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Abstract

:

New and valuable packaging materials, with high biocompatibility and biodegradability, have garnered attention in recent years. The aim of this study was to investigate the physicochemical characterization and biological activities of chitosan (CH)-based composite films with the incorporation of chestnut flower essential oil (CFEO). The composite films were prepared by the casting method and characterized in terms of structural, morphological, and mechanical properties via FT-IR, XRD, UV, SEM, AFM, and TGA. Antibacterial properties were investigated using Staphylococcus aureus, Escherichia coli, and Calletotrichum musae. Antioxidant capabilities were measured by DPPH assay. The results proved the significantly increased water vapor permeability (WVP), heat resistance, and antibacterial and antioxidant capabilities of CH-CFEO films. The incorporation of CH and CFEO enhanced UV blocking, which made the film shield almost all UV light. Films with a tensile strength of 6.37 ± 0.41 MPa and an elongation at break of 22.57 ± 0.35% were obtained with 6 mg mL−1 of CFEO. Subsequently, banana preservation experiments also confirmed that the composite films could effectively extend shelf life through reducing weight loss. These desirable performances enable our newly developed composite films to be a remarkable packaging material to become alternatives to traditional petroleum-based food-packaging materials and solve the fresh fruit preservation dilemma.
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1. Introduction


With the remarkable demand for fruits and vegetables, antibacterial packaging has been produced to control or inhibit microbial growth and retain food quality and safety. Food packaging is an integral part of the food production process, and food is packaged to protect it from microbial attack, mechanical damage, chemical deterioration, ultraviolet radiation, etc. Most food packaging is currently made from petroleum-based synthetic plastics, which can have a negative impact on the environment, causing soil and water contamination and harming aquatic organisms [1]. As a result, some researchers have focused their attention on other areas, such as biopolymers, which are gradually becoming an alternative to synthetic plastics due to a number of advantages, such as biodegradability, biocompatibility, environmental friendliness, and non-toxicity [2,3]. However, they also have some drawbacks, such as poor mechanical, thermal, barrier, and film-forming properties. These disadvantages of biopolymers can be improved by structural modification, blending of two or more biopolymers. Existing oil-based packaging materials cause serious environmental problems owing to their non-degradable properties, which will finally threaten the health of people [4]. In particular, the application of natural essential oils (EOs) as antimicrobial agents promisingly delays the growth of pathogenic microbes. Emerging studies have increased due to the potential of some active packaging to suppress food spoilage and extend shelf life, especially active packaging containing natural polymers with potent antioxidant and antibacterial properties [5,6]. Composite films can be fabricated from natural polymers, such as chitosan, cellulose derivatives, collagen, elastin, and starch, and used as packaging materials to extend shelf life and product safety [7]. Chitosan (CH) is a naturally abundant cationic polymer used for antibacterial packaging to meet the growing needs of safe and biodegradable packaging [8,9]. Therefore, edible chitosan coatings and films incorporated with EOs have expanded the general applications of antimicrobial packaging in fruits and vegetables [10].



Chitosan is a linear cationic polysaccharide consisting of d-glucosamine and n-acetyl-d-glucosamine monomer-linked β-(1→4), which is chemically composed of cellulose-based biopolymers derived by deacetylating chitin [11]. CH is a natural biomaterial widely used in agriculture, food packaging, biomedical engineering, and other fields because of its non-toxicity, degradability, wide availability, reproducibility, good biocompatibility, broad-spectrum antibacterial capacity, and excellent film-forming ability [12,13,14,15]. Although CH has great potential as an antibacterial packaging material [16], it still has disadvantages as a film and coating, such as insufficient UV blocking and poor antioxidant and antimicrobial properties. And alone, it has little effect on common strains of microorganisms that cause spoilage [8]. To overcome these shortcomings, some researchers have combined chitosan films with natural compounds (e.g., plant EOs, organic acids, or fruit extracts) for the fabrication of antimicrobial, biodegradable packaging in combination with film [17,18,19,20]. Furthermore, UV exposure accelerates the aging and degradation of these films and thus significantly reduces their lifetime [21]. Therefore, natural UV-resistant additives, such as EOs, for effective UV protection are urgently needed.



The components in EOs are mainly secondary metabolites, which are volatile aromatic products extracted from plant species [22]. Currently, some studies have demonstrated that EOs have biological activities, such as antibacterial [23,24], antifungal [25,26], and antiparasitic [27] activities. Consequently, various researchers have incorporated EOs into chitosan films to enhance the mechanical and biological properties of the chitosan films. Shahbazi et al. reported that the addition of EOs to chitosan films has a possible antibacterial effect against both Gram-positive and Gram-negative bacteria [28]. Wang et al. demonstrated that the synergistic effect of chitosan and cinnamon oil increases antibacterial activity against Escherichia coli, Staphylococcus aureus, Aspergillus oryzae, and Penicillium yangdii and that the addition of 0.4% cinnamon EOs enhances the antibacterial performance of chitosan films against a variety of bacteria [29,30]. However, there are few reports on the combination of chestnut flower essential oil (CFEO) with chitosan to prepare composite films. Chestnut flowers are the male inflorescences of chestnut trees, which are long in shape. Chestnut trees are monoecious, and the number of male flowers during flowering is large, far exceeding the pollination needs of female flowers, so a large number of chestnut male flowers cannot be used effectively. It is generally believed that chestnut flowers contain not only amino acids, proteins, reducing sugars, crude fiber, and other nutrients but also flavonoids, volatile oils, and other bioactive substances [31].



Banana is an important and popular fruit due to its good flavor and high nutritional value. However, it is susceptible to physiological aging and anthracnose infections during storage processes [32,33]. It is highly urgent to explore a simple and effective strategy to increase the shelf life of time-sensitive bananas, which are susceptible to spoilage over time.



Herein, in this study, a chitosan–chestnut flower extract composite membrane was prepared by using chitosan as the matrix and chestnut flower essential oil as the material. The films were characterized by FITR, XRD, UV, TGA, and SEM, and their mechanical properties, antioxidant and antibacterial activities, and banana preservation applications were also investigated. This research will underpin our understanding of the development of novel composite films, providing valuable information for fruit shelf life practical applications.




2. Materials and Methods


2.1. Materials


Fresh bananas were purchased from a local supermarket in Qinhuangdao (these bananas were from one batch and had same freshness). Chitosan (CH; degree of deacetylation 80%–90%, MW = 50,000 Da) was purchased from Shanghai Eon Chemical Technology Co; glycerol and DMSO were supplied by Tianjin Oubokai Company; 2,2-diphenyl-1-picrylhydrazyl (DPPH) was supplied by Shanghai Yuanye Biotechnology Co; acetic acid was purchased from Tianjin Guangfu Technology Development Company; Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC 23656), and Calletotrichum musae (ATCC 31244) were bought from Shanghai Yixin Biotechnology Company (Shanghai, China); and Castanea mollissima Blume flower was obtained from Qinglong County, Qinhuangdao City. The chemicals used throughout the experiment were of analytical grade, and the water used for the experiment was deionized water.




2.2. Preparation of the CH-CFEO Composite Film


First, CFEO was extracted from the target using a plant essential oil extraction device (Shunfu Technology Co., Ltd., Beijing, China), with n-butane as the solvent. Geraniol and menthol are the main components in CFEO and account for its antibacterial activity, as shown in our previously published work [31]. Next, 1.2 g of chitosan was mixed with 1% (v/v) glacial acetic acid, and the temperature of the thermostat stirrer was set to 55 °C. After the mixed solution was stirred in the thermostat stirrer for 1 h, 1 mL of glycerol was added to it and continuously stirred for 30 min, and the mixed solution was left to stand overnight. CFEO of different concentrations (6, 8, 10, 20, 40 mg/mL) was dissolved in 1 mL of DMSO, and the film-forming solution was mixed well with the dissolved CFEO (fixed to 10 mL), poured into a mill, and dried in an oven at 50 °C to obtain a composite film.




2.3. Characterization of Composite Films


2.3.1. Thickness and Mechanical Properties


The thickness of the prepared films was measured using a vernier caliper (Suzhou Guoliang Co., Suzhou, China). The measured values at 5 random locations were recorded, and the average value was taken as the final result.



According to the ISO 527-2012 standard method with appropriate modifications [34], tensile strength (TS) and elongation at break (EB) were tested using a universal material-testing machine (INSPEK TABLE100, Ismaning, Germany). Thin film sample strips (50 mm × 20 mm) were stored at a room temperature of 23 °C, a humidity of 50% adjusted for 4 days, test type 2, a gauge distance of 50 mm, and a speed of 5 mm/min. TS was calculated by dividing the maximum force with the initial cross-sectional area of the film; EB (%) was calculated by dividing the film elongation at break with the initial gauge length of the specimen. Each sample was tested at least 3 times in parallel (1).


  E B =    L 1  −  L 0     L 1    × 100 %  



(1)







The initial and final lengths of the film were denoted as L0 and L1, respectively.




2.3.2. Fourier Transform Infrared Spectroscopy (FT-IR)


The FT-IR spectra of the film samples were obtained using a spectrometer (Tensor27, Bruker Corporation, Karlsruhe, Germany). A total of 32 scans were carried out at a spectrum wavenumber range of 400–4000 cm−1.




2.3.3. Transmittance of the Composite Films


The optical transmittance of the composite films was measured from 200 to 800 nm by a UV–Vis spectrophotometer (U-4100, Hitachi Limited, Tokyo, Japan) [35].




2.3.4. Atomic Force Microscopy (AFM)


Atomic force microscopy (AFM) images were obtained with a Dimension Icon XR atomic force microscope (Bruker, Santa Barbara, CA, USA) working in the air in peak force tapping (PFT) mode using standard silicon cantilevers (Bruker) with a tip radius below 10 nm. Before measurements, each sample was cut into small pieces and glued to a smooth silicon wafer.




2.3.5. Appearance and Microstructure of Films


The appearance of CH-CFEO composite films was captured by a high-resolution camera. The microstructure of the films was investigated by scanning electron microscopy (SEM) (SU 8010, Hitachi Limited, Tokyo, Japan). Moisture was removed from the films and they were sputter-coated with gold to enhance conductivity. Subsequently, the microstructure of the films was observed at a magnification of 200× and 500×.




2.3.6. X-ray Diffraction (XRD) Analysis


The XRD patterns of the film samples were recorded on a wide-angle X-ray diffractometer (D/max-2500 vk/pc; Rigaku Corporation, Tokyo, Japan) under an area detector operating at a voltage of 40 kV and a current of 200 mA using Cu/Kα radiation. The scanning speed was 8° min−1 in a 2θ range from 10 to 80°.




2.3.7. Water Vapor Permeability (WVP)


To evaluate the WVP of the formulated films, we applied the methods of Zhang et al. [36] and Liu et al. [37] with +some modifications. Film samples were first sealed onto 15 mL centrifuge tubes that contained calcium chloride and then were stored at 20 °C in a desiccator, together with a beaker filled with distilled water. The film-sealed centrifuge tubes were weighed after 24 h, and the WVP was calculated as follows (2):


  W V P ( g  m  − 1    h  − 1   P  a  − 1   ) =   w × d   t × A × Δ P    



(2)




where W (g) is the bottle weight difference, t (h) is the permeation time, d is the average thickness of the film (mm), A (m2) is the exposed film area, and ΔP (Pa) is the vapor pressure difference.




2.3.8. Moisture Content and Water Solubility


Film samples (4 × 4 cm2) were prepared and weighed (WS) and then dried in an oven at 105 °C until a constant weight was reached (Wi) [38]. The film solubility (MS %) was calculated by using Equation (3):


  MS =    W s  −  W i     W s    ×  100 %   



(3)




where Wi is the weight of the sample after the drying process (g) and WS is the initial dry weight of the sample (g).



The WS of the films was measured by the method in a previously published work [39]. First, the initial weight of each film was defined as W1. The film was then immersed in 50 mL of distilled water for 1 h at 30 °C. The undissolved film was dried at 105 °C for 24 h and then weighed to obtain the dry weight (W2). The WS of the prepared films was calculated from Equation (4).


   W S  =    W 1  −  W 2     W 1    × 100 %  



(4)








2.3.9. Thermogravimetric Analysis (TGA)


TGA of the samples was performed by a thermogravimetric analyzer (STA409PC, PYRIS 1; NETZSCH Gertebau GmbH, Selb, Germany) [40]. Each film sample (3–5 mg) was sealed in an aluminum plate and heated from 10 °C to 800 °C at a heating rate of 10 °C/min in a nitrogen atmosphere (20 mL/min).




2.3.10. Antioxidant Activity of Composite Films


The antioxidant activity of the films was assessed using a 2,2-biphenyl-1-picrylglycyl (DPPH) radical scavenging method [41,42]. The films were cut into 3 cm × 3 cm squares and then placed in a fatty food simulator system (95% alcohol system). Next, 3 mL of the simulated solution containing the active substance was mixed with 1 mL of DPPH ethanol solvent and reacted in the dark for 30 min. The absorbance of the solution was measured by a microplate reader (SpectraMax 190; Molecular Devices, Shanghai, China) at 517 nm, and the measurements were repeated three times. The scavenging rate of free radicals was determined using Equation (5).


  D P P H ( % ) =    A 0  −  A s     A 0    × 100 %  



(5)




where A0 is the absorbance of the control and As is the absorbance of the film sample.





2.4. Antibacterial and Antifungal Activities


2.4.1. Antibacterial Activities


The antibacterial activity of the films against Staphylococcus aureus and Escherichia coli was determined using the paper diffusion method reported by Lei et al. with appropriate modifications [43]. First, 11.75 g of nutrient broth was dissolved in 500 mL of distilled water, simmered with thorough stirring, and then sterilized in an autoclave at 121 °C, after which the medium was poured in Petri dishes and cooled. Next, Staphylococcus aureus and Escherichia coli diluted to a certain concentration (105 CFU/mL) were spread onto the medium. A CH blank film with different concentrations of CFEO (6, 8, 10, 20, 40 mg/mL) was spread 7 mm onto the planted medium, and 10% DMSO and 1 μg/mL of levofloxacin were used as negative and positive controls, respectively. The medium was incubated at 37 °C for 24 h, and the inhibition circle of different concentrations of the composite film was measured at the end of the experiment, and the test was measured three times in parallel.




2.4.2. Evaluation of the Effects of CH-CFEO on Calletotrichum musae Mycelial Growth


The antifungal activity of the films was determined according to the method published by Yang et al. [33]. The paper disk diffusion method was used in this study. The effects of CH-CFEO on the radial mycelial growth of C. musae isolates were assessed with a solid media dilution procedure [41]. C. musae isolates were grown on PDA for 5 days (25 ± 0.5 °C), and mycelial agar plugs (5 mm diameter) were taken from the margin of the cultures, transferred to the center of a Petri dish with PDA + CH (50 μg/mL, 100 μg/mL) or CFEO (0.03% w/v, 0.06% w/v), and incubated at 25 ± 0.5 °C. PDA without CH or CFEO was tested as a negative control. Measurements of the orthogonal diameters of fungal colonies were taken after 5 days or until the negative control Petri dishes were fully covered with fungal mycelia.



The percentage of mycelial growth inhibition (MGI%) was calculated with Equation (6):


  M G I   %   =   C − T   C   × 100 %  



(6)




where C is the colony diameter in the control assay and T is the colony diameter in PDA with CH-CFEO at the examined concentration.





2.5. Effect of Developed Films on Banana Quality


2.5.1. Sample Preparation


Bananas with the same freshness were placed in sterilized polypropylene boxes, covered with a laminated film, and sealed with petroleum jelly. Each group of fruits was weighed regularly and expressed in terms of weight reduction [42]. Bananas without a composite film were used as the control group.




2.5.2. Weight Loss


The specific means of the treatment of bananas during the experiment were as follows: First, the bananas bought were washed with water and then dried with paper. Next, the polyethylene box was sterilized with alcohol, the bananas were put into the box without a film as a blank control, and different concentrations of the essential oil of Platanthera—chitosan composite film were coated on the polyethylene box as an experimental group under the experimental conditions of a humidity of 100% and a temperature of 25 °C for the test. The weight loss and apparent morphology of the bananas were recorded on different days. To evaluate the moisture loss, the bananas were weighed before (W0) and after (W1) the test, and then, we applied the following Equation (7):


  W e i g h t   L o s s   %   =     W   0   −   W   1       W   0     × 100 %  



(7)









2.6. Statistical Analysis


All experiments were performed at least in triplicate and presented as means ± standard deviations (SDs). SPSS 20.0 software (SPSS, Inc., Chicago, IL, USA) was used to perform one-way analysis of variance, and significant differences (p < 0.05) among samples were analyzed using Duncan’s multiple range tests.





3. Results


3.1. Thickness, Water Solubility, Water Content and WVP Rate of Composite Films


Table 1 summarizes the results of the physical and chemical properties of the film. Compared with the chitosan control film, the thickness of the CFEO composite film increased slightly with different concentrations. When the essential oil concentration reached 40 mg/mL, the thickness of the composite film was 0.12 mm, which may have combined with the alcohols in CFEO with CH, resulting in a tighter structure of the composite membrane [43], and because chitosan contains a large number of hydroxyl groups, this makes the distance between chitosan molecules narrower and the structure tighter, thus increasing the film thickness [44,45]. For the water solubility of the film, the chitosan control membrane had the largest water solubility, and with the increase in the CFEO concentration, the water solubility of the film gradually decreased, and the lowest value was 20.05%, which is about half of that of the chitosan control film. The reason for the lower water solubility may be the hydrophobic nature of CFEO, which interacts less with water molecules, resulting in reduced water solubility. As a result, when the CFEO concentration increased, the moisture content of the film underwent a similar change [46,47]. The moisture permeability of the prepared films was observed using the WVP experiment. The WVP is a parameter that reflects water vapor adsorption, sorption and diffusion and plays an important role in food packaging [48]. With the increase in the essential oil concentration, the water vapor transmittance of the composite membrane decreased gradually; especially, when the concentration of CFEO was 40 mg/mL, the water vapor transmittance of the composite membrane was 8.13 × 10−7 (g m−1h−1Pa−1). The low WVP of the food-packaging films prevented moisture transfer between the food and its surroundings. Also, the thickness of the film played a vital part in its waterproof performance. Thicker films had lower WVP values because it took longer for water molecules to penetrate the films [49].




3.2. FT-IR Analysis


The infrared spectra of the composite films are shown in Figure 1a. The infrared spectral peak of the chitosan standard sample presented a wide band with a width of 3375 cm−1, which belongs to OH tensile vibration, overlapping the amino tensile band in the same region. Studies have found that chitosan molecules contain a large amount of free hydroxyl groups and hydrogen, which can easily form intramolecular and intermolecular hydrogen bonds, forming the overall structure of the film [50]. C-H absorption peaks were at 2983 cm−1, and C-O, n-H flexural vibration, C-N tensile, and C-O-C band stretching peaks at 1517, 1403, 1264, and 800 cm−1, respectively [51]. CFEO appeared at 2923 cm−1 with a sharp peak, possibly a tensile vibration of C-H on methyl [52]. After adding CFEO, the adsorption peak of the composite membrane did not shift significantly, indicating that there was no chemical reaction between chitosan and CFEO. FT-IR analysis confirmed that hydrogen bonds may have been formed between CH and CFEO, which limited the number of free OH groups interacting with water, resulting in lower WVP values [49]. The main reason is that after adding CFEO, more hydrogen bonds are formed between chitosan and CFEO, and the intermolecular force is enhanced, so it is more difficult for water molecules to enter the composite film. These findings indicated a decrease in the moisture permeability and water vapor permeability.




3.3. X-ray Diffraction (XRD)


The XRD patterns of the chitosan blank film and composite membranes with CFEO at different concentrations are shown in Figure 1b. The chitosan blank membrane presented a wide single peak at 2θ of about 21°, and its diffraction peak width and height were similar, which can be considered to be an amorphous structure [45,53]. When CFEO was added, independent and narrow spikes appeared on the XRD spectrum, and with the increase in the essential oil concentration, the height of the composite membrane spike increased, which indicated that the addition of CFEO would increase the crystallinity of the composite film. The composite film with CH-40 (mg/mL) had the highest crystallinity, which provided favorable evidence for the better mechanical properties and water resistance of the composite membrane. Usually, with an increase in crystallinity, the yield stress, strength, modulus, and hardness of the polymer increase, while the elongation at break and impact toughness reduce. This is because crystallinity increases after tightly ordered, low-porosity molecular chain arrangement, the intermolecular interaction force increases, and chain segment movement becomes difficult.




3.4. TGA


TGA curves presented in Figure 1c show the films’ weight loss patterns upon heat treatment. The chitosan blank film had a large weight loss at about 100~300 °C, indicating poor thermal stability, which is consistent with Zhang’s research [54]. At a concentration of 6 m/mL of CFEO, the first peak of the composite membrane appeared at 90 °C, mainly due to the evaporation of water and volatile substances in the composite membrane. With the increase in the chestnut flower essential oil concentration, the temperature of the first peak of the composite membrane was correspondingly transferred to a higher value; especially, when the essential oil concentration reached 40 mg/mL, its temperature reached 154 °C. The cause of these changes may be related to hydrophobic compounds in the film that hinder or delay the removal of water vapor and other volatiles [47], which is consistent with the results of the WS decline previously observed in these films. The second peak varied between 113 and 238 °C, which corresponds to the thermal decomposition of hydrogen bonds due to chemical adsorption, as well as the thermal decomposition of less volatile compounds, such as amino groups and glycerols of chitosan and organic acids. The third peak observed between 238 and 343 °C was primarily the chemical breakdown of the polymer. Overall, after the addition of CFEO, the thermal stability of the membrane improves, which helps the composite membrane to be used at higher temperatures.




3.5. UV


Ultraviolet (UV) radiation from the solar spectrum has a ubiquitous harmful impact on human health and other biological systems [55], and UV will induce the spoilage of food products. Developing UV-blocking packaging materials has been gradually gaining attention [56]. Figure 1d studies the UV and visible light blocking of thin films at 200–800 nm. It can be seen from the figure that the chitosan blank film had the highest transmittance and low UV-blocking performance. After adding essential oils, the transmittance was less than 20% in the wavelength range of 100–400 nm (ultraviolet region), indicating that they are highly UV-blocking materials. Similar findings have been reported in previous articles [57,58,59]. Especially, Ren et al. [60] prepared zein/chitosan/eugenol/curcumin active films with enhanced anti-UV ability. In the range of the visible light region, especially at 680 nm, the visible light transmittance of the control film was higher than that of the composite film, and when the concentration of CFEO increased sequentially, the transmittance of the composite film gradually decreased, and when the concentration of essential oil was 40 mg/mL, the transmittance was about 17%, which may be due to the opaque appearance of the composite film causing light scattering, hindering normal light transmission [61]. These results suggest that the film after the addition of chestnut flower essential oil can prevent the loss of nutrients and odor caused by direct exposure of certain foods to ultraviolet light. Moreover, there are some other reports presenting similar phenomena, in addition to this work. Roy and Rhim developed a bioactive binary composite film based on gelatin/chitosan incorporated with cinnamon EOs. The results showed that this film has good UV-blocking capacity [62].




3.6. The Mechanical Properties of Composite Films


The mechanical properties of packaging materials are important parameters for judging the quality of the packaging materials, mainly including tensile strength (TS) and elongation at break (EB) [62]. Tensile strength refers to the stress of the material to produce the maximum uniform plastic deformation, and elongation at break is an indicator of the toughness and elasticity of the material. From Figure 2, we can see that as the concentration of CFEO increased, the tensile strength of the film gradually decreased. The tensile strength of the chitosan blank film was 7.96 MPa, and when the essential oil concentration was 6 mg/mL (w/v), the tensile strength of the film was 6.66 Mpa, and the decrease was not obvious. With a further increase in the CFEO concentration, the tensile strength of the film decreased; especially, when the essential oil concentration was 40 mg/mL, the tensile strength of the film dropped to 0.84 MPa, which may be due to the cross-linking of some functional groups in chestnut flower essential oil with the functional groups in chitosan, weakening the interaction between the two molecules, resulting in a decrease in tensile strength. However, the reason may be that the size of CFEO affects the combination of the two, resulting in pores inside the film (which can be verified from the scanning electron microscopy cross section), so the tensile strength of the film decreases. For the elongation at break of the film, similar results to tensile strength appeared, but it is worth noting that when the chestnut flower essential oil concentration was 8 mg/mL, the elongation at break of the film was 23.93%, which was slightly enhanced compared to that at the essential oil concentration of 6 mg/mL (22.82%).




3.7. SEM and AFM of Prepared Films


The uniformity and network structure of the film-forming matrix were analyzed by SEM morphology (Figure 3). After adding different concentrations of chestnut flower essential oil, the surface and cross-sectional SEM micrographs of the film were obtained, as shown in the figure. From the scanning electron microscopy of the film, it can be seen that compared to the chitosan blank film, the surface and cross-sectional structure morphology of the film after adding chestnut flower essential oil had certain differences. The surface of the chitosan blank film was smooth and flat, and there were no holes, pores, and cracks on the cross section of the film. With the addition of chestnut flower essential oil, bulges appeared on the surface of the film, with small bulges formed one by one, probably due to the high hydrophobicity of chestnut flower essential oil. When the concentration of chestnut flower essential oil was 6 mg/mL, there were no obvious holes and cracks in the cross section of the film, indicating that the low concentration of chestnut flower essential oil could be evenly distributed in the membrane matrix, with strong interaction and good compatibility of each film-forming matrix. In addition, the cross-sectional structure morphology of the higher-concentration chitosan–chestnut flower essential oil film did not show more pores or cavities, but only folds appeared, indicating that the film-forming solution had good compatibility with chestnut flower essential oil, resulting in its structure becoming denser, which can also be used to explain the gradual decrease in the water vapor transmittance of the film with the increase in the essential oil concentration. However, the inclusion of CFEO resulted in greater roughness, as well as the formation of aggregates (Figure 3I–VI). The reason for such behavior can be seen in the high hydrophobicity of CFEO, which when introduced into a polymer solution tends to agglomerate, which results in visible cracks on the surface and cross-section images [63]. However, the differences between samples, which are shown in Figure 3IV–VI, may result from the differences in the water content of the CH-CFEO complexes, based on the water content (WC) results (Table 1). Moreover, the differences between samples in Figure 3II,III may result from uneven drying of the film.




3.8. DPPH Assay for Free-Radical Scavenging


The DPPH free radical-scavenging percentage was used to determine the antioxidant activity of the films. The quenching and decolorization of DPPH free radicals result in their reduction to yellow diphenylpicryl hydrazine, with a corresponding reduction in the absorbance value [63]. The DPPH radical-scavenging capacity of the active composite films was determined (Figure 4). It was found that the scavenging capacity of the composite membrane increased as the CFEO content increased. The test results showed that with the increase in the CFEO concentration, the antioxidant capacity of the composite membrane gradually increased; especially, when the concentration of essential oil reached 40 mg/mL, the antioxidant value of the composite membrane was the highest. The reason may be that the improved active surface area and internal structure of the CH active film was uniform and dense, with high stability, leading to continuous interaction and cooperation between chitosan and chestnut flower essential oil and a consequent superior ability to scavenge DPPH free radicals.




3.9. The Antibacterial and Antifungal Activities of Films


The antibacterial activity of CH-CK (with zero CFEO), CH-6 (with 6 mg/mL CFEO), CH-8 (with 8 mg/mL CFEO), CH-10 (with 10 mg/mL CFEO), CH-20 (with 20 mg/mL CFEO), and CH-40 (with 40 mg/mL CFEO) films was tested against Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria. Figure 5 shows the antibacterial effect of the two bacteria exposed to the films. Compared to the chitosan blank membrane, when the concentration of chestnut flower essential oil reached 10 mg/mL, the film still had high bacteriostatic activity against Staphylococcus aureus. However, with a further increase in the chestnut flower essential oil concentration, the bacteriostatic effect of the film on Staphylococcus aureus declined, which may be due to the fact that when the concentration of CFEO increases, chitosan and the groups in chestnut flower essential oil are more firmly combined, resulting in the antibacterial components in the essential oil being difficult to release, and the bacteriostatic activity is correspondingly reduced. It is worth noting that compared with the bacteriostatic effect of Staphylococcus aureus, the antibacterial effect of the CH-CFEO complex membrane on Escherichia coli was significantly lower than that on Staphylococcus aureus. The main reason is that E. coli belong to Gram-negative bacteria, they have hard protective shell, and when their cell walls are disturbed, Gram-negative bacteria can enhance their resistance by changing their hydrophobic properties or by changing their outer membrane through mutations in pore proteins. In the case of Staphylococcus aureus, although they have a thicker peptidoglycan layer, they are more vulnerable to attack from the outside world due to the lack of an outer membrane. This is also the reason why the composite film showed different antibacterial effects on two bacteria. Therefore, this film exhibits increased protective barriers, possibly as a result of its antibacterial activity.



All tested CH-CFEO concentrations caused mycelial growth inhibition in C. musae isolates (Figure 6 and Table 2). CH (50 μg/mL) and CFEO (300, 600 μg/mL) caused MGI in the range of 12.19 to 48.85%, respectively. Moreover, the concentration of CH (100 μg/mL) and CFEO (300, 600 μg/mL) caused MGI in the range of 23.65 to 59.88%. These data indicate that the combinations of the lowest tested combined concentrations of CH (100 mg/mL) and CFEO (300, 600 μg/mL) have overall higher efficacy in inhibiting the target. The antifungal properties of CH have been commonly associated with interactions between positively charged CH molecules and negatively charged fungal cell membranes, causing alterations in membrane permeability and loss of electrolytes and other intracellular constituents inportant for fungal growth and survival [64,65,66]. CFEO (300, 600 µg/mL) also exerted inhibitory effects on the mycelial growth of all tested C. musae isolates. The results of these early investigations also revealed overall that the inhibitory effects on fungal growth increase when the EO concentrations increase [67,68,69,70]. Lundgren et al. investigated the antifungal effects of Conyza bonariensis (L.) Cronquist essential oil (CBCO) against pathogenic Colletotrichum musae. Coatings with CBEO (0.4–1 μL mL−1) reduced anthracnose development in bananas artificially contaminated with C. musae during storage [71].




3.10. Effects on Banana Preservation


Figure 7 shows the effect of the composite films on the freshness of bananas. The control group clearly demonstrated that the bananas were significantly darkened and rotted on the sixth day. Meanwhile, for the groups with the CH-CK and CH-6, CH-8, CH-10, and CH-20 mg/mL films, significant spotting and darkening could also be observed. On the contrary, for the CH-40 mg/mL film, the least darkening and spoiling of bananas were observed, indicating a superior freshness preservation effect. Figure 7 shows the relationship between the weight loss rate of bananas and time; the weight loss rate of the composite films was close in the first day, and the lowest weight loss rate of the CH-40 mg/mL film could be observed on the sixth day. This could be explained by the relatively low water permeability and oxygen-blocking capability of the CH-40 mg/mL film, which provides multiple protective functions to reduce the weight loss of fruits and thus extend the shelf life of bananas. For the preservation effect of bananas, with the increase in the CFEO concentration, the film’s UV resistance also increased; especially, when the concentration of CFEO reached 40 mg/mL, the film’s ultraviolet resistance was the highest, which can be verified from the apparent form of bananas after 6 days, so the film with 40 mg/mL of chestnut flower essential oil can significantly extend the shelf life of bananas. In future research, banana preservation experiments under UV will be investigated.





4. Conclusions


In summary, a CH-CFEO packaging film was prepared by the casting method. TGA tests showed that the addition of CFEO improves the heat resistance of the film. Antibacterial and antioxidant experiments also showed that the introduction of CFEO further improves the antibacterial and antioxidant properties of the film. Moreover, this film can prevent UV-induced spoilage of food and has the potential to be applied as food packaging. The CH-40 mg/mL film can significantly extend the shelf life of bananas due to its low water vapor permeability and effective antibacterial and oxidation resistance. Over a six-day storage period, the composite film slowed weight loss and enhanced banana hardness. Therefore, composite films have important prospects as an active packaging material with a variety of fruit and agricultural products’ preservation and protection functions, which also provides an innovative example for the conversion of readily available natural biopolymers into profitable products that replace synthetic plastics and to meet the use of packaging film scenarios.
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Figure 1. FT-IR (a), XRD (b), TGA (c), UV (d) results for composite films obtained with different concentrations of chestnut flower essential oil. 
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Figure 2. Stress–strain curve (a) and TS, EB (b) of composite films obtained with different concentrations of chestnut flower essential oil. The same letters are not significantly different at p < 0.05. 






Figure 2. Stress–strain curve (a) and TS, EB (b) of composite films obtained with different concentrations of chestnut flower essential oil. The same letters are not significantly different at p < 0.05.



[image: Coatings 14 00548 g002]







[image: Coatings 14 00548 g003] 





Figure 3. Scanning electron microscopy (SEM) images (×200) and atomic force microscopy (AFM) images of composite films obtained with different concentrations of chestnut flower essential oil ((A–F) surface appearance: (A–F) cross-section appearance. AFM photos of (I) CH-CK, (II) CH-CFEO (6 mg/mL), (III) CH-CFEO (8 mg/mL), (IV) CH-CFEO (10 mg/mL), (V) CH-CFEO (20 mg/mL), and (VI) CH-CFEO (40 mg/mL)). 
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Figure 4. DPPH of composite films obtained with different concentrations of chestnut flower essential oil. The same letters are not significantly different at p < 0.05. 
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Figure 5. Antibacterial effect of chitosan–chestnut flower essential oil complex films on S. aureus and E. coli. 
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Figure 6. Inhibitory diameters at different concentrations of chitosan–chestnut flower essential oil against C. musae. 
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Figure 7. The fresh-keeping effect of chitosan–chestnut flower essential oil composite films with different concentrations on bananas. 
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Table 1. Thickness, water solubility, water content, and water vapor transmission rate of composite films.
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	Sample

(mg/mL)
	Thickness

(mm)
	Water Solubility

(%)
	Water Content (%)
	WVP

(gm−1h−1Pa−1)
	Dry Films





	CH
	0.06 ± 0.01 b
	49.01 ± 0.44 a
	70.68 ± 0.46 c
	1.36 × 10−6 ± 0.08 b
	[image: Coatings 14 00548 i001]



	CH-6
	0.07 ± 0.01 b
	36.25 ± 0.45 b
	76.83 ± 0.34 a
	1.13 × 10−6 ± 0.08 b
	[image: Coatings 14 00548 i002]



	CH-8
	0.07 ± 0.01 b
	37.17 ± 0.34 b
	73.17 ± 0.35 b
	1.37 × 10−6 ± 0.07 b
	[image: Coatings 14 00548 i003]



	CH-10
	0.08 ± 0.01 b
	25.22 ± 0.50 c
	72.63 ± 0.50 b
	1.24 × 10−6 ± 0.09 b
	[image: Coatings 14 00548 i004]



	CH-20
	0.10 ± 00.02 ab
	22.25 ± 0.76 d
	72.10 ± 0.51 b
	7.76 × 10−7 ± 0.44 a
	[image: Coatings 14 00548 i005]



	CH-40
	0.12 ± 0.01 a
	19.90 ± 0.97 e
	60.16 ± 0.57 d
	8.13 × 10−7 ± 0.24 a
	[image: Coatings 14 00548 i006]







Note: The same letters are not significantly different at p < 0.05.













 





Table 2. Percentage of mycelial growth inhibition (MGI%) of C. musae after five-day exposure to different concentrations of chitosan (CH) and chestnut flower essential oil (CFEO) in a solid medium (25 °C). The same letters are not significantly different at p < 0.05.
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CH (ug/mL)

	
CFEO (w/v)

	
MGI%






	
50

	
0.03

	
12.19 ± 0.02 d




	
0.06

	
48.85 ± 0.00 b




	
100

	
0.03

	
23.65 ± 0.04 c




	
0.06

	
59.88 ± 0.01 a
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