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Abstract

:

Essential oils are natural antibacterial substances and have potential value for application in fruit and vegetable packaging. In this study, Chinese fir essential oil (CFEO) was microencapsulated to prepare food packaging materials for the first time to overcome its volatilization and oxidation shortcomings and to obtain a sustained-release form of the oil. CFEO was effectively encapsulated in gelatin and chitosan using the complex coacervation method, and the encapsulation efficiency, microstructure, infrared spectrum and thermal stability of the microcapsules were evaluated. Experiments confirmed that the microcapsules had some antibacterial activity. A bioactive paper was developed by combining CFEO microcapsules (CFEO-Ms) with paper-based material using the film-forming property of polyvinyl alcohol (PVA). The coated paper showed good mechanical, air permeability and moisture permeability properties. Environmental scanning electron microscopy confirmed that CFEO-Ms bonded well with PVA and was successfully introduced into the paper fiber after coating, forming an obvious coating film on the surface to facilitate the continuous release of CFEO. The shelf life of strawberries was significantly prolonged when the PVA-coated paper mixed with 3% CFEO-Ms was used for packaging. The results demonstrated that the CFEO-Ms coated paper has the potential to become an effective packaging material for the preservation of strawberries.
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1. Introduction


Plant essential oils obtained from the flowers, leaves, roots, bark, fruits and seeds of aromatic plants via distillation or physical pressing are highly concentrated extracts that are natural products with environmentally friendly characteristics [1]. Plant essential oils have antibacterial, antimicrobial, anti-insect and antivirus properties and are widely used in fields that include anticorrosion, preservation, medicine, health care and the chemical industry [2,3]. Different types of essential oil have been studied worldwide, including ginger essential oil [4], Angelica essential oil [5], lavender essential oil [6], vetiver essential oil [7], cinnamon essential oil [8] and Chinese fir essential oil [9,10] (CFEO, similar purpose with Tarragon Essential Oil [11,12]), with some results showing that plant essential oils can be used as active substances in packaging materials to prolong food shelf life effectively. Compared with other essential oils, CFEO is derived from wood, which has a pungent woody aroma and lacks fragrance. Most of the research on CFEO has focused on the analysis of the mechanisms underlying its antibacterial activity, but applications are rarely reported. The raw material for CFEO—Chinese fir (Cunninghamia lanceolata)—is an essential commodity in China that is widely used in construction, bridges, shipbuilding, furniture and appliances [13,14,15,16]. There is no research on the use of CFEO in food packaging paper, an area for which CFEO has the potential to be used as a natural preservative in packaging materials for food preservation in the future; however, CFEO applications have been restricted by its limitations, which include insolubility in water, poor stability, volatilization and oxidation [17]; therefore, there is an urgent need to explore solutions to the above limitations to expand the application of CFEO in food packaging.



Microcapsule technology involves the use of one or more polymer film-forming materials (wall material) to embed a solid, liquid or gas (core material) to form a microsized capsule that protects the core material [18]. Microencapsulation can control the release of volatile substances and can also improve the hydrophilicity of plant essential oils, protect the composition of sensitive core material and mask bad flavors and colors to solve issues in the application of plant essential oils in foodstuffs [19]. Several methods for microcapsule preparation have been proposed, such as spray drying [20], complex coacervation [21], layer self-assembly [22] and Pickering emulsion templates [23]. When oppositely charged polyelectrolytes are present together in a solution, a dense coacervated phase can be formed via electrostatic interaction under appropriate conditions [24]. This process is termed complex coacervation, which has the characteristics of high yield, high efficiency and low influence on the biological activity of the oil-soluble core material under mild conditions [21,25].



As the shell surrounding the core material, the microcapsule wall can effectively protect the release of the core material and improve its stability [26]. Plant essential oil microcapsules are mostly made of natural polymer materials that are biodegradable and biocompatible [27]. Biopolymer systems comprising natural polysaccharides and proteins are the most common combinations for wall materials and provide a safe substrate for food packaging [28]. Gelatin has good solubility, emulsification and gelation, and is one of the most ideal microcapsule wall materials [29]. Chitosan is also widely used as a microcapsule wall material because of its excellent biocompatibility, antibacterial action, biodegradability, safety and wide availability [30].



At present, nondegradable plastic packaging for food poses a threat to environmental safety. Biodegradable polymers with good mechanical properties and low permeability are very important materials in food packaging [31]. Recently, PVA has attracted more and more attention from researchers for biomedical applications such as eye drops, contact lenses, tissue adhesion barriers and artificial cartilage, owing to its unique properties, including biocompatibility, hydrophilicity, nontoxicity and biodegradability. It also has outstanding film-formation characteristics [32,33]. Because of this property, coupled with excellent chemical stability and hydrophilicity, it is blended with a variety of synthetic and natural polymers such as a water-soluble film and is used in food packaging [34]. Among biodegradable polymers, polyvinyl alcohol (PVA) has attracted much attention because of its excellent film-forming ability [35]; however, PVA film is also highly hydrophilic and water-soluble, so its application in packaging is limited [36]; therefore, a modified PVA was adopted in this study to improve the water resistance of the packaging material.



In this study, gelatin and chitosan were used as wall materials to prepare CFEO microcapsules (CFEO-Ms) using a complex coacervation method. The encapsulation efficiency, antibacterial activity, particle morphology, thermal stability and infrared spectrum of the microcapsules were evaluated. In addition, PVA was used as a film-forming matrix to prepare paper coated with CFEO-Ms for food packaging. The preservation effect of CFEO-Ms during strawberry storage was evaluated. Taking strawberries as an example for preservation, the effect of CFEO-Ms-coated paper on strawberry preservation is discussed. Compared with other studies, this paper did not study the antibacterial mechanism of CFEO and the infrared spectrum analysis of the coated paper. Follow-up experiments can be further explored.




2. Materials and Methods


2.1. Materials


Chitosan (BR, deacetylation degree 80%–95%) and gelatin (CP, Type B, Bloom No. 250) were supplied by Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. CFEO was supplied by Anhui Hanfang Biotechnology Co., Ltd., Huangshan, China. Sodium hydroxide (AR) was purchased from Nanjing Chemical Reagent Co., Ltd., Nanjing, China. Glacial acetic acid (AR) was obtained from Shanghai Jiuyi Chemical Reagent Co., Ltd., Shanghai, China. Glutaraldehyde (AR) was purchased from Aladdin, Shanghai, China. Staphylococcus aureus (ATCC6538), Escherichia coli (ATCC25922) and Bacillus subtilis (ATCC6633) were obtained from Shanghai Luwei Bio-Technology Co., Ltd., Shanghai, China. Lysogeny broth (LB) was prepared at the Biological Laboratory, Nanjing Forestry University, Nanjing, China. Glycerol (AR, 99%) and Tween 80 were purchased from Shanghai Macklin Biological Co., Ltd., Shanghai, China. PVA was provided by Anhui Wanwei High-tech Materials Co., Ltd., Chaohu, China




2.2. Preparation of CFEO-Ms


CFEO-Ms were prepared via complex coacervation using gelatin and chitosan as wall materials. Typical steps in microencapsulation of essential oil by complex coacervation process involve: (i) emulsification; (ii) electrostatic attraction; (iii) wall formation; (iv) wall hardening [37]. After optimization in preliminary tests, the following preparation method was used. A 0.5% chitosan solution (Solution A) was prepared by dissolving 0.1 g of chitosan in 20 mL of 1% acetic acid. To prepare Solution B, 1 g of gelatin was mixed with 200 mL of distilled water and the mixture was stirred (DF-101S, Shanghai Lichen Bangxi Instrument Technology Company, Shanghai, China) at 50 °C for 30 min until all the gelatin was completely dissolved. Then 0.37 g of CFEO and Tween 80 at a ratio of 2:1 were added to the system. Solution B was emulsified (GBP-USC201L, CSIC715, Hangzhou, China) at 700 W for 5 min to create a uniform mixture. Solution A was slowly dispersed into Solution B via mechanical stirring at 500 rpm at 50 °C for 30 min. Then the pH was adjusted to 5.4 with 5% sodium hydroxide at room temperature and stirring was continued for 1 h. The reaction system was cooled to below 10 °C in an ice bath, then 0.5 mL glutaraldehyde was added dropwise over a period of 30 min. A microcapsule suspension was obtained after stirring continuously for 4 h. Finally, the suspension was washed, centrifuged and dried to obtain microcapsule powder.




2.3. Determination of the CFEO-Ms Encapsulation Efficiency


A full-wavelength scan of diluted CFEO was performed to determine its maximum absorption wavelength. Different CFEO concentrations (0.01–0.08 mg L−1) were prepared to obtain a standard curve.



Microcapsules (0.5 g) were dissolved in 50 mL of anhydrous ethanol, soaked for 1 h and then treated with ultrasound for 30 min. The treated samples were centrifuged at high speed for 10 min and the absorbance of the supernatant at maximum absorption wavelength (208 nm) was measured. The CFEO-Ms loading capacity was calculated using a standard curve. The encapsulation efficiency was calculated using Equation (1) [38] and the experiment was carried out in triplicate.


  Encapsulation   efficiency   ( % ) =   T o t a l   a m o u n t   o f   C F E O   i n   m i c r o c a p s u l e s   I i n i t i a l   t o t a l   a m o u n t   o f   C F E O   × 100  



(1)








2.4. Particle Size


The particle size distribution of microcapsules was determined using a dynamic light-scattering laser particle size analyzer (BT-90, Baxter Instruments Company, Hangzhou, China).




2.5. Optical Microscopy Observations


The microcapsule emulsion was diluted several times, one drop was placed on a slide, a cover slip was used to disperse the droplet evenly and the structure was observed under a microscope (Dimension Edge, Bruker, Karlsruhe, Germany).




2.6. Thermogravimetric Analysis


The thermal stability of samples was measured via thermogravimetric analysis (TGA; 209 F1, Netzsch, Selb, Germany). A sample of 8 mg was weighed and put into the TGA furnace. The temperature was increased from 30 to 700 °C at a constant rate of 20 °C/min, with nitrogen at a flow rate of 20 mL/min as the protective gas.




2.7. Fourier-Transform Infrared Spectroscopy


Fourier-transform infrared (FTIR) spectra of chitosan, gelatin, CFEO and chitosan-gelatin microcapsules were recorded (VERTEX 80 V, Bruker, Ettlingen, Germany). Each sample was scanned 16 times at a resolution of 4 cm−1 in the wave number range from 4000 to 500 cm−1.




2.8. Antimicrobial Effects of CFEO-Ms


Staphylococcus aureus (S. aureus), Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis) were selected as test bacteria to explore the antibacterial activity of CFEO-Ms using the agar diffusion method [39]. An aliquot of microcapsule emulsion was centrifuged to half its original volume. Filter paper (d = 6 mm) was soaked in the liquid so that the microcapsule material was evenly distributed on the surface of the filter paper. The filter paper was placed on LB medium (d = 90 mm) mixed with bacterial suspension and agar (55 °C) and incubated at 37 °C for 24 h. The diameter of the inhibition zone was measured to judge the antibacterial activity of the microcapsule material.




2.9. Preparation of Coating Solution and Coated Paper


To prepare the coating solution, 6 g of PVA powder was added to 100 mL of distilled water and heated at 90 °C for 30 min with stirring. After cooling to room temperature, 2.4 mL of glycerin was added and stirred at 50 °C for 30 min at the same speed to obtain the coating base solution. CFEO-Ms were added to the base solution at different concentrations (1%, 2% and 3%) under stirring for 2 h to evenly distribute the microcapsules in the system and were kept at room temperature for later use. Paper was fixed at one end of the coating roller of a multifunctional coating machine (K303, RK Print Coat Instruments Ltd., Litlington, UK). A certain amount of coating liquid was placed in the coating machine and was evenly applied to the paper. Paper samples coated with PVA/CFEO at microcapsule concentrations of 0%, 1%, 2% and 3% were then dried at 40 °C for 5 min in an oven, and are denoted as P0, P1%, P2% and P3%. In addition, uncoated paper was used as a comparison in experiments. To normalize the moisture content of the paper, uncoated paper and coated paper were equilibrated in an environment at constant temperature and humidity.




2.10. Surface Characterization


The appearance of microcapsules and coated paper was imaged via environmental scanning electron microscopy (ESEM; Quanta 200, FEI, Hillsboro, OR, USA) and the morphology was observed at acceleration voltages of 2.0 and 15 kV, respectively.




2.11. Physical Properties of Coated Paper


Grammage was determined as described in the standard method ISO 536, where 10 samples of each paper were cut into size 10 cm × 10 cm and weighed. The coated paper thickness was measured with a thickness meter (J-DHY03A, Changjiang Paper Instrument Co., Ltd., Sichuan, China) at 10 random locations on each paper in accordance with the ISO 534, and the average value of the results was taken.



The oxygen resistance of coated paper was evaluated by measuring the oxygen permeability (VAC-V1, Jinan Blu-ray Electromechanical Co., Ltd., Jinan, China) of samples at 30 ± 2 °C and 60% relative humidity (RH). The upper and lower cavities of the instrument were degassed for 10 h and samples were tested after the upper chamber pressure stabilized. The average value for three parallel samples was used as the final result.



The influence of the microcapsule concentration on the water vapor transmittance of coated paper was investigated. The water vapor permeability (WVP) of paper coated with different microcapsule concentrations was measured using a gas permeability tester at 38 °C and 70% RH (W3/060, Jinan Blu-ray Electromechanical Co., Ltd.). The sample was tested for 15 min in triplicate and the average of the three tests was used as the result.




2.12. Mechanical Properties of Coated Paper


Samples were equilibrated at constant temperature and humidity for 2 days. A paper flexural tester (YQ-Z-31, Changchun Yueming Small Experimental Machine Co., Ltd., Changchun, China) and paper tension instrument (WZL-300, Hangzhou Light Tong Instrument Development Co., Ltd., Hangzhou, China) were used to evaluate the mechanical properties of samples from each experimental group. Experiments were carried out at 23 °C and 50% RH under controlled conditions. Rectangular samples (15 mm × 100 mm) were cut from each type of paper for testing. Experiments were performed 10 times for each group and the average value was taken.




2.13. Quality Parameters of Strawberries


2.13.1. Weight Loss


The weight loss for strawberries during storage was determined using the difference method. Strawberries were weighed on the initial and sampling days and the following Formula (2) [40] was used to calculate the weight loss:


  Weight   loss   ( % ) =    m 0  −  m 1     m 0    × 100  



(2)




where m0 is the initial weight of the strawberries and m1 is the weight on the sampling day.




2.13.2. Decay Percentage


Twenty strawberries were randomly selected from each group and the surface decay of strawberries was observed on the sampling day. The Formula (3) [41] for calculating the decay percentage is as follows:


  Percentage   decay   ( % ) =    n r     n 0    × 100  



(3)




where nr is the number of decayed strawberries and n0 is the total number of strawberries.




2.13.3. Firmness


Strawberry firmness was measured using a GY-2 fruit hardness tester (Suzhou Qile Electronic Technology Co., Ltd., Suzhou, China). Before measurement, approximately 1 cm2 of the epidermis on the surface of a strawberry was peeled off. During measurements, the cylindrical probe (φ = 3.50 ± 0.02 mm) at the bottom of the hardness tester was placed perpendicular to the surface of the strawberry and evenly pressed into the fruit until it stopped at 10 mm on the scale line. The average of the three measurements was taken as the firmness result.




2.13.4. Soluble Solids Content


The soluble solids content (SSC) of strawberry was determined using a refractometer (JHGXL/T-32ATC, Chzhou Jiuhua Optical Instrument Co., Ltd., Guangzhou, China). Strawberry juice was dropped on the detection prism, the cover plate was closed (making sure that there were no residual bubbles) and the instrument was aligned with the light source for reading. The scale value on the dividing line indicates the concentration of the solution.





2.14. Statistical Analysis


All statistical analyses were conducted using Origin software (version: OriginPro 2021b (64-bit) SR2 9.8.5.21, IBM, Chicago, IL, USA) and results are expressed as the mean ± standard deviation. One-factor analysis of variance was used to compare the different treatments. The Duncan test was used to determine the significance of differences between groups at a significance level of p < 0.05.





3. Results and Discussion


3.1. Characterization of Chitosan–Gelatin Microcapsules


3.1.1. UV Standard Curve for CFEO


A UV spectrophotometer (Tu-1900, AOE Instruments, Shanghai, China) was used to measure the absorbance of different CFEO concentrations at 208 nm. The standard curve obtained is shown in Figure 1. It was evident that the CFEO concentration was linearly correlated with the peak area at 208 nm according to y = 11.051x + 0.0623, with R2 = 0.9995.




3.1.2. Particle Size Distribution of the Microcapsules


The particle size distribution of CFEO-Ms prepared via complex coacervation is shown in Figure 2. It was evident that the microcapsule particle size was in the range 111−250 nm and exhibited a normal distribution.




3.1.3. Morphology


Figure 3 shows a microscopy image of CFEO-Ms. Most of the microcapsules in the image were clustered, which maybe because of the low dilution ratio and poor dispersion. It was apparent from the small number of particles of large size that the microcapsules prepared had a multinuclear structure and thick capsule wall, which can better control the release of the core CFEO and play a role in its sustained release.




3.1.4. Microcapsule Structure Analysis


The surface structure of the CFEO-Ms is shown in Figure 4. The microcapsules had a spherical surface morphology. This was because glutaraldehyde can react with nitrogen atoms on the amide and amine groups of gelatin and chitosan to form covalent bonds [42], thus enhancing the gel network of the capsule material. Meanwhile, covalent cross-linking reduced the swelling of microcapsules dispersed in distilled water. In addition, cross-linking protected the integrity of the capsule wall during freeze-drying, thus maintaining the integrity of cross-linked microcapsules [43].




3.1.5. Thermal Stability


TGA is an important measure for evaluating the thermal stability of materials. Figure 5 shows TGA and derivative thermogravimetric (DTG) curves for microcapsules, CFEO, chitosan and gelatin. The temperature at which initial weight loss occurred for the microcapsules was about 100 °C, which may be attributable to the loss of residual water in the microcapsules [44]. At this temperature, CFEO also began to decompose up to approximately 179 °C, with a high weight loss of 98.72%, indicating that the core material was volatile. Another weight-loss event (~50%) was observed for the microcapsules between 250 and 400 °C. This may be related to self-degradation because of the instability of the microcapsules in this range: as the temperature rises, the covalent bonds formed via electrostatic attraction between gelatin and chitosan are destroyed and the core material is constantly released [45]. It has been reported that gelatin decomposes at 275–375 °C and that the wall material also decomposes gradually [46]. During the final TGA stage (400–600 °C), the weight loss from the microcapsules was approximately 15%. In this temperature range, the core material had been completely released and the weight loss can be attributed to the decomposition of the wall material; therefore, the results indicated that CFEO was successfully encapsulated in the wall material and that the microcapsule structure improved the stability of the core material at high temperature.




3.1.6. FTIR Analysis


FTIR is the main technique used to determine the molecular structure of proteins, polysaccharides and drugs [47]. Thus, FTIR analysis was used to confirm the compatibility of gelatin and chitosan for microencapsulation in terms of intermolecular interactions between –NH2 and –COO– groups. Figure 6 shows FTIR spectra for CFEO, chitosan, gelatin and CFEO-Ms. The characteristic absorption peaks for gelatin can be attributed to amino N–H stretching vibrations (3426 cm−1), alkyl C–H stretching vibrations (2930 cm−1), C–N stretching vibrations for atoms in the amide bond (1243 cm−1) and amide carbonyl C=O stretching vibrations (1635 cm−1). The characteristic peaks for chitosan were at 3430 cm−1, 2947 cm−1 and 1648 cm−1, corresponding to –OH and –NH2 stretching vibrations, C–H stretching vibration and characteristic amide absorption, respectively. The hydroxyl (–OH), amine (–NH2) and carboxylate (–COO–) groups in gelatin could form hydrogen bonds with –OH and ammonium (–NH3+) in chitosan [48]. In the FTIR spectrum for CFEO, peaks at 2934 cm−1 and 2869 cm−1 can be attributed to –CH2 stretching vibrations, while the peaks at 1450 cm−1 and 1372 cm−1 are due to –CH3 stretching vibrations. It is known that the main component of CFEO is cedrene. The peaks for CFEO at 1640 cm−1 and 884 cm−1 can be assigned to C=C stretching vibrations and =CH bending vibrations, respectively. The FTIR spectrum for CFEO-Ms contained characteristic CFEO absorption peaks, from which it can be hypothesized that CFEO contained within the microcapsules retained its chemical structure; however, the absorption peaks were significantly weaker. This was because infrared vibration peaks for CFEO were limited and intermolecular forces were weakened after microencapsulation, so the results confirmed that CFEO was successfully encapsulated by the wall material.




3.1.7. Antimicrobial Activity


The antibacterial effects of CFEO-Ms on E. coli, S. aureus and B. subtilis are shown in Figure 7. It was evident that CFEO-Ms had a significant antibacterial effect on the three species. The average diameter of the antibacterial zone was 12.1, 11.8 and 10.9 mm, respectively, with no significant difference between the bacteria. Mei et al. [49] results show that Gram-positive bacteria are more sensitive to CFEO than Gram-negative bacteria. The difference in results may be related to the essential oil composition. Relevant studies [10,50] show that the main components of CFEO differ according to the extraction method and the tree parts used. The main components of the CFEO used in this study were cedarwood and α-cedrene. A synergistic effect between them may contribute to the CFEO antibacterial activity to some extent. Further study is needed to elucidate the mechanism underlying the antibacterial effect.





3.2. Characterization of Coated Paper


3.2.1. Surface Morphology


The effect of coating on paper morphology was observed using ESEM. Figure 8 shows ESEM images of uncoated paper and the four coated papers (P0, P1%, P2% and P3%). It was apparent that the uncoated paper had a porous network structure with an irregular arrangement of fibers. After coating with the PVA base solution (P0), the paper surface was covered with PVA evenly distributed on the fibers, forming a dense film structure. According to results for oxygen permeability and WVP, the coated paper had good barrier properties. For the coating solutions containing CFEO-Ms, as the CFEO-Ms concentration increased, microcapsule agglomeration occurred on the paper surface (Figure 8d,e) and PVA film formation weakened. This was consistent with the permeability results in Table 1.




3.2.2. Physical Properties


Table 1 lists results for the grammage, thickness and permeability of uncoated, PVA-coated and PVA-CFEO-Ms (PVA-Ms)-coated papers. The grammage and thickness of the base paper were 45 g/m2 and 60.6 μm, respectively. The grammage and thickness of the coated papers increased uniformly on the addition of increasing CFEO-Ms concentrations to the coating solution, which confirmed the effectiveness of the coating formation [51].



The oxygen permeability is the volume of oxygen passing through a unit area of the sample in 24 h under a pressure difference of 0.1 Mpa [52]. It can be seen from Table 1 that the oxygen permeability of coated papers first decreased and then increased with increasing CFEO-Ms concentration. When the CFEO-Ms concentration was increased from 0 to 1 g/100 mL, the permeability decreased from 30.97 to 1.82 cm3 m−2 d−1 0.1−1 Mpa−1, a decrease of 94.12%. When the CFEO-Ms concentration was increased to 3 g/100 mL, the oxygen permeability reached 96.25 cm3 m−2 d−1 0.1−1 Mpa−1, an increase of 67.82%. The reason may be that the thickness of the CFEO-Ms layer on the coated paper surface increased with the concentration in the coating solution, which would extend the diffusion path for gas molecules in the film [53]. The surface structure of the paper confirmed this. Figure 8 shows that the surface of the uncoated paper is porous and the surface of PVA-coated paper is smooth. The addition of microcapsules and PVA forms a denser film covering the surface of P1% coated paper. At the same time, if a small number of microcapsules were added, these could combine with the PVA film matrix to form a denser microcapsule film, so that the coated paper would have a better barrier effect; however, excessive CFEO-Ms addition may lead to agglomeration of microcapsules in the PVA matrix, resulting in poor bonding in the interface between the two phases and thus facilitating the diffusion of gas molecules in the film matrix and a significant increase in oxygen permeability.



WVP is the ability of water to penetrate and pass through a material [54]. Water plays an important role in fruit quality and stability [55]. Permeability results for uncoated paper, CFEO-Ms-coated paper and PVA-coated paper are shown in Table 1. The permeability of uncoated paper exceeded the measurement range of the instrument. Overall, WVP was lower for the PVA-Ms paper than for paper coated without CFEO-Ms. This may be because CFEO-Ms addition changed the network structure during film formation and more hydroxyl groups were cross-linked, leading to a decrease in the density of the film structure [56]. At the same time, the tortuosity of the water vapor diffusion path increased on CFEO-Ms addition. Moreover, the free space volume of the system increases as the CFEO-Ms concentration increases and the paper surface will become loose and porous, so the permeability will also increase.




3.2.3. Mechanical Properties


The influence of CFEO-Ms addition on the mechanical properties of coated paper was investigated in terms of the folding strength and tensile strength. Folding strength is the capability that paper resists repeated folding, while tensile strength is the tension that paper can withstand [57,58]. Considering the anisotropy of paper, two measurement directions (machine direction and cross-machine direction) were used. In general, the longitudinal mechanical properties of paper are greater than its transverse mechanical properties [59]. It was evident from Figure 9a that the folding strength in the vertical and horizontal directions conforms to this observation. In comparison to the uncoated paper, the folding strength of coated paper was significantly affected by the coating layer and its folding strength was also significantly improved. As the CFEO-Ms concentration was increased, the folding strength of the coated paper also increased, indicating that CFEO-Ms addition improved the affinity between the PVA and the paper fibers. The greater the CFEO-Ms concentration, the stronger was the adhesion between the fibers and PVA, increasing the folding strength of the paper.



Figure 9b shows tensile strength results for the different samples. According to the overall trend, CFEO-Ms addition improved the tensile strength of coated paper, regardless of the measurement direction. The reason may be that infiltration of the coating liquid into paper fibers and spaces between fibers enhanced the binding force between fibers [60]. Second, CFEO-Ms were evenly dispersed in the PVA film matrix, leading to an orderly arrangement of PVA molecules [61]. Moreover, the large specific surface area for CFEO-Ms promoted the binding of the microcapsules to the PVA film [62].




3.2.4. Weight Loss


Strawberries have a high water content and water loss during storage can cause wrinkles [63]. The weight loss of strawberry is an important index that reflects respiration rate and moisture evaporation between the fruit tissue and surrounding air. As shown in Figure 10a, the weight loss of strawberries increased with the storage time. After 7 days of storage, strawberry weight in the control, P0 and P3% groups decreased by 45.31%, 39.43% and 24.31%, respectively. The data trend suggested that coated paper played an important role as a water barrier between the strawberries and the environment during storage. Moreover, the presence of CFEO-Ms in PVA-coated paper inhibited microorganism growth on the strawberry surface, reduced the respiration rate of the fruit and better-retained water within the strawberries, resulting in a lower rate of weight loss [64].




3.2.5. Percentage Decay


Because of physiological changes, environmental effects and harmful microbial infection, the surface of strawberries gradually softens and decays during storage [65]. Figure 10b shows that on day 2 of storage, fruits in the control and P0 groups showed varying degrees of decay, while those in group P3% were well preserved. On day 4, rotting in the control group intensified and the fruit had no edible value. After storage for 7 days, the percentage decay was 72.85% for the control group, 69.9% for the P0 group and 43.7% for the P3% group. The data showed that CFEO had a preservation effect on strawberries and prolonged their edible date. This may be due to the slow release of CFEO from the microcapsules, which then inhibited the growth of some microorganisms on the strawberry surface. This result was consistent with the appearance of the fruit during storage in Figure 11. These findings suggested that PVA-Ms paper could keep the weight loss of strawberries within a certain range.




3.2.6. Firmness


Fruit firmness plays a significant role in consumer decision-making [66]. As the berries ripen, the flesh gradually softens. As a result, firmness and storability are reduced, which is related to the degradation of fruit pectin and cellular matter [54,67]. Changes in strawberry firmness during storage are shown in Figure 10c. Over the whole storage period, the firmness of strawberries covered with PVA-Ms paper decreased slowly, confirming paper P3% was more effective in maintaining the firmness of the fruit, which was attributed to its better barrier property and mechanical properties that retarded the metabolic activity and water loss of the strawberry [68], and slow down the texture degradation [69]. After 7 days of storage, strawberry firmness was significantly higher than for the control and P0 groups. The firmness of the P0 group decreased significantly on day 4, indicating acceleration of the decomposition rate of pectin by pectinase, and the endurance of the strawberry epidermis and fiber tissue under pressure decreased, further indicating that CFEO-Ms could reduce the degradation rate for strawberry cell materials and minimize water losses.




3.2.7. Soluble Solids Content


The soluble solids in strawberries are a measure of their total sugar content, indicating the degree of ripening and directly affecting the fruit flavor and the degree of consumer acceptance [70,71]. The influence of uncoated and coated papers on strawberry SSC is shown in Figure 10d. It was evident that SSC for the three strawberry samples (control, P0 and P3%) increased gradually with metabolism from day 1 to day 4, indicating that sucrose synthesis occurred in the strawberries during this period [72]. In the later period, SSC decreased with sugar metabolism, especially in the control and P0 groups, which may be because of a faster strawberry respiratory rate in these two groups and the need for more sucrose hydrolysis to maintain physiological activity, resulting in more SSC depletion. Strawberries in the P3% group showed the most stable trend over the whole storage period. On day 7 of storage, SSC was 9.5%, 9.8% and 10.4% for the control, P0 and P3% groups, respectively. The data showed that P3% paper resulted in a higher SSC level at the end of the storage period, which may be because CFEO-Ms-coated paper can slow the metabolism and respiration rate of strawberries to some extent.






4. Conclusions


CFEO-Ms were prepared with gelatin and chitosan as wall materials to encapsulate CFEO and the encapsulation efficiency of microcapsules was 72.24%. ESEM and FTIR results confirmed strong bonding between the two wall compounds. TGA showed that the synthesized microcapsules had good stability. Bacteriostatic experiments demonstrated that the microcapsules had strong antibacterial activity against three species. The combination of CFEO-Ms and PVA enhanced the mechanical properties of the paper and reduced its oxygen permeability and WVP, and the PVA-Ms paper was suitable for packaging fresh strawberries. In comparison to the control group, the firmness, weight and SSC of strawberries covered with P3% were well maintained. The results demonstrated that CFEO-Ms could be used as a natural antibacterial agent to produce coated paper for strawberry packaging materials, inhibit the respiration rate of strawberry and the breeding of microorganisms on the surface, and prolong the shelf life of strawberry. In future research, the physical and chemical properties of the coated paper will be further explored to evaluate the feasibility of food preservation.
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Figure 1. UV standard curve for CFEO. 
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Figure 2. Particle size distribution of the CFEO-Ms. 






Figure 2. Particle size distribution of the CFEO-Ms.



[image: Coatings 12 00254 g002]







[image: Coatings 12 00254 g003 550] 





Figure 3. Micrographs of the CFEO-Ms. 
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Figure 4. ESEM images of CFEO-Ms at magnification of (a) 10,000× and (b) 20,000×. 
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Figure 5. TGA (a) and DTG (b) curves for CFEO, chitosan, gelatin and CFEO microcapsules. 
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Figure 6. FTIR spectra: a = gelatin; b = CFEO microcapsules; c = chitosan; d = CFEO. 
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Figure 7. Antibacterial effect of CFEO-M on E. coli, S. aureus and B. subtilis. 
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Figure 8. Scanning electron micrographs of (a) uncoated paper, (b) P0, (c) P1%, (d) P2% and (e) P3% at 400× magnification. 
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Figure 9. Folding strength (a) and tensile strength (b) of uncoated paper, PVA-coated paper and paper coated with PVA-CFEO-Ms at different concentrations. Data are expressed as the mean ± standard deviation (n = 3). Different letters on the diagram indicate significant differences between groups at p < 0.05. CD = machine direction; MD = cross-machine direction. 
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Figure 10. Effects of coated and uncoated paper on percentage decay (a), weight loss (b), firmness (c) and soluble solids content (d) during strawberry storage at room temperature. 
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Figure 11. Appearance of strawberries coated with different treatment groups. 
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Table 1. Weight, thickness, OTR and WVP of uncoated and coated paper.






Table 1. Weight, thickness, OTR and WVP of uncoated and coated paper.





	Sample
	Grammage

(g m−2)
	Thickness

(μm)
	OTR

(cm3 m−2 day−1 0.1−1 MPa−1)
	WVP

(g m−2 day−1)





	Uncoated
	45.0 ± 0.13 c
	60.6 ± 0.5 d
	—
	—



	P0
	56.4 ± 0.16 c
	69.7 ± 0.6 d
	30.97 ± 2.18 b
	1029.69 ± 12.37 d



	P1%
	57.6 ± 0.20 a
	90.0 ± 1.1 c
	1.82 ± 0.25 c
	890.14 ± 22.10 a



	P2%
	59.5 ± 0.17 b
	94.3 ± 2.5 b
	4.76 ± 0.23 c
	1026.32 ± 16.59 c



	P3%
	61.4 ± 0.22 a
	107.2 ± 2.6 a
	96.25 ± 8.1 a
	926.66 ± 18.25 b







“—” indicates that the permeability was below the test limit of the instrument. Different superscript letters in each column indicate a significant difference between samples (p < 0.05).
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