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Abstract: Silver nanoparticles (Ag NPs) are an effective antibacterial agent, but their application in food packaging is limited due to their easy agglomeration and oxidation. In this study, antibacterial microcapsules were fabricated using Ginkgo biloba essential oil (GBEO) as core material and chitosan and type B gelatin biopolymer as capsule materials. These antibacterial microcapsules were then modified with green-synthesized Ag NPs, blended into the biopolymer polylactic acid (PLA), and finally formed as films. Physicochemical properties and antibacterial activity against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were evaluated. Results showed that the prepared antibacterial PLA films exhibited excellent antibacterial activity against foodborne pathogens. Its TVC exceeded the limit value of 7 log CFU/g at 7 days compared with the 5 days of pure PLA films. Therefore, these films can extend the shelf life of grass carp fillets by 2–3 days under refrigeration.
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1  Introduction

The silver nanoparticles (Ag NPs) are effective and non-toxic inorganic antibacterial agents [1]. Hence, Ag NPs/polymer composites show potential as food packaging material [2]. Research has been devoted to the green synthesis of Ag NPs by using bio-derived materials as reducing and capping agents to comply with the general principles of green chemistry [3,4]. Plant essential oils can be used as reducing agents and stabilized for green synthesis of nanoparticles, in which Shahram Ahmadi et al. [5] used Satureja hortensis essential oil for green-synthesized iron nanoparticles. Among them, Ginkgo biloba essential oil (GBEO) can be employed to reduce metal silver ions and thereby synthesize biologically active and stable Ag NPs. During the thermal processing of PLA films, Ag NPs easily agglomerate and oxidized; phytochemicals (such as the flavonoids and terpenoids in GBEO) can prevent this agglomeration by covering the Ag NPs to increase their stability [4].

Microencapsulation is a technology in which a solid, liquid, or gas (core) is wrapped in a continuous polymer material to create microcapsules [6]. Chitosan is a biodegradable, non-toxic, and natural polymer amino polysaccharide [7]. This cationic polymer is derived from chitin and abundantly found in the exoskeletons and shells of crustaceans and fungal cell walls, making it an ideal candidate for sustained-release capsule materials [8]. Gelatin derived from collagen has good film-forming properties, low cost, biodegradability, and non-toxicity. Therefore, this protein can be selected as an ideal capsule material for encapsulating fat-soluble liquid cores such as essential oils. Chitosan and gelatin can be obtained from the wastes of fishery and meat industries, respectively. Chitosan is the only polysaccharide that is positively charged below pH 6.0, and type B gelatin is negatively charged above the isoelectric point of pH 4.8 [8,9]. Therefore, chitosan can be used as the capsule material of microcapsules through complex coacervation with type B gelatin. The flavonoids and phenolic compounds in GBEO show strong antibacterial and antioxidant capabilities and thus could be used as a core material to prepare sustained-release microcapsules [10–12].

Among biopolymers, polylactic acid (PLA) has excellent biodegradability and biocompatibility, mechanical properties equivalent to petroleum-based polymers (such as polyethylene and polypropylene), high transparency, and good processability [13]. This aliphatic polyester is polymerized by lactic acid monomers. Its monomers are mainly derived from renewable agricultural resources, such as corn, sugar cane, and sugar beets [14]. Owing to its biodegradability and biocompatibility, PLA has been highly recognized and applied in the fields of biomedicine, agriculture, and packaging. The U.S. Food and Drug Administration approved this material as “Generally Recognized as Safe” [15].

In this work, antibacterial microcapsules were prepared through complex coacervation and spray drying by using GBEO as core material and chitosan and type B gelatin polymer as capsule materials. The chitosan-gelatin microcapsules were modified with green-synthesized Ag NPs and added to degradable PLA films, which were then applied to preserve grass carp (Ctenopharyngodon idellus) fillets. This work aims to prepare a food packaging composite material with antibacterial, non-toxic, and degradable properties by using an environmentally friendly method (Fig. 1).
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Figure 1: Schematic representation

2  Materials and Methods

2.1 Materials

For microcapsules production, chitosan acquired from Aladdin (CAS 9012-76-4, degree of deacetylation ≥95%, viscosity: 100–200 mpa.s, Shanghai, China) and type B gelatin purchased from Sinopharm (CAS 9000-70-8, Shanghai, China) were used as a biopolymer capsule materials. Silver nitrate obtained from Sinopharm (AgNO3, CAS 7761-88-8, Shanghai, China), the Ginkgo biloba essential oil (GBEO, distillation, 99%) purchased from Ji’an Zhongxiang Natural Plant Co., Ltd. (Ji’an, China), and polyethylene glycol octyl phenyl ether (Triton X-100, CAS 9002-93-1) from Shanghai Lingfeng Chemical Reagent Co., Ltd., China were employed as core materials. Acetic acid (CAS 64-19-7, ≥99.7%, Shanghai, China) was purchased from Aladdin. Sodium hydroxide (NaOH, CAS 1310-73-2, Shanghai, China) was used to adjust pH.

For PLA films production, PLA (LX575) produced by Total Corbion was purchased from Shanghai Shengxiang International Trading Co., Ltd., China.

Pathogens, such as Escherichia coli (E. coli, ATCC 35218) and Staphylococcus aureus (S. aureus, ATCC 25913) were acquired from laboratory-preserved strains. Trypticase soy broth and plate count agar (PCA) were obtained from Beijing Land Bridge Technology Co., Ltd. (Beijing, China). Ethanol (A.R., CAS 64-17-5, ≥99.7%, Shanghai, China) was purchased from GENERAL-REAGENT. Water was purified by a Milli-Q Plus purification system (Millipore, Shanghai, China). Fresh cultured grass carps with the average weight of 4.0 ± 0.5 kg were purchased from GuZong Road Market (Shanghai, China).

2.2 Preparation of Microcapsules

2.2.1 Preparation of Capsule Material

Chitosan solution (0.5% w/v) was prepared through the electromagnetic stirring (DF-101S, Shanghai Lichen-BX Instrument, Shanghai, China) of a chitosan suspension in 1% (v/v) acetic acid solution at room temperature for 145 min. Type B gelatin solution (0.5% w/v) was prepared by swelling with water for 130 min and then magnetically stirring at 60°C for 10 min. The mass ratio of chitosan to type B gelatin was 1:1. The mixture was stirred for 60 min, adjusted to pH 5.5 with NaOH solution by a laboratory pH meter (PHSJ-4F, LEICI, China), and then stirred again for 80 min.

2.2.2 Green Synthesis of Core Material

In brief, 0.1 mol/L AgNO3 solution, GBEO, and surfactant Triton X-100 with volume radio of 20:10:1 were used as core materials for the microcapsules and then magnetically stirred in the dark at 70°C to form Ag NPs through silver ion bio-reduction.

The following microcapsules were prepared: A: replacing 0.1 mol/L AgNO3 solution and GBEO with water as the core material; B: with water instead of 0.1 mol/L AgNO3 solution as the core material; and C: with 0.1 mol/L AgNO3 solution and GBEO as the core material. As shown in Table 1:
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2.2.3 Characterizations of Green-Synthesized Ag NPs

The Fourier transform infrared spectroscopy (FTIR) images of the Ag NPs were obtained from 400 cm−1 to 4000 cm−1 by using a FTIR-650 (Tianjin, China) [16]. UV-visible spectrophotometry was conducted from 300 nm to 650 nm using a U-3900 (Hitachi, Japan) spectrophotometer. Photoluminescence was evaluated by using a F-7100 fluorescence spectrophotometer (Hitachi, Japan), and 280 nm excitation wavelength was selected to study the fluorescence characteristic of Ag NPs [17]. Morphology was analyzed using a HT7800 transmission electron microscope (TEM, Hitachi, Japan). Particle size was calculated on the basic TEM images by an image analysis software (Image J, NIH, USA) [18]. The Ag element of the Ag NPs was detected via X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, Escalab 250Xi).

2.2.4 Preparation of Microcapsules through Spray Drying

The core materials in “2.2.2” were added dropwise to the capsule material solution in “2.2.1”, magnetically stirred for 30 min, and homogenized at 10,000 rpm for 20 min (IKA T25 digital ULTRA-TURRAX, German) to form oil-in-water (O/W) emulsion. The ratio of capsule materials, 0.1 mol/L AgNO3 solution, GBEO, and surfactant Triton X-100 was 5:20:10:1 (w/v/v/v). Spray drying of emulsions was conducted using a low-temperature spray dryer (YC-1800, Shanghai, China) at 120°C/75°C inlet/outlet temperature and feeding speed of 17 rpm inside a laboratory.

2.3 Characterizations of Microcapsules

The FTIR spectra of the samples were obtained between 400 and 4000 cm−1. The microscopic morphology of microcapsules was examined using a SU5000 thermal field emission scanning electron microscope (TFE-SEM, Hitachi, Japan) [7]. Particle size was calculated on the basic TFE-SEM images. Energy dispersive X-ray spectrometer (EDS) attached to the desktop scanning electron microscope (Phenom XL, Phenom-World BV, Eindhoven, Netherlands) at an accelerating voltage of 15 keV) was employed for the qualitative and quantitative analysis of elements in microcapsules C containing Ag element [19]. XPS was used to detect the Ag element of the microcapsules C modified with Ag NPs [20].

2.4 Preparation of Antibacterial PLA Films

The antibacterial PLA films were prepared using the melt blending method of Jiang et al. [21] with some modifications. Films with an average thickness of 50 ± 3 μm were prepared through extrusion–casting. The PLA pellets were dried in a 75°C oven for 3 h and then blended with the microcapsules. The mixture was extruded through a twin-screw extruder (Kechuang Equipment Co., Ltd., Shanghai, China) to obtain PLA/microcapsules pellets. The temperature of each stage was 140°C–145°C–150°C–155°C–160°C–155°C–150°C (from the inlet to the outlet) with a screw speed of 90 rpm. Finally, the PLA/microcapsules pellets were casted into films by using a tape casting machine (Kechuang Equipment Co., Ltd., Shanghai, China). The temperature was 100°C–150°C–155°C–160°C–165°C–165°C–165°C (from the inlet to the outlet) with a screw speed of 90 rpm. Table 2 shows the content of films.
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2.5 Characterizations of PLA Films

The thickness of the PLA films was determined with a spiral micrometer (Nanjing NSCING Measuring Instrument Co., Ltd., China) in accordance with GB/T20919-2007. The tensile strength (TS) and elongation at break (EAB) of the films (12 cm × 1.5 cm) were measured at 25°C by a XLW (EC)-1502 auto tensile tester (Labthink Instrument Co., Ltd., Jinan, China) in accordance with ASTM D882-12(2012). Stretching speed was set to 50 mm/min. Optical properties, including the transmittance (T) and haze (H) of the films, were measured with a WGT/S haze and transmittance testing machine (Shanghai Precision Instrument Co., Shanghai, China) in accordance with ASTM D1003-00(2000) [22].

The water vapor permeability (WVP) of films was determined at 38°C and 10% RH with a Water Vapor Transmission Rate Tester (W-B-31E, Labstone, Guangzhou, China) in accordance with GB/T 1037.

The microscopic morphology of films was examined using a TFE-SEM. The films were freeze-fractured in liquid nitrogen and sputter-coated with gold and platinum powder to observe their cross-sectional morphology at an electron beam voltage of 10 KV [21].

The antibacterial activity of films against E. coli and S. aureus was studied. Sterilized 500 of mg film discs (6 mm diameter) were placed in 20 mL of E. coli (gram-negative) and S. aureus (gram-positive) suspensions (105 CFU/mL) and shook at 200 rpm for 24 h in a 37°C incubator shaker. The film discs containing the bacterial suspensions were placed in a 24-well plate and washed twice with 2 mL of 0.1 mol/L phosphate buffered saline (PBS) solution. The samples were fixed with 2 mL of 2.5% (v/v) glutaraldehyde for 4 h at 4°C. After the samples were washed twice with 2 mL 0.1 mol/L PBS solution again, 2 mL of 50%, 70%, 80%, 90%, and 100% (v/v) ethanol were used for stepwise dehydration (10 min per step). After drying at 37°C overnight, the samples were sputter-coated with gold for 3 min prior to TFE-SEM.

2.6 Preservation Test of Grass Carps

On June 2021, cultured grass carps were purchased and transported to the laboratory alive in clean water with oxygenation within 2 h. In the laboratory, the grass carps were percussively stunned by a blow of sufficient strength to the head. The fish were then killed by immediately sectioning the spinal cord at the base of the head to meet the requirements of ethical standards [23]. The guts, skin, and bones of grass carps were removed, and the fish were washed with sterile normal saline solution and sliced into similar weight (50 ± 3 g). All fish experiments were performed in strict accordance with the European Food Safety Authority (2009) and EU Directive 2010/63/EU. The slices were wrapped in kitchen paper to dry the excess water on the surface and then packaged with four types of films: control films (control), PLA-A (A), PLA-B (B) and PLA-C (C). The packages (internal size: 15 cm × 15 cm, thickness: 50 ± 3 μm) were then sealed with a hand pressure sealing machine (YNL-200, DUOXI, China). All samples were immediately stored in a refrigerator at 4 ± 0.5°C for subsequent evaluations. Three random samples of white dorsal muscle were taken from each group for analysis, and the sampling times were 0, 2, 4, 6, 8, and 10 days of storage.

Control: packaged with control films

A: packaged with PLA-A

B: packaged with PLA-B

C: packaged with PLA-C

2.6.1 Total Volatile Basic Nitrogen (TVB-N)

TVB-N was measured using a Kjeltec 8400 (FOSS, Denmark). In brief, 10 g of grass carp sample was distilled with 1 g of magnesium oxide. The distillate was collected in 1% boric acid solution in the presence of indicators (methyl red mixed with bromocresol green) and then titrated with 0.1 mol/L HCl standard solution. TVB-N was expressed as milligram nitrogen per 100 g of grass carp sample (mgN/100 g) [24].

2.6.2 Total Viable Counts (TVC)

Grass carp specimens were minced under sterile conditions. A portion of the samples (5 g) was diluted with 45 mL of sterile 0.85% normal saline and homogenously slapped for 3 min using a HX-4 beating sterile homogenizer (Shanghai Huxi Industrial Co., Ltd., China). Tenfold serial dilution of the homogenized mixture was prepared with normal saline, pipetted (1 mL), and mixed with PCA medium (incubated at 30 ± 0.5°C for 72 h). All counts were expressed as logarithms of the number of colony forming units per gram (log CFU/g), and each experiment was performed in triplicate [25].

2.7 Statistical Analysis

All measurements were conducted in triplicate, and the data were statistically analyzed using SPSS Statistics 26. Comparisons among samples were performed using one-way ANOVA, and statistically significant difference was defined at p < 0.05.

3  Results and Discussion

3.1 Analysis of Green-Synthesized Ag NPs

FTIR measurement was conducted on the green-synthesized Ag NPs to identify the functional groups of their active components. The following characteristic peaks were observed: 3484 (O-H stretching), 2930 (C-H stretching), 2857 (C-H stretching), 1749 (C=O stretching), and 1099 cm−1 (C-O stretching) (Fig. 2a). These findings revealed the presence of phenolic, flavonoids, and other molecules in GBEO, which may be beneficial to the bio-reduction of silver ions to Ag NPs. FTIR spectra also confirmed that the phytochemicals from GBEO have dual functions of reducing and stabilizing Ag NPs.
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Figure 2: (a) Fourier transform infrared spectroscopy spectra of Ginkgo biloba essential oil and silver nanoparticles (Ag NPs). (b) UV-visible absorbance study of Ag NPs. (c) Fluorescence spectrum of Ag NPs formed with excitation at 280 nm. (d) Transmission electron microscope image of Ag NPs. (e) Size distribution of Ag NPs. (f) X-ray photoelectron spectroscopy spectra of Ag NPs

The addition of GBEO to AgNO3 solution resulted in color change from green to brown due to Ag NP production. This color change can be attributed to the excitation of surface plasmon vibrations in Ag NPs [26]. The UV-vis spectrum of biogenic synthesized Ag NPs is shown in Fig. 2b. The surface plasmon resonance (SPR) of Ag NPs produced a peak centered near 436 nm [17], implying the transformation of Ag+ into Ag0. According to Mie’s theory, small spherical or quasi-spherical nanocrystals should exhibit a single SPR band [27]. The UV-vis spectrum is a characteristic absorption peak that is correlated with the localized SPR of spherical Ag NPs [28].

Ag NPs exhibit visible photoluminescence. The room-temperature fluorescence spectrum of the prepared Ag NPs excited at 280 nm is shown in Fig. 2c. The Ag NPs were found to be luminescent with two emissions at 280 and 557 nm upon excitation at 280 nm. The luminescence at 280 nm can be attributed to presence of the phytochemicals from GBEO. The characteristics of the emission spectrum were similar to those in previous reports [17], thus confirming the successful preparation of Ag NPs.

TEM was used to characterize the surface morphologies and particle size of synthesized Ag NPs. The Ag NPs showed a typical spherical and ellipsoidal morphology. Some exhibited irregular structures and slight aggregation (Fig. 2d) due to insufficient dispersion in ethanol during sample preparation. The average particle size measured from the TEM images was around 17 nm (Fig. 2e). These results conformed to the shape of SPR band in the UV-vis spectrum.

Fig. 2f shows the typical XPS spectra of Ag NPs, which were basically double-peaked, namely, 3d5/2 and 3d3/2. The XPS Ag 3d spectra of this sample showed two individual peaks at 368.20 and 374.20 eV with a spin-orbit separation of 6 eV [29,30], keeping the ratio of those signals as 3:2 [31], respectively. This finding indicated that the metallic silver was successfully synthesized.

3.2 Analysis of Microcapsules

3.2.1 FTIR Analysis

The main composition of raw materials and different microcapsules can be deduced from FTIR analysis (Fig. 3). The characteristic peaks observed in the range of 3200–3500 cm−1 were attributed to the stretching vibration of O-H and N-H [32]. The spectrum of GBEO displayed a characteristic peak around 1749 cm−1 (C=O stretching), which confirmed the presence of flavonoids, the main bioactive compounds in GBEO. The major characteristic peaks associated with chitosan powder were observed at 1655 (C=O stretching, amide I), 1600 (N-H bending, amide II), 1425 (N-H stretching, amide II), 1383 (N-H stretching, amide III), and 896 cm−1 (pyranose ring) [33]. The spectrum for type B gelatin showed amide I peak (C=O stretching) at 1649 cm−1, amide II peak (N-H bond and C-H stretching) at 1535 cm−1, and amide III peak (C-N stretching plus N-H bending) at 1234 cm−1 [34]. The spectra of microcapsules A-C were considerably different than pure chitosan and type B gelatin indicating that some changes occurred in the function groups of the microcapsules. The spectra of microcapsules A-C at 1579 cm−1 represented the interaction of amide II band to form Schiff base and can be attributed to N-H bending and C-N stretching vibration. The amide II spectrum originated mainly from the axial stretching of coupling C-N stretching and the angular deformation of N-H bending [34]. A strong absorption peak of C-N stretching vibration was also found at 1414 cm−1 compared with that of pure, raw chitosan and type B gelatin. These results indicated an interaction between chitosan and type B gelatin. The spectra of GBEO, microcapsules B, and C showed characteristic absorption peaks at 1749 (C=O stretching) and 723 cm−1 (O-H out-of-plane bending). In addition, compared with the spectrum of microcapsules A, the positions of the main peaks of microcapsules B and C did not change. This finding indicated the lack of interaction between GBEO and chitosan-gelatin capsule materials and the existence of GBEO in microcapsules B and C.
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Figure 3: Fourier transform infrared spectroscopy spectra of different microcapsules and main raw materials

3.2.2 TFE-SEM Analysis

Fig. 4 shows the surface morphologies and particle size of microcapsules. Microcapsules A showed an irregular appearance and uneven size distribution due to solvent evaporation during spray drying (Fig. 4a). With GBEO addition, the surface of microcapsules B in Fig. 4b became smoother than that of microcapsules A, suggesting that GBEO improved the structural resistance. Microcapsules C (Fig. 4c) exhibited a partially wrinkled and porous structure that can be attributed to the presence of Ag NPs. Moreover, the average sizes of microcapsules A, B and C were approximately 1.75, 2.17, and 2.25 μm, respectively, as shown in Figs. 4d–4f, respectively.
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Figure 4: Thermal field emission scanning electron microscope micrographs of (a) microcapsules A, (b) microcapsules B, and (c) microcapsules C. Particle size distribution of (d) microcapsules A, (e) microcapsules B, and (f) microcapsules C

3.2.3 EDS and XPS Analysis

The presence of Ag NPs in microcapsules C was confirmed in the inset of Fig. 5. The optical absorption peaks were observed around 3 keV, which is typical for Ag nanocrystallite absorption due to SPR. EDS spectroscopy also showed a strong peak around 0.2 keV, which is similar to a previous report [35]. The Ag NPs were evenly distributed throughout the microcapsules, and their proportion was approximately 1.33 wt.%. This value corresponded to the feed ratio. Carbon, oxygen, nitrogen, and natrium were also observed. These elements are the main chemical components of microcapsules C because the penetration of the high-energy electron beams is up to 1 μm depth. These results indicated that the Ag NPs may be evenly distributed throughout the microcapsules including in the capsule and core.
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Figure 5: Energy dispersive X-ray spectrometer spectrum of microcapsules C

XPS survey was conducted on the samples to analyze the binding energy of Ag NPs in microcapsules C. As shown in the high-resolution XPS spectra in Fig. 6, the Ag 3d region underwent spin-orbital splitting and appeared at 368.40 and 374.40 eV, which classified the nanoparticles as metallic silver [36].
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Figure 6: High-resolution X-ray photoelectron spectroscopy spectra of microcapsules C for the silver element

3.3 Analysis of PLA Films

3.3.1 Physicochemical Properties of PLA Films

Table 3 shows the mechanical and optical properties of PLA films. The addition of microcapsules A, B, and C (PLA-A, B, and C, respectively) reduced the tensile properties of the PLA films. This phenomenon can be attributed to the interfacial adhesion between the microcapsules and the PLA resin matrix that produced small holes and cracks in the film structure. Compared with the control films, PLA-A, B, and C had significantly reduced T values (p < 0.05) but significantly increased H values (p < 0.05), indicating that the added microcapsules reduced the transparency of the PLA films.
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Table 3 also presents the barrier properties of the PLA films. The films with microcapsules significantly improved WVP because the hydrophilic groups in the microcapsules allowed the water molecules to be adsorbed on the films, thus facilitating water passage. The pores and cracks formed between the microcapsules and the PLA matrix facilitated the flow of water vapor in the films. In addition, the WVP of PLA-A, B, and C was in the order PLA-A<C<B. The reduction in the resistance of films to water vapor transmission was related to the presence of keto carbonyl and hydroxy groups in GBEO. These components decreased the hydrophobic properties and increased the free volume of the films [22]. Finally, the Ag NPs in microcapsules C also affected the performance of the PLA films to a certain extent.

3.3.2 TFE-SEM Analysis of PLA Films

Fig. 7 shows the cross-sectional microstructure of different PLA films. The internal dispersion of the microcapsules added to the PLA matrix can be directly observed. The cross-section of the control films made of pure PLA resin was mainly smooth, flat, and compact (Fig. 7a). With the microcapsules A addition, PLA-A developed cracks and pores, resulting in a lower compatibility (Fig. 7b). Microcapsules B and C (both contained GBEO) were added to PLA-B and C, respectively (Figs. 7c and 7d). Although these films had some pores, their compatibility and stable dispersion system were better than PLA-A. In addition, the cracks and pores could explain the decreases in TS and EAB compared with the control films (Table 3).

[image: images]

Figure 7: Thermal field emission scanning electron microscope micrographs of (a) control films, (b) PLA-A, (c) PLA-B, and (d) PLA-C

3.3.3 Antibacterial Activity of PLA Films

Fig. 8 shows the TFE-SEM images of E. coli treated with different PLA films. As illustrated in Fig. 8a, the E. coli cells treated with control films presented a rod-shaped structure and smooth and intact cells. Therefore, the control films basically had no killing effect on E. coli. In the E. coli cells treated with PLA-A, the cell morphology was slightly deformed with minimal leakage of cell contents (Fig. 8b). After PLA-B treatment, many protoplasts could be seen spreading out on the surface of the bacteria (Fig. 8c). As shown in Fig. 8d, PLA-C had the greatest impact on the bacteria. The cracks formed on the bacterial surface caused a large amount of cell content to flow out. Fig. 8 also displays that the treatment results of S. aureus cells showed a similar trend. The results of morphological changes for S. aureus were consistent with those for E. coli (Figs. 8e–8h).
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Figure 8: Thermal field emission scanning electron microscope (TFE-SEM) images of E. coli treated with (a) control films, (b) PLA-A, (c) PLA-B, and (d) PLA-C. TFE-SEM images of S. aureus treated with (e) control films, (f) PLA-A, (g) PLA-B, and (h) PLA-C

The -NH2 of chitosan was protonated to -NH3+, and cationic formation subsequently occurred on its molecular side chain in acetic acid solution (1% v/v). Hence, electrostatic interactions easily occurred between chitosan’s positively charged groups and negatively charged bacterial surface. The result is the formation of a bridge that could cause cell wall disruption and intracellular component leakage [37]. The antibacterial mechanism of PLA-C containing microcapsules C (chitosan-gelatin microcapsules modified with Ag NPs) might involve the slow release of silver ions. The discussion of the antibacterial effect of Ag NPs/polymer composites has been reported [38]. After interacting with the surface of bacterial cells through electrostatic attraction, the Ag NPs effectively disrupted important cellular processes, including the release of silver ions, which cause protein deformation, and DNA degradation, in which the silver ions interact with DNA and nucleotides through its nucleoside moieties [39]. One of the important antibacterial mechanisms of chitosan in PLA-C is to enhance the permeability of bacterial cells. Hence, the interaction between chitosan-gelatin microcapsules and Ag NPs should be synergistic rather than simply additive [40].

3.4 Preservation Test of Grass Carps

3.4.1 TVB-N

TVB-N is one of the important indexes to describe the quality of aquatic products. This term quantifies the presence of volatile alkaline nitrogen, including ammonia, amines, and other alkaline nitrogen-containing compounds, which are formed due to the degradation of protein and non-protein nitrogenous compounds caused by bacteria and endogenous enzymes [41]. A high TVB-N indicates severe fish spoilage, which is not acceptable to people.

As depicted in Fig. 9, all groups exhibited increased TVB-N values with prolonged storage time. The initial TVB-N value of fresh grass carp fillets was approximately 10.91 mgN/100 g. Prior to the 6th day of storage, the increase in TVB-N values for all samples was less evident, especially for experimental group C (p > 0.05). Afterward, the TVB-N value of samples packaged with PLA-C was significantly lower than that of other groups during 6–10 days of storage (p < 0.05). These results suggested that PLA-C suppressed the increase in TVB-N values and can be used to maintain the freshness of grass carp fillets.
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Figure 9: Total volatile basic nitrogen of grass carp fillets packaged with different PLA films (Control: packaged with control films; A: packaged with PLA-A; B: packaged with PLA-B; C: packaged with PLA-C)

3.4.2 TVC

Microbial spoilage is a common spoilage types of fish, and TVC is an important index to evaluate the shelf life and quality of aquatic products. Fig. 10 shows the changes in the TVC of grass carp fillets. The initial TVC of fresh samples was nearly 3.42 log CFU/g, which was close to the value (3.50 log CFU/g) reported by Zhang et al. [42] for refrigerated fresh grass carp fillets. A low initial TVC value reflects the high quality of fillets and processing hygiene. Afterward, the TVC of all four groups increased with storage time at different rates due to the growth of specific spoilage microorganisms in aquatic products [43]. ICMSF enforced a TVC of 7.0 log CFU/g as the upper acceptability limit for freshwater species. The control group and group A reached the upper tolerable limit after 5.42 and 5.57 days, respectively. However, groups B and C did not exceed this count at 6 days with values of 6.70 and 5.25 log CFU/g, respectively. The TVC of group C was significantly lower than that of group B (p < 0.05). Moreover, group C exceeded the limit at 7.69 days. Compared with the control group (pure PLA films), PLA-C containing chitosan-gelatin microcapsules modified with Ag NPs could prolong the microbiological shelf life of grass carp fillets by 2–3 days.
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Figure 10: Total viable counts of grass carp fillets packaged with different PLA films (Control: packaged with control films; A: packaged with PLA-A; B: packaged with PLA-B; C: packaged with PLA-C)

4  Conclusions

In this study, antibacterial chitosan-gelatin microcapsules modified with green-synthesized Ag NPs were successfully synthesized and applied to food preservation packaging. First, chitosan-gelatin microcapsules modified with green-synthesized Ag NPs were prepared in compliance with the general principles of green chemistry. The Ag NPs were characterized with TEM, particle size analysis, and XPS and revealed a typical spherical with an average size of 17 nm. FTIR, TFE-SEM, EDS, and XPS confirmed the successful fabrication of chitosan-gelatin microcapsules modified with Ag NPs. The antibacterial microcapsules were incorporated into biopolymer PLA to form films through extrusion–casting. The prepared material exhibited antibacterial activity against E. coli and S. aureus. The antibacterial PLA films were then used to preserve grass carp fillets to extend their shelf life, and the results confirmed their antibacterial activity on food. Therefore, the antibacterial chitosan-gelatin microcapsules modified with green-synthesized Ag NPs with good dispersibility and the PLA pellets show potential as a functional and sustainable food preservation packaging material through extrusion–casting.
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Table 1: The content of microcapsules

Chitosan solution Type B gelatin solution GBEO AgNOj; solution Triton X-100

Microcapsules A \ N
Microcapsules B \ N N
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Table 3: Mechanical, optical, and barrier properties of different PLA films

Control films PLA-A PLA-B PLA-C

Thickness (pum) 50.33+£2.08% 50.67+1.53* 51.00+£2.65" 52.33+2.89°
Horizontal TS (Mpa) 42.21+0.93¢ 18.12+£0.79* 20.82+0.79° 22.14+0.55°
Horizontal EAB (%) 3.10+£0.32° 143+0.15* 146+023* 1.40+0.10°
Longitudinal TS (Mpa) 80.41+£1.24° 26.08+1.47* 29.44+1.66° 31.74+1.57°
Longitudinal EAB (%) 4.75+039°  3.10+0.55* 2.50+0.61* 2.70+0.17°

T (%) 86.34+0.13¢  75.66+0.29° 74.06+0.15° 73.66+0.11°
H (%) 491+0.50° 23.85+0.38° 24.33+0.17° 25.50+0.18¢
WVP/[g/m*-24 h] 165.45£5.54* 20698 +3.87% 174.53 +£3.40° 194.75+2.17°
WVP coefficient/[10 Pg-cm/cm?®s-Pa] 1.61+0.05*°  2.01+0.04% 1.70+0.03° 1.91+0.01°

Note: Data are presented as means =+ standard deviation (n=15). Significant difference (p <0.05) among the values within the same row indicated by
different superscripts (a—d) (Control films: 100 wt.% PLA; PLA-A: 98 wt.% PLA + 2 wt.% microcapsules A; PLA-B: 98 wt.% PLA + 2 wt.%
microcansules B: PLA-C: 98 wt.% PLA + 2 wt.% microcansules C).
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Table 2: The content of films

PLA 2 wt.% microcapsules A 2 wt.% microcapsules B 2 wt.% microcapsules C
Control films 100 wt.%
PLA-A o8 wt.%
PLA-B 98 wt.% v

PLA-C 98 wt. % \
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