measurement results of the chromaticity values, L, a, and b, of each composite film sample and the color difference, ΔE, of S-CG1 to S-CG5 samples are shown in Figure 4. The addition of plant-derived materials commonly gives color to the composite films, thereby affecting the light transmission [51]. Genipin can react with amino acid or proteins to form dark blue pigments [52]. The color of the composite film without adding genipin was pale yellow, and that of the composite film with adding genipin was blue-green, which was due to the gardenia blue pigment generated by the reaction of genipin with the amino groups of CS and walnut peptide [46].



The reaction mechanism is shown in Figure 5. The more adequate their action, the more pigment generated, and the deeper the blue color. The results showed that with the increase of the proportion of walnut peptide, the L, a, and b values of the composite film fluctuated, and the ΔE values of S-CG2-S-CG5 samples were higher, indicating that, compared with the S-CG1 sample without walnut peptide, it had a significant color difference. In summary, the reaction mode and reaction adequacy between walnut peptide and genipin or CS greatly affected the color of the composite film.




3.4. Transmittance Properties


The transmittance of composite film can reflect the compatibility of film components. If the transmittance of composite film is very low, the material compatibility is poor. As shown in Figure 6, the transmittance of the S-C0 sample without genipin crosslinking was the highest, which was 85.06%. Pigments were generated in samples S-CG1~S-CG5 due to the crosslinking reaction of genipin, resulting in a decrease in the transmittance of the film, which fluctuated between 31.86% and 42.38%. This was due to the light reflection and scattering at the interface of the continuous phase and the dispersed phase when CS and walnut peptides were combined, resulting in changes in the transmittance. Moreover, increased filler contents possibly filled up the void volume between polymer molecules, and hence, blocked the transmission path of the light [53]. The mixed systems of different layers of the composite film have heterogeneity, which is also the reason for the decrease of transmittance.




3.5. Water Vapor Transmission Rate


Water vapor permeability is an important index to measure the barrier performance of film. Low water vapor permeability is beneficial to prevent water exchange between food and environment in wet environments. The measurement results of water vapor permeability of each composite film sample are shown in Figure 7. Among them, the water vapor permeability of S-CG1 and S-CG3 samples was the lowest, which was 0.60 g·mm·m−2·h−1·kPa−1, indicating that the CS-SA bilayer structure and CS- walnut peptide crosslinking system could play a role in blocking water. S-CG1, S-CG2, and S-CG3 showed low WVP; it is possible that at lower amounts of walnut peptides, the film matrices were denser, which limited the diffusion of water vapor, giving lower WVP [54]. Walnut peptides have strong hygroscopicity. When the proportion of walnut peptide increased, the water vapor permeability increased; it is probable that the walnut peptide and CS could not be fully crosslinked, or high amounts of walnut peptides caused non-homogeneous structures and disrupted networks [55].




3.6. Oil Absorbency Capacity


It can be seen from Figure 8 that the oil absorption of the composite film first decreased and then increased with the increase of the walnut peptide addition ratio. After the addition of genipin, the oil absorption of the film decreased, and the oil absorption of the S-CG3 sample was the weakest, which was 0.85%. This is because the CS and walnut peptide crosslinked to form a dense network structure, blocking the oil into the film, which, to a certain extent, weakened the film oil absorption. However, walnut peptide containing a high content of hydrophobic amino residues has high oil absorption, so when the proportion of walnut peptide increased to a certain range, the oil absorption of the film increased [56]. In addition, with the increase of the walnut-peptide–chitosan ratio, the non-homogeneous structures and void formation were formed, which also promoted the improvement of oil absorption.




3.7. Antioxidant Activity


The oxidation resistance of the composite film is an important standard to measure the effect of packaging preservation. Previous studies have shown that walnut polypeptides are macromolecular substances synthesized by amino acids such as glutamic acid, arginine, and aspartic acid. The molecular structure of walnut polypeptides contains plenty of amino groups, which have DPPH free radical scavenging activity and ACE inhibitory activity [57,58]. Besides, CS has active hydroxyl groups, indicating stronger DPPH free radical scavenging ability [59,60,61]. In addition, the layer of SA, with certain antioxidant activity, can also improve the scavenging ability of composite films [62].



In the experiment, walnut peptide was added to endow the composite film with oxidation resistance, and the DPPH radical scavenging ability of the composite film samples was measured to evaluate the oxidation resistance of the composite film. As can be seen in Figure 9, with the increase of the walnut peptide addition ratio, the DPPH radical scavenging rate of the film increased gradually, and the highest scavenging rate of the S-CG5 sample was 30.14%. However, the S-CG1 sample without walnut peptide also showed a certain antioxidant capacity, because CS also had a certain antioxidant capacity, and its antioxidant capacity was related to the degree of deacetylation [63]. In summary, walnut peptides could improve the oxidation resistance of composite films.





4. Conclusions


Layer-by-layer assembly was performed to prepare SA layer and walnut-peptide–CS layer bilayer composite films. Genipin crosslinked CS and walnut peptide to form a network structure that can improve the mechanical strength of the composite film. In addition, the tensile property, barrier property, and oxidation resistance of the composite film are good. The appropriate ratio of CS and walnut peptide can create the crosslinking reaction more fully and improve the tensile strength and elongation at break of the film. The pigments generated by the crosslinking reaction of genipin could affect the color and optical properties of the film. The crosslinking of CS and walnut peptide by genipin makes the film dense, and oil and water cannot easily penetrate the composite film, which is conducive to the preservation of food. However, when the walnut peptide ratio increases, its moisture absorption and oil absorption will affect the barrier performance of the film. The addition ratio of walnut peptides was positively correlated with the DPPH free radical scavenging rate of the composite film. The walnut peptides endowed the composite film with antioxidant capacity, so that the composite film had better preservation function. Comprehensively, the composite film with a CS/walnut peptide ratio of 1:1 and genipin addition had the best performance. The tensile strength was 3.65 MPa, the elongation at break was 30.82%, the water vapor permeability was 0.60 g·mm·m−2·h−1·kPa−1, the oil absorption was 0.85%, and the DPPH radical scavenging rate was 25.59%. The composite film had good mechanical properties and barrier properties, which could provide good preservation effects.







Author Contributions


Conceptualization, W.Y., H.S., and H.C.; Data curation, W.Y. and H.S.; Formal analysis, W.Y. and W.L.; Funding acquisition, H.C.; Investigation, W.L.; Methodology, W.Y. and H.S.; Project administration, H.C.; Software, W.Y. and H.S.; Supervision, W.Y. and H.C.; Validation, W.Y. and H.S.; Visualization, W.Y.; Writing—original draft, W.Y. and H.S.; Writing—review and editing, H.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Natural Science Foundation of Shandong Province (No. ZR2019BC053); the National Natural Science Foundation of China (No. 32102129); the Key Laboratory of Synthetic and Biological Colloids, Ministry of Education, Jiangnan University (No. 1022050205219730/008); and the Young Scholars Program of Shandong University, Weihai (No. 202208).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data are available from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Qin, Z.-H.; Mou, J.-H.; Chao, C.Y.H.; Chopra, S.S.; Daoud, W.; Leu, S.-y.; Ning, Z.; Tso, C.Y.; Chan, C.K.; Tang, S.; et al. Biotechnology of Plastic Waste Degradation, Recycling, and Valorization: Current Advances and Future Perspectives. ChemSusChem 2021, 14, 4103–4114. [Google Scholar] [CrossRef] [PubMed]

	



Agarwal, S. Biodegradable Polymers: Present Opportunities and Challenges in Providing a Microplastic-Free Environment. Macromol. Chem. Phys. 2020, 221, 2000017. [Google Scholar] [CrossRef]

	



Choudhary, K.; Sangwan, K.S.; Goyal, D. Environment and economic impacts assessment of PET waste recycling with conventional and renewable sources of energy. Procedia CIRP 2019, 80, 422–427. [Google Scholar] [CrossRef]

	



Fenton, R.L.; Duplan, A.; Hall, B.L. Modifying an Enzyme to Improve PET Plastic Recycling. FASEB J. 2020, 34, 1. [Google Scholar] [CrossRef]

	



Rusdi, S.; Destian, R.A.; Rahman, F.; Chafidz, A. Preparation and Characterization of Bio-Degradable Plastic from Banana Kepok Peel Waste. In Proceedings of the Materials Science Forum; Trans Tech Publications Ltd.: Freienbach, Switzerland, 2020; Volume 981, pp. 132–137. [Google Scholar] [CrossRef]

	



Thiounn, T.; Smith, R.C. Advances and approaches for chemical recycling of plastic waste. J. Polym. Sci. 2020, 58, 1347–1364. [Google Scholar] [CrossRef]

	



Milani, J.M.; Nemati, A. Lipid-Based Edible Films and Coatings: A Review of Recent Advances and Applications. J. Packag. Technol. Res. 2022, 6, 11–22. [Google Scholar] [CrossRef]

	



Brzoska, N.; Mueller, M.; Nasui, L.; Schmid, M. Effects of film constituents on packaging-relevant properties of sodium caseinate-based emulsion films. Prog. Org. Coat. 2018, 114, 250–258. [Google Scholar] [CrossRef]

	



Galus, S.; Arik Kibar, E.A.; Gniewosz, M.; Kraśniewska, K. Novel materials in the preparation of edible films and coatings—A review. Coatings 2020, 10, 674. [Google Scholar] [CrossRef]

	



Gennadios, A.; Hanna, M.A.; Kurth, L.B. Application of edible coatings on meats, poultry and seafoods: A review. LWT-Food Sci. Technol. 1997, 30, 337–350. [Google Scholar] [CrossRef]

	



Bilbao-Sainz, C.; Chiou, B.S.; Punotai, K.; Olson, D.; Williams, T.; Wood, D.; Rodov, V.; Poverenov, E.; McHugh, T. Layer-by-layer alginate and fungal chitosan based edible coatings applied to fruit bars. J. Food Sci. 2018, 83, 1880–1887. [Google Scholar] [CrossRef]

	



Rahmani, B.; Hosseini, H.; Khani, M.; Farhoodi, M.; Honarvar, Z.; Feizollahi, E.; Shokri, B.; Shojaee-Aliabadi, S. Development and characterisation of chitosan or alginate-coated low density polyethylene films containing Satureja hortensis extract. Int. J. Biol. Macromol. 2017, 105, 121–130. [Google Scholar] [CrossRef] [PubMed]

	



Campos, C.A.; Gerschenson, L.N.; Flores, S.K. Development of edible films and coatings with antimicrobial activity. Food Bioprocess Technol. 2011, 4, 849–875. [Google Scholar] [CrossRef]

	



Nair, M.S.; Tomar, M.; Punia, S.; Kukula-Koch, W.; Kumar, M. Enhancing the functionality of chitosan-and alginate-based active edible coatings/films for the preservation of fruits and vegetables: A review. Int. J. Biol. Macromol. 2020, 164, 304–320. [Google Scholar] [CrossRef] [PubMed]

	



Silva, J.M.; García, J.R.; Reis, R.L.; García, A.J.; Mano, J.F. Tuning cell adhesive properties via layer-by-layer assembly of chitosan and alginate. Acta Biomater. 2017, 51, 279–293. [Google Scholar] [CrossRef] [PubMed]

	



Nie, B.; Wang, H.; Zhang, Y.; Rao, C.; Wang, H.; Gao, X.; Li, W.; Niu, B. Effect of sodium alginate/phosphate-stabilized amorphous calcium carbonate nanoparticles on chitosan membranes. Food Biosci. 2022, 46, 101570. [Google Scholar] [CrossRef]

	



Shah, R.; Stodulka, P.; Skopalova, K.; Saha, P. Dual crosslinked collagen/chitosan film for potential biomedical applications. Polymers 2019, 11, 2094. [Google Scholar] [CrossRef]

	



Koc, F.E.; Altıncekic, T.G. Investigation of gelatin/chitosan as potential biodegradable polymer films on swelling behavior and methylene blue release kinetics. Polym. Bull. 2021, 78, 3383–3398. [Google Scholar] [CrossRef]

	



Jo, M.J.; Jeong, S.; Yun, H.K.; Kim, D.Y.; Kim, B.R.; Kim, J.L.; Na, Y.J.; Park, S.H.; Jeong, Y.A.; Kim, B.G. Genipin induces mitochondrial dysfunction and apoptosis via downregulation of Stat3/mcl-1 pathway in gastric cancer. BMC Cancer 2019, 19, 739. [Google Scholar] [CrossRef]

	



Muzzarelli, R.A.A. Genipin-crosslinked chitosan hydrogels as biomedical and pharmaceutical aids. Carbohydr. Polym. 2009, 77, 1–9. [Google Scholar] [CrossRef]

	



Nunes, C.; Maricato, É.; Cunha, Â.; Nunes, A.; Silva, J.A.L.d.; Coimbra, M.A. Chitosan–caffeic acid–genipin films presenting enhanced antioxidant activity and stability in acidic media. Carbohydr. Polym. 2013, 91, 236–243. [Google Scholar] [CrossRef]

	



Kildeeva, N.; Chalykh, A.; Belokon, M.; Petrova, T.; Matveev, V.; Svidchenko, E.; Surin, N.; Sazhnev, N. Influence of genipin crosslinking on the properties of chitosan-based films. Polymers 2020, 12, 1086. [Google Scholar] [CrossRef] [PubMed]

	



Iahnke, A.O.e.S.; Stoll, L.; Bellé, A.S.; Hertz, P.F.; Rios, A.d.O.; Rahier, H.; Flôres, S.H. Gelatin capsule residue-based films crosslinked with the natural agent genipin. Packag. Technol. Sci. 2020, 33, 15–26. [Google Scholar] [CrossRef]

	



Jahanbani, R.; Ghaffari, S.M.; Salami, M.; Vahdati, K.; Sepehri, H.; Sarvestani, N.N.; Sheibani, N.; Moosavi-Movahedi, A.A. Antioxidant and anticancer activities of walnut (Juglans regia L.) protein hydrolysates using different proteases. Plant Foods Hum. Nutr. 2016, 71, 402–409. [Google Scholar] [CrossRef]

	



Hardman, W.E.; Primerano, D.A.; Legenza, M.T.; Morgan, J.; Fan, J.; Denvir, J. mRNA expression data in breast cancers before and after consumption of walnut by women. Data Brief 2019, 25, 104050. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Gong, X.; Miao, Y.; Guo, X.; Liu, C.; Fan, Y.-Y.; Zhang, J.; Niu, B.; Li, W. Preparation and characterization of multilayer films composed of chitosan, sodium alginate and carboxymethyl chitosan-ZnO nanoparticles. Food Chem. 2019, 283, 397–403. [Google Scholar] [CrossRef] [PubMed]

	



Zhuang, C.; Jiang, Y.; Zhong, Y.; Zhao, Y.; Deng, Y.; Yue, J.; Wang, D.; Jiao, S.; Gao, H.; Chen, H. Development and characterization of nano-bilayer films composed of polyvinyl alcohol, chitosan and alginate. Food Control 2018, 86, 191–199. [Google Scholar] [CrossRef]

	



Dong, M.; Tian, L.; Li, J.; Jia, J.; Dong, Y.; Tu, Y.; Liu, X.; Tan, C.; Duan, X. Improving physicochemical properties of edible wheat gluten protein films with proteins, polysaccharides and organic acid. LWT 2022, 154, 112868. [Google Scholar] [CrossRef]

	



Zareie, Z.; Yazdi, F.T.; Mortazavi, S.A. Development and characterization of antioxidant and antimicrobial edible films based on chitosan and gamma-aminobutyric acid-rich fermented soy protein. Carbohydr. Polym. 2020, 244, 116491. [Google Scholar] [CrossRef]

	



Zhao, R.; Guan, W.; Zhou, X.; Lao, M.; Cai, L. The physiochemical and preservation properties of anthocyanidin/chitosan nanocomposite-based edible films containing cinnamon-perilla essential oil pickering nanoemulsions. LWT 2022, 153, 112506. [Google Scholar] [CrossRef]

	



Chang, Y.; Tsai, C.-C.; Liang, H.-C.; Sung, H.-W. Reconstruction of the right ventricular outflow tract with a bovine jugular vein graft fixed with a naturally occurring crosslinking agent (genipin) in a canine model. J. Thorac. Cardiovasc. Surg. 2001, 122, 1208–1218. [Google Scholar] [CrossRef]

	



Yoo, J.S.; Kim, Y.J.; Kim, S.H.; Choi, S.H. Study on genipin: A new alternative natural crosslinking agent for fixing heterograft tissue. Korean J. Thorac. Cardiovasc. Surg. 2011, 44, 197. [Google Scholar] [CrossRef] [PubMed]

	



Sheela, T.; Bhajantri, R.; Nambissan, P.; Ravindrachary, V.; Lobo, B.; Naik, J.; Rathod, S.G. Ionic conductivity and free volume related microstructural properties of LiClO4/PVA/NaAlg polymer composites: Positron annihilation spectroscopic studies. J. Non-Cryst. Solids 2016, 454, 19–30. [Google Scholar] [CrossRef]

	



Carneiro, J.; Tedim, J.; Ferreira, M. Chitosan as a smart coating for corrosion protection of aluminum alloy 2024: A review. Prog. Org. Coat. 2015, 89, 348–356. [Google Scholar] [CrossRef]

	



Hisham, S.F.; Kasim, S.H.; Abu Bakar, S.; Mohd Sabri, S.N.; Mastor, A.; Abdul Manaf, A.Y.; Abu, N.; Noorsal, K.; Abdul Rashid, A.H. Cross-linked effects by genipin on physicochemical properties of chitosan film. In Proceedings of the Advanced Materials Research; Trans Tech Publications Ltd.: Freienbach, Switzerland, 2016; Volume 1133, pp. 108–112. [Google Scholar] [CrossRef]

	



Osman, Z.; Arof, A.K. FTIR studies of chitosan acetate based polymer electrolytes. Electrochim. Acta 2003, 48, 993–999. [Google Scholar] [CrossRef]

	



Lawrie, G.; Keen, I.; Drew, B.; Chandler-Temple, A.; Rintoul, L.; Fredericks, P.; Grøndahl, L. Interactions between alginate and chitosan biopolymers characterized using FTIR and XPS. Biomacromolecules 2007, 8, 2533–2541. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Ma, J.; Chen, S.; He, J.; Huang, Y. Characterization of calcium alginate/deacetylated konjac glucomannan blend films prepared by Ca2+ crosslinking and deacetylation. Food Hydrocoll. 2018, 82, 363–369. [Google Scholar] [CrossRef]

	



Gholizadeh, B.S.; Buazar, F.; Hosseini, S.M.; Mousavi, S.M. Enhanced antibacterial activity, mechanical and physical properties of alginate/hydroxyapatite bionanocomposite film. Int. J. Biol. Macromol. 2018, 116, 786–792. [Google Scholar] [CrossRef]

	



Aldana, A.A.; González, A.; Strumia, M.C.; Martinelli, M. Preparation and characterization of chitosan/genipin/poly (N-vinyl-2-pyrrolidone) films for controlled release drugs. Mater. Chem. Phys. 2012, 134, 317–324. [Google Scholar] [CrossRef]

	



Klein, M.P.; Hackenhaar, C.R.; Lorenzoni, A.S.; Rodrigues, R.C.; Costa, T.M.; Ninow, J.L.; Hertz, P.F. Chitosan crosslinked with genipin as support matrix for application in food process: Support characterization and β-d-galactosidase immobilization. Carbohydr. Polym. 2016, 137, 184–190. [Google Scholar] [CrossRef]

	



Liu, F.; Chiou, B.-S.; Avena-Bustillos, R.J.; Zhang, Y.; Li, Y.; McHugh, T.H.; Zhong, F. Study of combined effects of glycerol and transglutaminase on properties of gelatin films. Food Hydrocoll. 2017, 65, 1–9. [Google Scholar] [CrossRef]

	



Kumar, S.; Mudai, A.; Roy, B.; Basumatary, I.B.; Mukherjee, A.; Dutta, J. Biodegradable hybrid nanocomposite of chitosan/gelatin and green synthesized zinc oxide nanoparticles for food packaging. Foods 2020, 9, 1143. [Google Scholar] [CrossRef] [PubMed]

	



Arrieta, M.P.; Peltzer, M.A.; del Carmen Garrigós, M.; Jiménez, A. Structure and mechanical properties of sodium and calcium caseinate edible active films with carvacrol. J. Food Eng. 2013, 114, 486–494. [Google Scholar] [CrossRef]

	



Scartazzini, L.; Tosati, J.; Cortez, D.; Rossi, M.; Flôres, S.; Hubinger, M.; Di Luccio, M.; Monteiro, A. Gelatin edible coatings with mint essential oil (Mentha arvensis): Film characterization and antifungal properties. J. Food Sci. Technol. 2019, 56, 4045–4056. [Google Scholar] [CrossRef]

	



Butler, M.F.; Ng, Y.-F.; Pudney, P.D.A. Mechanism and kinetics of the crosslinking reaction between biopolymers containing primary amine groups and genipin. J. Polym. Sci. Part A Polym. Chem. 2003, 41, 3941–3953. [Google Scholar] [CrossRef]

	



Harnkarnsujarit, N.; Li, Y. Structure–property modification of microcrystalline cellulose film using agar and propylene glycol alginate. J. Appl. Polym. Sci. 2017, 134, 45533. [Google Scholar] [CrossRef]

	



Nandane, A.S.; Jain, R. Study of mechanical properties of soy protein based edible film as affected by its composition and process parameters by using RSM. J. Food Sci. Technol. 2015, 52, 3645–3650. [Google Scholar] [CrossRef]

	



Leelaphiwat, P.; Pechprankan, C.; Siripho, P.; Bumbudsanpharoke, N.; Harnkarnsujarit, N. Effects of nisin and EDTA on morphology and properties of thermoplastic starch and PBAT biodegradable films for meat packaging. Food Chem. 2022, 369, 130956. [Google Scholar] [CrossRef]

	



Kumari, N.; Bangar, S.P.; Petrů, M.; Ilyas, R.A.; Singh, A.; Kumar, P. Development and Characterization of Fenugreek Protein-Based Edible Film. Foods 2021, 10, 1976. [Google Scholar] [CrossRef]

	



Klinmalai, P.; Srisa, A.; Laorenza, Y.; Katekhong, W.; Harnkarnsujarit, N. Antifungal and plasticization effects of carvacrol in biodegradable poly (lactic acid) and poly (butylene adipate terephthalate) blend films for bakery packaging. LWT 2021, 152, 112356. [Google Scholar] [CrossRef]

	



Touyama, R.; Takeda, Y.; Inoue, K.; Kawamura, I.; Yatsuzuka, M.; Ikumoto, T.; Shingu, T.; Yokoi, T.; Inouye, H. Studies on the Blue Pigments Produced from Genipin and Methylamine. I. Structures of the Brownish-Red Pigments, Intermediates Leading to the Blue Pigments. Chem. Pharm. Bull. 1994, 42, 668–673. [Google Scholar] [CrossRef]

	



Chatkitanan, T.; Harnkarnsujarit, N. Development of nitrite compounded starch-based films to improve color and quality of vacuum-packaged pork. Food Packag. Shelf Life 2020, 25, 100521. [Google Scholar] [CrossRef]

	



Katekhong, W.; Wongphan, P.; Klinmalai, P.; Harnkarnsujarit, N. Thermoplastic starch blown films functionalized by plasticized nitrite blended with PBAT for superior oxygen barrier and active biodegradable meat packaging. Food Chem. 2022, 374, 131709. [Google Scholar] [CrossRef] [PubMed]

	



Bumbudsanpharoke, N.; Wongphan, P.; Promhuad, K.; Leelaphiwat, P.; Harnkarnsujarit, N. Morphology and permeability of bio-based poly (butylene adipate-co-terephthalate) (PBAT), poly (butylene succinate) (PBS) and linear low-density polyethylene (LLDPE) blend films control shelf-life of packaged bread. Food Control 2022, 132, 108541. [Google Scholar] [CrossRef]

	



Zhang, G.; Fang, S.; Regenstein, J.M.; Wang, F. Preparation, characterization and stability of nanoliposomes loaded with peptides from defatted walnut (Juglans regia L.) meal. J. Food Sci. Technol. 2022. [Google Scholar] [CrossRef]

	



Matsui, R.; Honda, R.; Kanome, M.; Hagiwara, A.; Matsuda, Y.; Togitani, T.; Ikemoto, N.; Terashima, M. Designing antioxidant peptides based on the antioxidant properties of the amino acid side-chains. Food Chem. 2018, 245, 750–755. [Google Scholar] [CrossRef] [PubMed]

	



Jariteh, M.; Ebrahimzadeh, H.; Niknam, V.; Mirmasoumi, M.; Vahdati, K. Developmental changes of protein, proline and some antioxidant enzymes activities in somatic and zygotic embryos of Persian walnut (Juglans regia L.). Plant Cell Tissue Organ Cult. (PCTOC) 2015, 122, 101–115. [Google Scholar] [CrossRef]

	



Abd El-Hack, M.E.; El-Saadony, M.T.; Shafi, M.E.; Zabermawi, N.M.; Arif, M.; Batiha, G.E.; Khafaga, A.F.; Abd El-Hakim, Y.M.; Al-Sagheer, A.A. Antimicrobial and antioxidant properties of chitosan and its derivatives and their applications: A review. Int. J. Biol. Macromol. 2020, 164, 2726–2744. [Google Scholar] [CrossRef]

	



Xue, C.; Yu, G.; Hirata, T.; Terao, J.; Lin, H. Antioxidative activities of several marine polysaccharides evaluated in a phosphatidylcholine-liposomal suspension and organic solvents. Biosci. Biotechnol. Biochem. 1998, 62, 206–209. [Google Scholar] [CrossRef]

	



Tomida, H.; Fujii, T.; Furutani, N.; Michihara, A.; Yasufuku, T.; Akasaki, K.; Maruyama, T.; Otagiri, M.; Gebicki, J.M.; Anraku, M. Antioxidant properties of some different molecular weight chitosans. Carbohydr. Res. 2009, 344, 1690–1696. [Google Scholar] [CrossRef]

	



Kelishomi, Z.H.; Goliaei, B.; Mahdavi, H.; Nikoofar, A.; Rahimi, M.; Moosavi-Movahedi, A.A.; Mamashli, F.; Bigdeli, B. Antioxidant activity of low molecular weight alginate produced by thermal treatment. Food Chem. 2016, 196, 897–902. [Google Scholar] [CrossRef]

	



Panda, P.; JenMing, Y.; YenHsiang, C.; WeiWen, S. Modification of different molecular weights of chitosan by p-Coumaric acid: Preparation, characterization and effect of molecular weight on its water solubility and antioxidant property. Int. J. Biol. Macromol. 2019, 136, 661–667. [Google Scholar] [CrossRef] [PubMed]








[image: Foods 11 01758 g001 550] 





Figure 1. The preparation process of films. 
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Figure 2. FTIR spectra of raw material (a) powders, including CS, walnut peptide, genipin, and SA, and six sample films described in Table 1 (b). 
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Figure 3. The tensile strength and elongation at break of composite films. Results are expressed as average, and different letters (a–d) indicate significant differences (p < 0.05). 
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Figure 4. The chroma values of composite films. (a) L: lightness/brightness, (b) a: redness/greenness, (c) b: yellowness/blueness, (d) ΔE: the color difference. Results are expressed as average, and different letters (a–d) indicate significant differences (p < 0.05). 
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Figure 5. Proposed mechanism of genipin reaction with CS and walnut peptide to produce gardenia blue pigment. 
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Figure 6. The transmittance of composite films. Results are expressed as average, and different letters (a–d) indicate significant differences (p < 0.05). 
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Figure 7. The water vapor permeability of composite films. Results are expressed as average, and different letters (a–d) indicate significant differences (p < 0.05). 
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Figure 8. The oil absorption of composite films. Results are expressed as average, and different letters (a, b) indicate significant differences (p < 0.05). 
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Figure 9. The DPPH free radical scavenging activities of composite films. Results are expressed as average, and different letters (a–d) indicate significant differences (p < 0.05). 
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Table 1. Composition of different composite films.
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	Sample Number
	SA

(w/v, %)
	Glycerol (Lower Layer)

(v/v, %)
	CS

(w/v, %)
	Walnut Peptide

(w/v, %)
	Glycerol (Upper Layer)

(v/v, %)
	Genipin

(w/v, %)





	S-C0
	1.5
	2.0
	1.0
	1.0
	2.0
	0



	S-CG1
	1.5
	2.0
	2.0
	0
	2.0
	0.01



	S-CG2
	1.5
	2.0
	1.5
	0.5
	2.0
	0.01



	S-CG3
	1.5
	2.0
	1.0
	1.0
	2.0
	0.01



	S-CG4
	1.5
	2.0
	0.5
	1.5
	2.0
	0.01



	S-CG5
	1.5
	2.0
	0
	2.0
	2.0
	0.01
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