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Abstract: The abuse of plastic food packaging has brought about severe white pollution issues around the world. Developing green and sustainable biomass packaging is an effective way to solve this problem. Hence, a chitosan/sodium alginate-based multilayer film is fabricated via a layer-by-layer (LBL) self-assembly method. With the help of superior interaction between the layers, the multilayer film possesses excellent mechanical properties (with a tensile strength of 50 MPa). Besides, the film displays outstanding water retention property (blocking moisture of 97.56%) and ultraviolet blocking property. Anthocyanin is introduced into the film to detect the food quality since it is one natural plant polyphenol that is sensitive to the pH changes ranging from 1 to 13 in food when spoilage occurs. It is noted that the film is also bacteriostatic which is desired for food packaging. This study describes a simple technique for the development of advanced multifunctional and fully biodegradable food packaging film and it is a sustainable alternative to plastic packaging.
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1  Introduction

Since the middle of the 20th century, petroleum-based polymers like polyethylene have been extensively employed in the food packaging sector due to their superior mechanical qualities, plasticity, and lightweight [1]. However, petroleum-based polymers show poor biodegradability and reprocessability, which have caused a series of significant environmental contamination and ecological issues [2]. With the improvement of consumers’ requirements for food quality, utilizing biopolymers to prepare cost-effective active intelligent films has become a hot research area [3]. The classification of biopolymers is based on their origin and production methods, which can be broadly categorized into three groups: direct extraction from biomass, synthesis of bio-derived monomers and production by microorganisms [4]. In numerous previous studies, polysaccharides (like starch and cellulose) have been extensively investigated as potential substitutes for food packaging materials [5,6].

Among multiple natural polysaccharides, chitosan (CS) is derived from chitin by deacetylation, which can obtained from crustacean shells (such as shrimp and crab), as well as the unique cationic polysaccharide that exists in nature [7]. The properties of CS such as biodegradability, biocompatibility, non-toxicity, film-forming properties, inherent antibacterial and antioxidant properties allow its application in the food, pharmaceutical and cosmetics industries, especially in food packaging [8]. Many studies have already reported CS-based films with excellent oxygen barrier and permeability-reducing properties [9,10], demonstrating that it has the potential to extend the shelf-life and freshness of products. However, the strong hydrophilicity of CS leads to poor water resistance and thermal properties, limiting its further usage in food packing. Properties such as great strength, insolubility, elasticity, barrier properties, and thermostability are necessary for packaging materials to adapt to various processing conditions [11].

Sodium alginate (SA), which is composed of β-D-mannuronic acid and α-L-guluronic acid linked in a linear (1 → 4) configuration [12], is a natural anionic polysaccharide that can produce electrostatic interaction with cationic polymers (e.g., CS) to improve the mechanical properties and water resistance of CS-based multilayer films [13]. SA improves the water resistance of CS because the WVP (Water Vapor Permeability) of multilaminated films is mainly determined by the WVP of each layer. Since SA is less hydrophilic than CS, the WVP of CS/SA film decreases and the water resistance is better [14,15]. Vieira et al. [16] have reported that CS and SA composite films exhibit significant potential as polysaccharide-based barriers, demonstrating enhanced water resistance and barrier properties.

The development of active packaging films has broad prospects as it not only improves the structure and mechanical properties but can also optimize the efficacy of the composition, providing additional functions for films. Plant polyphenols and extracts are often added as active substances into film matrixes to better maintain the nutrition, freshness and safety of products [17,18]. The excellent antioxidant and antimicrobial properties of anthocyanins can effectively preserve food quality and prolong shelf life. Additionally, the pH-dependent color changes exhibited by anthocyanins enable the films to serve as indicators for monitoring packaged food quality [19]. Hydrophobic interaction and hydrogen bonding between the tannins in anthocyanins and the chitins in CS contribute to the interfacial assembly of anthocyanins on the surface of CS-based films. Simultaneously, the unpaired electrons from hydroxyphenyl in anthocyanins act as hydrogen donors to effectively eliminate various reactive oxygen species and free radicals, endowing them with antioxidant and antibacterial properties [20,21]. Moreover, the colors of anthocyanins can change with pH due to their structural transformations, allowing it to monitor the freshness of foods. Anthocyanins have long been used in active packaging for their pH-sensitive properties [22]. At the same time, anthocyanin’s absorption of UV (Ultraviolet) light and its color can greatly increase the film’s opacity, which can have a better performance in the food packaging industry.

So far, current studies concerning active intelligent films have mostly focused on coatings or directly cast into films. The coating can form a film directly on the food surface for maximum protection. However, there are potential interactions between the product components and active substances located on the films, more susceptible to leading to film failure and inducing potential health risks. Direct casting is a widely used film manufacturing method due to its easy operation. The casting preparation process is usually divided into several steps: (1) dissolution of CS in an acid solution at a specified pH; (2) mixing with SA solution; (3) stirring to obtain a homogeneous, viscous solution; (4) filtration, sonication, or centrifugation of the solution to remove residual insoluble particles and air bubbles; (5) pouring onto some sort of a flat substrate; (6) drying at a specified temperature, relative humidity, and time; (7) peeling the film off the flat substrate. This method still has certain limitations. Firstly, the blending process of film-forming liquid, particularly when incorporating special materials, may result in a reduction in the Young’s modulus of the film [23]. Secondly, prolonged drying time, film shrinkage, brittleness, and uneven distribution of active substances after drying can lead to the formation of “drug islands” and the accumulation of non-drying substances within the film [24]. Using layer-by-layer (LBL) self-assembly technique to fabricate multilayer films offers a new strategy to overcome the limitations of food packaging films. Likewise, it has been confirmed that multilayer films possess better properties than single-layer ones [25].

In this study, CS/SA composite films were prepared by LBL method, which is more advantageous compared with the traditional casting method, owing to the sustained release of anthocyanins and enhancement of the comprehensive properties of the modified films, such as tensile strength, water resistance and light barrier. The addition of anthocyanins resulted in a significant improvement in the antimicrobial and UV-blocking properties of the films and enabled the films to have pH-indicating capability. This study compared the effects of different anthocyanin contents and different preparation methods on the internal structure, physical properties, antimicrobial and antioxidant properties and pH sensitivity of the films. The fabrication procedure of CS/SA composite films is presented in Scheme 1.
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Scheme 1: The fabrication procedure of CS/SA composite films

2  Materials and Methods

2.1 Materials

Acetic acid and pH buffers (pH 4.79) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). CS, with a deacetylated degree of 90%, glycerol, 2,2′-azino-bis(3-ethyl-benzothiazoline-6-sulfonic acid) (ABTS) and other pH buffers were purchased from Shanghai Aladdin Bio-chem Technology Co., Ltd. (Shanghai, China). SA was provided by J&K Scientific Co., Ltd. (Beijing, China). Anthocyanins (Source Blueberry anthocyanin, 5%–25%) and potassium persulfate were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China).

2.2 Preparation of Film-Forming Solution

First, 3 g CS powder was dissolved in the 3 wt% acetic acid solution and stirred at room temperature for 6 h to prepare a 3 wt% CS acetic acid aqueous solution. Subsequently, different amounts of anthocyanins (0%, 20%, 30% and 40% w/w based on CS) were individually added into CS acetic acid aqueous solution, followed by adding glycerol into the film-forming solution (30% w/w based on CS) as a plasticizer, and the mixture was stirred for 2 h. The same method was used to prepare a 3 wt% SA solution without anthocyanins in deionized (DI) water.

2.3 Preparation of CS/SA Films

CS/SA films were developed following the method of Şenel et al. with some modifications [26,27]. CS/SA multilayer films were assembled according to the following procedure: the slides were pre-treated with 5% sodium hydroxide solution and then immersed in the CS solution for 10 min, followed by washing with DI water and then dried. Thereafter, the slides were immersed in SA solution for 10 min, followed by washing with DI water and then dried, thus a bilayer was prepared. The above process was repeated 6 times to obtain multilayer films, which were named 0%L, 20%L, 30%L and 40%L depending on the anthocyanin content, respectively. The films were carefully detached from the sheet and air-dried for 48 h at room temperature. Subsequently, it was transferred to a dryer containing a saturated solution of Ca(NO3)2 and maintained at 50% relative humidity for another 48 h. The CS films with different contents of anthocyanins were prepared by casting method as the control groups, named 0%C, 20%C, 30%C and 40%C, respectively.

2.4 Fourier Transform Infrared Spectrometry (FTIR)

FT-IR spectroscopy (NICOLETIS10, Thermo Fisher Scientific Co., LTD., USA) was determined by Attenuated Total Refraction to observe the structural interactions of CS composite films. The spectra were collected in a wavenumber range of 4000–400 cm−1 by averaging 32 scans at a resolution of 4 cm−1.

2.5 Thickness, Moisture Content, Swelling Degree and Water Solubility

The thickness was measured by a digital thickness gauge (32CHQF2530, Syntex, Zhejiang, China) with a minimum division value of 0.1 µm.

The moisture content (MC (%)), swelling degree (SD (%)) and water solubility (WS (%)) were characterized by the following steps [28]: The samples were weighed (M1) and dried at 105°C for 24 h until a constant weight (M2) was achieved. Subsequently, the samples were immersed in 30 mL of DI water for 24 h and weighed again (M3). The undissolved samples were dried at 105°C for another 24 h and M4 was measured. The MC, SD and WS were calculated according to the following equations:


MC(%)=M1−M2M1×100
(1)


SD(%)=M3−M2M2×100
(2)


WS(%)=M2−M4M2×100
(3)

2.6 Morphological Characteristics

The surface morphologies of the composite films were observed using an ultra-high resolution thermal emission scanning electron microscope (SEM, Thermo Scientific Apreo 2S) at an acceleration voltage of 15 kV. Each sample was attached to cylindrical aluminum stubs with a double-sided tape and sputtered with a thin gold layer.

2.7 Mechanical Properties

The tensile strength (TS) and elongation at break (EAB) were evaluated using a texture analyzer machine (CMT-4254, Jinan HengXu Testing Machine Technology Co., Ltd., Jinan, China). The gauge lengths were 10 mm and the crosshead speed used was 1 mm/min.

2.8 Optical Properties

A UV-Vis spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan) was used to measure light transmission at wavelengths between 200–800 nm. The opacity was determined by measuring absorbance at 600 nm and calculated using the given equation.


Opacity=A600 d
(4)

where A600 is the value of absorbance at 600 nm, and d is the film’s thickness (mm).

2.9 Antimicrobial Properties

The antimicrobial properties of CS/SA composite films were examined by using the agar diffusion method [29]. The strain was provided by the Laboratory of the School of Environment and Biology, Nanjing University of Science and Technology. Escherichia coli (E. coil), a representative Gram-negative bacterium, was selected for antimicrobial testing. First, 10 mL of E. coil bacterial solution containing 105–106 CFU/mL was inoculated on agar medium and then a 10 mm diameter film was placed on the medium and incubated at 37°C for 24 h. Finally, the inhibition zone was recorded to evaluate the antibacterial effect.

2.10 Antioxidant Activity

The antioxidant activity of CS-based composite films was determined by the ABTS+• assay according to the previously described method. ABTS solution was prepared by adding 10 mg of ABTS to 2.6 mL of potassium sulfate (2.45 mmol/L) solution to a concentration of 7 mmol/L. The obtained solution was incubated at room temperature for 16 h to allow the generation of free radicals (ABTS+•) in dark conditions. And the solution was further diluted with milli-Q water and maintained at an absorbance of 0.70 ± 0.20 at wavelength 734 nm. A membrane sample with a concentration of 1.0 mg/mL was followed by mixing with 3 mL of ABTS+• solution and incubating for 1 h at room temperature. Ultimately, the absorbance was recorded at 734 nm using a UV-Vis spectrophotometer. Using deionized water as a baseline, the scavenging activity of ABTS radicals was determined according to the following equation:


Antioxidant activity (%)=A0−A1A0×100
(5)

where A0 is the absorbance of ABTS+• solution mixed with DI water, A1 is the absorbance of the membrane sample mixed with ABTS+• solution.

2.11 pH Sensitivity

To determine the pH-sensitivity of anthocyanins solution, 2 mg of anthocyanins was dissolved in 20 mL of different buffers (pH = 1–13). The obtained extract anthocyanins solutions were scanned in the 400–800 nm using a UV-Vis spectrophotometer. The pH sensitivity of films was evaluated by immersing film samples in different buffers (pH = 1–13).

3  Results and Discussion

3.1 FTIR

The FTIR spectra of CS/SA composite LBL films are shown in Fig. 1. The broad bands at 3600–3000 cm−1 in the spectra represent overlapping stretching vibrations of O-H and N-H of CS and SA [30]. The peaks at 1645, 1540 and 1338 cm−1 correspond to the C=O stretching vibration, amide II groups of CS (N-H inplane bending vibration) and amide III of CS (C-N stretching vibration), respectively. The 1400 and 1020 cm−1 peaks of SA are attributed to COO− and stretching vibration of C-O-C [31]. The infrared signals of -NH3+ in CS and -COO− in SA indicate varying degrees of ionization for the amino group in CS and the carboxyl group in SA, which contributes to the formation of a polyelectrolyte network between them.

[image: images]

Figure 1: FTIR spectra of CS/SA composite LBL films with different anthocyanin content

The fundamental building block of anthocyanins consists of polyaromatic phenols, and its characteristic skeletal vibration is primarily localized in the range of 1520–1540 cm−1 and 700–850 cm−1. These distinctive peaks align with those observed in CS/SA composite films, posing challenges for their differentiation [32]. However, the peak at 3600–3000 cm−1 was slightly shifted to a low wavenumber after adding anthocyanidin as a result of formation of hydrogen bonds among anthocyanins and CS and SA chains. Simultaneously, the bands at 1540 and 1400 cm−1 became broader, probably due to the existence of electrostatic interactions between the CS and SA layers.

3.2 Thickness, MC, SD and WS

Several physical properties of films, such as transparency and tensile strength, are directly affected by thickness, making thickness an important variable in evaluating food packaging films. As shown in Fig. 2a, the thickness of casting films (37.7 ± 5.66 to 83.8 ± 3.79 μm) is thinner than that of LBL films (76.8 ± 6.34 to 101.6 ± 3.92 μm). The thickness of film samples mainly depends on the compositions of the film-forming solutions and the force between the film-forming materials [33]. The difference in film thickness with the same composition of the film-forming solution suggested that LBL can lead to enhanced interaction forces between polyelectrolytes, which is consistent with the results that the TS of LBL films is higher than that of casting films in mechanical properties studies. On one hand, anthocyanins can form hydrogen bonds with CS and SA, while their steric hindrance surpasses that of CS and SA, leading to an increased thickness of the film. On the other hand, the additive contains 5%–25% anthocyanin content, which is lower than that of the substrate. Overall, the effect of adding anthocyanins on the film thickness was less than that of the preparation methods.
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Figure 2: (a) Thickness, (b) MC, (c) SD and (d) WS of film samples

MC reflected the ability of the films to absorb moisture from a relatively high-humidity environment to maintain a moderate internal balance, thereby assessing the film’s ability to resist internal water loss. The addition of anthocyanins resulted in a decreasing trend of film MC, mainly due to the formation of hydrogen bonds between CS/SA chains and anthocyanins and displacing a portion of the CS and SA interacting with moisture.

The swelling behavior of the films involved the formation and dissociation of hydrogen bonds, the ionization of carboxyl/amino groups and the diffusion of water, reflecting the hydrophilicity of the films. In general, low SD allowed the films to maintain a stable tensile strength by ensuring the structure stability in a wet environment, as deformation and the insertion of water molecules are very detrimental to practical use. In both casting and LBL films, the addition of anthocyanins significantly reduced the SD, especially in LBL films by up to 97.56%. The interactions between the CS/SA layers and the water molecules during swelling increase molecular spacing and volume, while anthocyanins form hydrogen bonds with CS/SA and partly prevent the interactions with moisture.

WS is an important indicator for evaluating the water resistance of the films. As summarized in Fig. 2d, it can be noted that the WS of the films appeared to increase and then decrease with the addition of anthocyanins. The hydrophilic properties of anthocyanins and substances such as water-soluble vitamins contained in the blueberry extract are the main drivers of the increase in WS. A phenomenon similar to the increase in WS is also present in the pH-responsive smart films based on CS-methylcellulose matrix integrated with phyllanthus reticulatus ripen fruit anthocyanin [34]. The reduction in WS, on the other hand, is associated with a decrease in the accessible hydroxyl groups in films, as a consequence of the interaction with the oxygen functional groups in the blueberry extract, leading to a decrease in the affinity of the film to adsorb water. A similar decrease in WS has been reported for other films containing plant extracts [35,36]. When different mass fractions of anthocyanins and composite films are considered, the dominant roles of the two effects are different. The competing effects of the two interactions caused the WS to first increase and then decrease.

3.3 Morphological Characteristics

As shown in Fig. 3a, the composite films were homogeneous in all phases and appeared reflective under light conditions, indicating that the film surfaces were quite flat and smooth. The left side of the film image displays samples without the addition of anthocyanins, whereas the right side exhibits films with varying levels of incorporated anthocyanin content. The films’ color on the right gradually deepened as the anthocyanin content increased. Furthermore, LBL films exhibited darker colors than casting films under the same formulation, providing a better UV/Vis light barrier, which corresponded to the results of opacity analysis. There was no unevenness, microporosity or cracking under the naked eye, regardless of the amount of anthocyanin. And the letters and patterns on the underside of the films were still clearly recognizable, which was very helpful in showing the characteristics of the item itself.
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Figure 3: (a) Image and (b) SEM of film samples

The surface morphology of the films was examined using SEM to investigate the incorporation of anthocyanins into composite films. The different components and their drying behavior significantly influence the process of molecular assembly, consequently impacting the microstructure of the film [37]. Analysis of the different samples indicated smooth and continuous surface of the films [38], on account of the strong hydrogen bonding interaction between CS, SA and anthocyanins. Extremely small amounts of particles below 0.6 μm in size appeared on the film surface, owing to partially unmelted particles such as CS, blueberry extract, etc. [39]. Additionally, the presence of corrugations on the film surface might be attributed to the hydrogen bonds between the substrates, a phenomenon commonly observed in studies pertaining to CS composite films [40]. The film samples exhibited a compact and homogeneous structure, devoid of any pores or cracks. This is a full demonstration of the fact that the anthocyanins as well as the plasticizer glycerol were dispersed quite uniformly into the film matrix. Numerous holes, structural discontinuities, surface roughness and other phenomena would appear when CS was applied to prepare composite films with other plant extracts such as garlic extract, rosehip seed extract, and summer cress extract [41,42]. These defects had a negative impact on the mechanical properties, water and oxygen barrier of the film. Apparently, the films prepared by our research could well circumvent such problems and contribute to the further advancement of practical use.

3.4 Mechanical Properties

During processing, transportation, and storage, the mechanical properties of packaging materials play a crucial role in their ability to endure stress and uphold the structural integrity of the product. In terms of general, TS and EAB are important parameters for assessing the mechanical properties of composite films. The TS and EAB of composite films with different preparation methods and anthocyanin contents are shown in Fig. 4.
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Figure 4: (a) TS and (b) EAB of film samples

TS of LBL films showed significant enhancement compared to casting films, particularly when the anthocyanin addition reached 40%. In this case, TS of LBL films exhibited >5 folds of casting films. (40%C: 8.22 ± 1.25 MPa; 40%L: 43.6 ± 0.68 MPa). The significant increase in TS is attributed to the strong intermolecular interaction between the membrane matrix molecules by LBL, leading to a tighter structure [43]. The results are consistent with the opacity analysis. The enhancement effect of the LBL method, however, is what restricted the movement of matrixes and elevated film rigidity, leading to an increase in TS and a decrease in EAB of LBL films.

Unfortunately, the TS and EAB of the films tended to decrease after the addition of anthocyanins.

In general, the incorporation of hydroxyl-containing substances enhances intermolecular interactions. However, in the case of anthocyanins and the film matrix, intramolecular bonds are predominantly formed instead of intermolecular bonds. This leads to phase separation among different components and hampers the interactions between polymer chains during drying, thereby disrupting the ordered structure of the film and consequently diminishing its mechanical properties [44,45]. Kaya et al. showed the same phenomenon decreasing TS of CS composite films as the extracted content increased [46].

But it is evident that the TS values of the casting films are more influenced by the anthocyanin content, while the LBL films are relatively stable. The possible reason is that during the process of LBL self-assembly, a greater number of intermolecular interactions occur between anthocyanins and polymer matrix molecules, thereby impeding the occurrence of system inhomogeneity.

3.5 Optical Properties

The consideration of light transmittance and opacity holds paramount importance in the advancement of food packaging materials. The film could be suitable for packaging materials of light-sensitive foods by appropriately reducing light transmission and increasing opacity, thus providing effective light protection properties [47]. Therefore, the light transmittance and opacity of the films were studied, and the results are shown in Fig. 5.
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Figure 5: (a) Light transmittance and (b) opacity of film samples

The incorporation of anthocyanins into the films significantly decreased the transmittance in the UV and visible light range compared to the control films, due to the fact that anthocyanins are inherently colored and have a good ability to absorb UV rays [48,49]. UV region light waves (200–380 nm) were prone to oxidation of lipids, and the films had the largest drop in light transmittance in the range of 200 to 300 nm, which had significant meaning for effectively inhibiting photounstable food components such as lipids from oxidation [50]. The reduction can be attributed to the high number of unsaturated bonds present in anthocyanins, which exhibit a strong absorption effect on UV/Vis light [51]. In addition, the light transmission of LBL films is lower than that of casting films with the same anthocyanins concentration, and the value of the difference became more significant with the increase of anthocyanin concentration. The results provided sufficient evidence that the LBL method is more conducive to the improvement of the UV-Vis light barrier performance of the films.

In agreement with the appearance (Fig. 5a), both the LBL preparation method and the addition of anthocyanins significantly improved the film opacity. The most significant improvement in opacity is a 196.18% enhancement in the 40%L films (from 1.39 to 4.12 mm−1). One reason for this is the increment of the thickness of the films, another reason is that blueberry anthocyanin itself showed a blue-purple color. Wang et al. [52] reported that pine bark extract rich in proanthocyanidins is able to reduce the opacity of CS films in a related study.

3.6 Antimicrobial Properties

The antibacterial activity of films was assessed by determining the presence or absence of an observable inhibition zone surrounding the film following incubation [53]. The inhibition zone diameters yielded by composite films with different anthocyanin concentrations and preparation methods against E. coli are shown in Fig. 6. The antimicrobial activity of LBL films was assessed by employing casting films, with PE films and casting films serving as the control group.
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Figure 6: Antimicrobial properties of film samples

The results disclosed that all LBL films effectively inhibited the bacterial growth for the presence ofinhibition zones around the films. In contrast, PE and casting films showed no inhibition zones and even obvious folds and ruptures were produced. Inhibition zone diameters for all films were calculated and shown in Fig. 6d. The prevailing view believed that the antibacterial activity of CS is due to the -NH3+ groups providing positive to films [54]. The -NH3+ interacted electrostatically with the main component of bacteria, namely the anionic phospholipid dipalmitoyl phosphatidylglycerol. This interaction resulted in increased permeability of bacteria cell membranes, promoting the release of nucleic acid, glucose and lactate dehydrogenase from the cells, disrupting the transport of nutrients to the cells, and finally the death of bacterial [55]. Moreover, only the dissolved CS molecules can diffuse in agar gel and cause the formation of an inhibition zone. CS molecules immobilized in film matrixes could not produce an inhibition zone because they could not diffuse [56]. On the one hand, the complexation of CS with SA, where the negatively charged groups in films interacted with the amide groups, resulting in the disruption of the peptide bonds in the tetrapeptide bridge and the disruption of the cell membrane [57]. Consequently, the films would be suitable for packaging fresh food containing water such as vegetables and meat [58].

The antimicrobial performance of the films showed no significant enhancement after the addition of anthocyanins. It is plausible that the interaction between polymer matrix molecules and anthocyanins impedes the release of anthocyanins.

3.7 ABTS +• Scavenging Activity

ABTS is a somewhat standard reagent that has been widely used to detect the ability of compounds to act as free radical scavengers. As shown in Fig. 7a, ABTS could be triggered by K2S2O8 and one-electron oxidation yields glaucous ABTS+• free radical, with a absorbance peak at 734 nm. Incubation of this glaucous ABTS+• radical solution with composite films led to a gradual lightening or even disappearance of the glaucous color, which meant that the ABTS+• radical was quenched by the antioxidant components of the films [59]. The attenuation of the color could be easily determined by spectrophotometry.
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Figure 7: (a) ABTS+• free radical generation, (b) antioxidant activity of film samples and (c) changes in antioxidant activity with time

Figs. 7b and 7c present ABTS+• free radical scavenging activity of different films and their changes with time. The free radical scavenging rates of 0%C and 0%L films after 2 h incubation are 47.14% and 61.42%, respectively, which indicated that CS composite films possessed certain antioxidant activity. The antioxidant mechanism of CS is first attributed to the formation of stable macromolecular radicals between its residual free amino groups and ABTS+• radicals. Secondly, the -OH groups as well as the -COOH groups in SA and CS could scavenge free radicals [60]. The antioxidant activity of films showed a significant rise after adding anthocyanins. Most films could reach more than 70% oxidation rate after 2 h incubation and even reach 100% at 30%C and 40%C. The reason for this is the high content of polyphenolic compounds in anthocyanins, which are considered to be the most powerful oxidants and effective in scavenging free radicals [61].

As shown in Fig. 7b, the casting films exhibited stronger antioxidant capacity than the LBL films after 1 h incubation. The amino groups of CS were not occupied in casting films while the amino groups of CS in LBL films connected with the carboxyl groups in SA to form a tight network structure, making its antioxidant ability inferior to that of the casting films. In addition, SD of the films is a key factor affecting the release of active agents [62]. High SD facilitates the rapid release of antioxidants, consistent with the results of the SD analysis mentioned above.

We observed an explosive increase in the antioxidant activity of all films during the initial stage (Fig. 7b). And its rate increased with the increase in anthocyanin content. When the antioxidants in the films are released, free radicals can be rapidly inhibited or quenched, resulting in a rapid increase in antioxidant activity. The antioxidant activity of each film enhanced relatively slowly after incubation for 1 h and seemed to reach a plateau period. And the amount of anthocyanin addition in casting films had no additional accelerated effect on the gain of antioxidant activity due to this activity is limited by the kinetics of release after 1 h, which is further verified by Benbettaïeb et al. [60] through the effect of release kinetics on antioxidant activity.

Efficient free radical scavenging capabilities are expected for packaging films. It is also important to guarantee a stable and sustained release of antioxidants from an antioxidant-active packaging film during food storage [63]. For example, the carboxyl group of gallic acid partially reacts with CS during the compounding process and cannot be released, resulting in reduction in its sustained release. The rapid release of antioxidant substances in the early stage is not conducive to long-term recycling. Although 0%L, 20%L and 30%L showed sustained release behavior, the antioxidant capacity remained below 80% throughout the late stage. For this reason, 40%L is more advantageous in terms of combining both oxidation resistance and sustained release properties.

According to the above analyses, LBL films exhibited more excellent mechanical properties, light barrier, thermal stability, antimicrobial activity, sustained release properties, and significantly reduced swelling, making them more suitable for humid environments. In this regard, LBL films were used for the follow-up study.

3.8 pH-Sensitivity

As shown in Fig. 8a, anthocyanins underwent structural transformation with pH changing. This property endows anthocyanins with pH sensitivity, making them active substances that can detect changes of pH. Furthermore, the transformation of the anthocyanins’ structure can lead to color changes being quantitatively detected by a UV-Vis spectrophotometer.
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Figure 8: (a) structural transformation of anthocyanins under acidic and alkaline conditions, (b) color changes of anthocyanin solution and composite film at pH = 1–13 and (c) UV-Vis spectra of anthocyanins at pH = 1–13

The color changes of anthocyanins and the composite filems at different pH values (pH = 1–13) are shown in Fig. 8b. The anthocyanin solution appeared red at pH = 1 and gradually transformed to pink and purple with the increase of pH. The color suddenly turned brown at pH = 10 and finally became yellow at pH = 12–13. This is the result of the degradation of anthocyanins under strong alkaline conditions [64]. The color changes of the anthocyanin solution corresponded to the structural alteration, from red flavonoid cations to colorless methanolic pseudobases, blue quinolones, and yellow chalcones. A mixture of red flavylium cation and yellow chalcone ions can coexist at a pH value between the values when the equilibrium forms predominate, which allows for a combination of their colors and shows other colors [65]. At the bottom of Fig. 8b, composite films exhibited obvious color changes in different buffer solutions. The time required for the color changes of composite films when immersed in buffer solutions is approximately 3–5 s. Especially at pH = 1 and pH = 13, the differences of the colors of the films are more pronounced when the soaking time is longer.

The corresponding UV–Vis spectra of anthocyanins in different buffer solutions are presented in Fig. 8c. At pH = 1–4, the maximum value of the absorption appeared at 530 nm, and the absorption intensity of the solution gradually decreased as the pH became more basic. When the pH increased from 4 to 11, the absorption peaks gradually shifted to 580 nm and the absorption intensity enhanced continuously. One of the most important features of the changes in the freshness of food is the pH transformation. Fast and sensitive smart packaging films can provide timely detection and feedback on the freshness of items.

4  Conclusion

In summary, we designed a pH-sensitive multifunctional film by introducing anthocyanin as pH indicative factor into CS and SA via the LBL method. Benefiting from the electrostatic interaction and hydrogen bonding between chitosan and sodium alginate, the film exhibits a rosy tensile strength of 50 MPa and UV blocking property which outperforms the traditional casting sample. The addition of anthocyanin endows the film with a visual indication to judge the food spoilage within a wide range of pH changes. At the same time, anthocyanin enhances the water resistance by reducing the free hydroxyl group in films and increases the water resistance to 97.56%. Moreover, the film enjoys favorable bacteriostatic, which is attributed to the positive charge release from CS promoted by anthocyanins and sodium alginate. Our film is very attractive as a base material to replace plastic packaging in common consumer products such as wrap or other applications in contact with food.
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