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Abstract: In this study, intelligent, pH-responsive colorimetric films were prepared by encapsulating anthocyanins in nanocomplexes prepared from glutenin and carboxymethyl chitosan. These nanocomplexes were added to a corn starch matrix and used in the freshness monitoring of chilled pork. The effects of anthocyanin-loaded nanocomplexes on the physical, structural, and functional characteristics of the films were investigated. The addition of anthocyanin-loaded nanocomplexes increased the tensile strength, elongation at break, hydrophobicity, and light transmittance of the films while decreasing their water vapor permeability. This is because new hydrogen bonds are formed between the film components, resulting in a more homogeneous and dense structure. The colorimetric film has a significant color response to pH changes. These films were used in experiments on the freshness of chilled pork, in which the pH changes with changing freshness states. The results show that the colorimetric film can monitor changes in the freshness of chilled pork in real time, where orange, pink, and green represent the fresh, secondary fresh, and putrefied states of pork, respectively. Therefore, the intelligent colorimetric film developed in this study has good application potential in the food industry.
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1  Introduction

Traditional food packaging acts as a barrier between food and the environment, shielding it from the elements and extending the life of the food [1]. However, the primary raw materials used to make food product films are conventional synthetic polymers derived from petroleum, which have serious environmental implications [2,3]. Presently, with increasing awareness of environmental issues and food safety, the development of biodegradable smart packaging films has garnered great interest from the greater public [4]. As a result, a variety of natural biopolymers, such as proteins, lipids, and polysaccharides, have been employed to create food packaging films [5]. Materials that can monitor how packaged food is being stored and provide information as to its freshness are referred to as smart packaging. In the food business, there has been an increase in interest in the topic of smart packaging [6,7].

Anthocyanins (ACNs) are naturally derived colorants and antioxidants, with potent antioxidant and anti-microbial properties [8]. ACN-rich films are therefore beneficial in conserving the quality of food goods and extending their storability [9]. As ACNs are pH-sensitive and can alter their chemical characteristics and color according to the pH, they can be used to check the quality of some food products in real time [10,11]. However, pH effects may cause ACNs to leach and degrade, owing to their low chemical stability, which limits their application in the food industry [12]. To make it easier to apply ACN-rich smart packaging films, it is crucial to increase ACN stability.

Encapsulation not only protects unstable ACNs, but also allows for their sustained and controlled release [13]. Nano-composite systems, composed of proteins and polysaccharides, are especially useful encapsulation techniques for improving the stability of ACNs. In most cases, proteins and polysaccharides with opposing charges interact electrostatically to produce protein-polysaccharide nanocomplexes. Casein and carboxymethylcellulose nanocomplexes encapsulated with ACNs prepared by electrostatic interactions effectively attenuate the degradation of ACNs under harsh environments [14]. Zhang et al. created nanocarriers using ovalbumin and propylene glycol alginate to protect and gradually release ACNs [15].

Rubber seeds, as a by-product of rubber trees, are discarded in the woods except for a small amount for propagation and fodder, causing a great waste of plant protein resources; recycling rubber seeds would greatly increase the economic value of rubber trees [16,17]. Glutenin, extracted from rubber seeds, is widely available, inexpensive, and readily soluble in dilute acids and bases. Its high content of hydrophobic amino acids helps to stabilize the internal structure of glutenin. pH influences glutenin’s surface potential, making it positively charged under acidic conditions. Carboxymethyl chitosan (CMC), a biodegradable natural polysaccharide, is a biopolymer widely used in biomedical, pharmaceutical, and food applications owing to its non-toxicity, biocompatibility, and antimicrobial properties [18,19]. CMC has also been used to prepare nanocomplexes for the protection of bioactive substances. For example, Liu et al. used CMC and chitosan hydrochloride to prepare nanocomplexes to protect stilbene-glycosides [20]. To encapsulate ACNs and increase their stability, glutenin-carboxymethyl chitosan (G-CMC) nanocomplexes can be created by electrostatic interactions between positively charged glutenin and negatively charged CMC. Starch is a widely used food packaging film material because of its abundance, inexpensiveness, good processability, and excellent film-forming properties. Therefore, it was used as a matrix to construct biodegradable smart films [21,22].

In this study, waste rubber seeds were recycled and for the first time, protein-polysaccharide nanocomplexes were developed from glutenin and CMC and used to encapsulate ACNs. In order to prepare biodegradable smart films, the obtained ACN-loaded protein–polysaccharide nanocomplexes were combined with a starch matrix. The mechanical characteristics, water resistance, light transmittance, and antioxidant capacity of the colorimetric films as well as their structure were characterized. Finally, their practicality was validated by monitoring the freshness of chilled pork.

2  Materials and Methods

2.1 Materials

Blueberry ACNs (purity: 5%–25%) were purchased from Shanghai McLean Biochemical Technology Co., Ltd. (Shanghai, China). Corn starch (purity ≥ 98%) and CMC (degree of carboxylation ≥ 80%) were acquired from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Analytical grade glycerol, citric acid monohydrate, and ethanol were obtained from Xilong Chemical Co., Ltd. (Guangdong, China).

2.2 Extraction of Glutenin in Rubber Seeds

Sun-dried rubber seeds were hulled, crushed, sieved (0.425 mm), and defatted with acetone at a ratio of 1:3 (m/V). The defatted powder was mixed in a 1:10 (m/V) ratio with distilled water, 0.1 mol/L NaCl solution, 70% ethanol, and distilled water. Using a magnetic stirrer, the solution was agitated for 1 h before centrifuging it for 15 min at 6,000 r/min. After separating the precipitate, the extraction process was carried out twice. Following this, the precipitate was stirred with a 0.05 mol/L NaOH solution at a ratio of 1:16 (m/V) at 55°C for 2 h using a magnetic stirrer and then centrifuged at 6,000 r/min for 15 min to extract the supernatant. The supernatant was adjusted to pH 4.8 with 0.1 mol/L hydrochloric acid solution, then left at 25°C for 4 h, and finally, centrifuged at 8,000 r/min for 20 min to extract the precipitate (glutenin).

2.3 Color and Ultraviolet Spectroscopy of ACN Solution

The ultraviolet spectroscopy of ACN solutions under pH of 2–12 was measured using an enzyme marker (Synergy LX; BIOTEK INSTRUMENTS, USA). The colors of the ACN solutions at different pH values were recorded using a camera.

2.4 Preparation of Nanocomplexes

The glutenin solution was created by dispersing 2.4 g of glutenin in 50 mL of 0.2 M citric acid solution. This solution was magnetically stirred for 1 h at 55°C, followed by centrifugation to obtain the supernatant. G-CMC nanocomplexes were created by combining CMC (2%) solution with the glutenin solution, at a ratio of 1:1, and stirring at room temperature for 1 h. Blueberry ACN was mixed with the G-CMC nanocomplex solution at a final concentration of 3 mg/mL, magnetically stirred for 90 min, and centrifuged. The supernatant was taken to obtain the G-CMC-ACN nanocomplexes [23].

2.5 Characterization of Nanocomplexes

Dynamic light scattering (DLS) was performed using a Zetasizer nano ZS90 (Malvern Instruments, UK) to estimate the average particle size (Dz), zeta potential, and polydispersity index (PDI) of the prepared nanocomplexes.

ACN content was measured by the pH-differential method using an ultraviolet–visible (UV–vis) spectrophotometer (UV-5500PC, METASH, China), according to He et al. [24]. The lyophilized samples (300 mg) were mixed with 3 mL of deionized water and dispersed using a Vortex Mixer. Anhydrous ethanol (27 mL) was added to the mixture to facilitate extraction. After 5 min, the mixture was filtered through a 0.45 μm Millipore membrane to determine the total ACN content (TAC). The free ACN content (FAC) was determined by adding 30 mL of anhydrous ethanol to the 300 mg lyophilized sample, then vortexed for 30 s and filtered through a 0.45 μm Millipore membrane [15]. The following equation was used to compute the encapsulation efficiency (EE):


EE(%)=TAC−FACTAC×100%
(1)

2.6 Formation of the Films

A corn starch solution (8% w/v) was gelatinized at 95°C for 15 min and rapidly stirred to reduce the temperature to 25°C. The film forming solution was prepared using the following method:

G-CMC-ACN film: ACN-loaded G-CMC nanocomplexes were added to the gelatinized corn starch solution at a 1:1 ratio, followed by glycerol (30% by mass of corn starch). The solution was stirred continuously for 1 h at approximately 25°C to obtain a film-forming solution containing ACN-loaded G-CMC nanocomplexes.

G-CMC film: The above mentioned method was used but no ACNs were loaded onto the G-CMC nanocomplexes.

A film: The above mentioned method was used, but the ACN-loaded G-CMC nanocomplexes were replaced with an equal amount of ACN aqueous solution (in unpackaged form, 3 mg/mL) to prepare the film-forming solution.

C film: The above mentioned method was used, but the ACN-loaded G-CMC nanocomplexes were replaced with distilled water in the film-forming solution.

The film-forming solution (25 mL) was transferred to a square plastic Petri dish (13 cm × 10 cm × 2.5 cm) and then placed in an oven at 35°C for 12 h. Dry films were stored at 25°C and 50% relative humidity [25].

2.7 Characterization of the Films

2.7.1 Scanning Electron Microscope (SEM)

The film samples fractured in liquid nitrogen were fixed on a conductive adhesive, coated with gold, and observed using a field emission SEM (Verios G4 UC, Thermo Fisher Scientific, USA).

2.7.2 X-Ray Diffraction (XRD)

The crystallinity of the samples was measured using an XRD (Smart Lab, RIGAKU, Japan). XRD patterns were collected in the range of 2θ (5°–80°) at a scanning speed of 1°/min.

2.7.3 Fourier Transform Infrared (FTIR) Spectroscopy Analysis

FTIR spectra of the film samples were obtained using an FTIR spectrometer (Tensor 27, Bruker, Germany) in the range of 4,000–400 cm−1.

2.7.4 Mechanical Property

The thicknesses of the four types of films were measured using a hand-held electronic micrometer (awt-chy01, EVERTE, China). Five points on the sample were randomly selected for the measurement. The precision of the thickness measurement was 0.001 mm.

The tensile strength (TS) and elongation at break (EAB) of the films were measured using a tensile testing machine (3343; Instron, USA). The film was cut into 2 cm × 10 cm pieces and fixed in place using a fixture. The distances between the fixtures were set to 40 mm and the test speed was 1 mm/s [26]. TS and EAB were calculated as follows:


TS (MPa)=Fa×b
(2)


EAB (%)=L−L0L0×100%
(3)

where F denotes the maximum load (N), a the thickness of the film (mm), b the width of the film (mm), L the length of the film rupture (mm), and L0 the initial length of the film (mm).

2.7.5 Water Resistance

The samples were cut into 2 cm × 2 cm pieces, weighed (M1), and dried at 105°C until the pieces reached a constant weight (M2). The dried films were placed in a weighing dish containing 30 mL of deionized water for 24 h. The undissolved films were dried at 105°C until they reached a constant weight (M3). The moisture content (MC) and water solubility (WS) were calculated using the following equations:


MC(%)=M1−M2M1×100%
(4)


WS(%)=M2−M3M1×100%
(5)

The water vapor permeability (WVP) of the films was measured according to Xiao et al. [27]. In a beaker containing 15 mL of deionized water; the film was secured with a rubber band. At 25°C, the beaker was placed in a desiccator filled with anhydrous silica gel. Every 2 h, the weight of the beaker was recorded. The WVP was calculated using the equation below:


WVP(%)=ΔM×dA×Δt×ΔP×100%
(6)

where ΔM denotes the change in weight of the beaker (g), d the thickness of the film (m), A the permeation area of the film (m2), Δt the testing time (s), and ΔP the saturated vapor pressure at 25°C.

The film water contact angle (WCA) was measured using a video optical contact angle measuring instrument (OCA20, Dataphysics, Germany). Deionized water (1 µL) was dripped onto the film sample. An image of the droplet was captured by the camera and the angle was measured using the software.

2.7.6 Color and Light Transmission

The color parameters of the films were determined using a colorimeter (CR-400; Konica Minolta, Japan) [28]. The total chromatic aberration (ΔE) was calculated as follows:


ΔE=[(L*−L0*)2+(a*−a0*)2+(b*−b0*)2]0.5
(7)

where L*, a*, and b* are films’ color parameters, and L0*, a0*, and b0* are the color parameters of a standard white board.

The transmittance spectrum of the film was determined using a UV–vis spectrophotometer (UV-5500PC; METASH, China). An empty cuvette was used to set the spectrophotometer to zero before starting the experiment. The film was cut into a 0.8 cm × 4 cm sized piece and pressed to one side of the colorimetric plate. The film’s transmittance was measured in the 200–800 nm wavelength range.

2.7.7 Antioxidant Properties

The DPPH and ABTS radical scavenging techniques were combined to assess the films’ antioxidant properties. The absorbance was measured at 517 nm by mixing 1 mL of the film solution with 4 mL of DPPH methanol solution, and incubating in the dark for 30 min at 25°C. Additionally, 100 μL of film solution was mixed with 3.8 mL of ABTS methanol solution and incubated in the dark for 6 min at 25°C. The absorbance was measured at 734 nm. Antioxidant activity was expressed by calculating the vitamin C equivalent antioxidant capacity (VCEAC) [29].

2.7.8 Thermal Properties

The thermal properties of the film samples were evaluated from 30°C to 500°C using a thermogravimetric analyzer (Q600, TA, USA) with a heating rate of 10 °C/min.

2.7.9 Color Reaction in Different pH

Different smart films were immersed in the pH buffer solution (pH 2–12) for 1 min each time and the change in film color was measured with a colorimeter (CR-400; Konica Minolta, Japan) [30]. The ΔE was calculated using Eq. (7).

2.8 Application

G-CMC-ACN films (6 cm × 2 cm) were fixed over petri dishes containing 10 g of fresh pork, and the containers were sealed using cling film. The petri dishes were refrigerated at 4°C for 10 days. The color of the films was recorded every 2 days. The weight loss rate of the pork was determined by weighing the samples, and the pH and total volatile basic nitrogen (TVB-N) values were determined according to the Chinese standard GB 5009.237-2016 and the automatic Kjeldahl method, respectively [31].

2.9 Statistical Analysis

All tests repeated a minimum of three times and the results of the experiments were expressed as the mean ± standard deviation. One-way analysis of variance (ANOVA; p < 0.05) was performed on the data using the SPSS23 software to describe the statistical differences between the measurements. All figures were drawn using origin2022b.

3  Results and Discussion

3.1 Color and Ultraviolet Spectroscopy of ACN Solution

The color changes of ACNs in the pH range of 2.0–12.0 are shown in Fig. 1A. The color of the ACN solution gradually changed from red (pH 2.0) to pink (pH 3.0–4.0) and then faded to colorless as the pH increased (pH 5.0–6.0). As the pH increased, the ACN solution turned purple-brown (pH 7.0–10.0), then yellow-green (pH 11.0–12.0) [23]. The changes in the ultraviolet spectroscopy of the ACN solutions with different pH values are shown in Fig. 1B. The shift of the ACN solution’s maximum absorption peak from 515 nm (pH 2.0–6.0) to 580 nm (pH 7.0–12.0) was observed. The color variation and corresponding peak shifts of the ACN solutions are due to the ACNs structural transformation under different pH conditions. ACNs exist as red flavonoid cations in strongly acidic environments; these cations transform into colorless methanol pseudobases in weak acids, and finally change into blue anionic quinone bases and yellow chalcones in alkaline environments [32,33], indicating that blueberry ACN can be used as an indicator.
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Figure 1: Color changes (A) and ultraviolet spectroscopy (B) of ACN solutions at different pH values

3.2 Characterization of Nanocomplexes

The Dz, zeta potential, PDI, and EE of the nanocomplexes are shown in Table 1. The Dz of G-CMC-ACN nanocomplexes was significantly larger than that of G-CMC nanocomplexes because ACNs could bind to the G-CMC nanocomplexes through hydrogen bonding or van der Waals forces [34]. The zeta potential is an important parameter for evaluating the stability of nanocomplexes. The addition of ACNs significantly increased the zeta potential of the G-CMC nanocomplexes owing to the flavonoid cations in ACNs. Consequently, ACN-loaded G-CMC nanocomplexes outperformed G-CMC nanocomplexes in terms of stability. The PDI of the ACN-loaded nanocomplexes was lower than that of the G-CMC nanocomplexes, indicating that the size distribution of ACN-loaded nanocomplexes was more uniform. The EE of ACNs in nanocomplexes was 87.15%, indicating that ACNs can be stably loaded into nanocomplex systems [35].

[image: images]

3.3 Characterization of the Films

3.3.1 SEM Analysis

The microstructures of the four films are shown in Fig. 2A. The cross section of the C film was insufficiently compact, and the surface was rough with big insoluble particles. Compared with the C film, the surface of the film with free ACNs was smaller, and there were fewer large insoluble particles. After the addition of nanocomplexes, the surface of the film became smoother and the cross section became more compact, indicating good biocompatibility between the nanocomplexes and the film matrix [36]. The addition of ACN-loaded nanocomplexes further improved the surface structure of the film, and the cross-section of the film was more uniform and regular. Similar results were found in smart colorimetric films prepared by Liu et al. with ACN-loaded ovalbumin-carboxymethyl cellulose nanocomplexes in a corn starch/polyvinyl alcohol matrix [23]. These findings show that ACN-loaded nanocomplexes greatly enhanced the structure of the film and that ACNs were uniformly distributed in the film.

[image: images]

Figure 2: Scanning electron microscope (SEM) images of the C (a, e), A (b, f), G-CMC (c, g), and G-CMC-ACN (d, h) films (A). Fourier transform infrared (FTIR) spectrum (B) of the films. X-ray diffraction (XRD) patterns (C) of C (a), A (b), G-CMC (c), and G-CMC-ACN (d) films

3.3.2 XRD Analysis

The crystal structures of the four films were analyzed using XRD (Fig. 2B). During gelatinization, the typical A-type crystal structure of corn starch was destroyed, showing only two characteristic peaks (2θ = 17.1° and 19.9°). This was due to the recrystallization of starch during film formation and storage. The addition of ACNs or nanocomplexes decreased the signal of the bimodal peaks. When the ACN-loaded nanocomplexes were added, the film showed no new diffraction peak, and formed a diffuse steamed bread peak at 2θ = 19.9°, indicating good biocompatibility between the starch and the ACN-loaded nanocomplexes [37]. This was caused by the starch and ACN-loaded nanocomplexes forming intermolecular hydrogen bonds, which prevented the recrystallization of the starch [38].

3.3.3 FTIR Analysis

The infrared spectra of the four films are shown in Fig. 2C. The characteristic peaks of the C film were the O-H stretching vibration at 3421 cm−1, C-H stretching vibration at 2931 cm−1, O-H bending vibration at 1645 cm−1, and glucose pyranose ring vibrations at 1035 and 1087 cm−1 [39]. All of the film samples showed the characteristic peaks associated with gelatinized corn starch, indicating that the addition of free ACNs or nanocomplexes had no impact on corn starch’s structure and had good biocompatibility [23]. The creation of new hydrogen bonds caused the absorption peak of -OH in the A film to move from 3421 to 3398 cm−1 [40]; G-CMC and G-CMC-ACN films’ new characteristic peaks at 1724 and 1726 cm−1 were caused by nanocomplexes’ vibrations of the amide I band (C=O) [41]; simultaneously, peaks at 3421 and 1645 cm−1 shifted to 3382 and 1633 cm−1, respectively. The peak vibration intensified significantly, indicating the constitution of hydrogen bonds and electrostatic interactions between the ACN-loaded nanocomplexes and film matrix.

3.3.4 Mechanical Properties

Table 2 shows the thickness, TS, and EAB of the four films. The four films’ thicknesses did not differ significantly (p > 0.05), indicating that the addition of ACN or nanocomplexes had no significant effect on film thickness. It is common practice to assess the mechanical characteristics of films using TS and EAB. The addition of free ACN increased the TS (0.87→1.83 MPa) and decreased the EAB (46.77%→35.23%), as the high rigidity of blueberry ACN decreased the flexibility of the film [42]; however, the addition of ACN-loaded G-CMC nanocomplexes and G-CMC nanocomplexes not only increased the TS from 0.87 to 2.67 MPa and 0.87 to 2.10 MPa, respectively, but also significantly increased the EAB from 46.77% to 93.76% and 46.77% to 182.61%, respectively. Strong interfacial contacts between the G-CMC nanocomplex and the film matrix, which assisted in the formation of the film’s dense structure and enhanced its mechanical properties, were responsible for this. The higher TS of G-CMC-ACN films was a consequence of the higher biocompatibility of anthocyanin-loaded nanocomplexes with the film matrix. The lower EAB of G-CMC-ACN films compared to that of G-CMC films was related to the lower chain mobility, as the addition of anthocyanins restricts the movement of polymer chains [43].
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3.3.5 Water Resistance

The MC, WS, and WVP values of the four films are summarized in Table 2. Owing to the interaction between the hydrophilic hydroxyl groups and water molecules in the pure starch film, the C film had the highest water content (25.80%). The moisture content of the A film did not significantly decrease (p > 0.05) after the addition of free ACN. This occurred as some of the water molecules in the film were replaced by ACN molecules [44]. When nanocomplexes were added, the strong interactions between the nanocomplexes and starch reduced the effective number of hydrophilic hydroxy groups, and the water content of the films decreased significantly [42]. The addition of free ACNs did not significantly affect the WS of the films, whereas G-CMC and G-CMC-ACN nanocomplexes increased the WS of the films from 16.96% to 24.18% and from 16.96% to 25.29%, respectively. This is due to the hydrophilic nature of CMC and the weakened cross-linking between polymer molecules when the films swell with water, thus increasing solubility. Free ACNs interact with the hydrophilic groups in the film matrix to generate hydrogen bonds, which lower films’ WVP [23]. Owing to the strong interaction between the nanocomplexes and the film matrix, the addition of ACN-loaded G-CMC and G-CMC nanocomplexes effectively diminished the WVP of the films. This made water molecules more resistant to diffusing through the films, and the uniform and compact microstructure restricted the transfer of water in the film matrix [45].

The hydrophilicity/hydrophobicity of the films was evaluated by measuring the water contact angles of the film surfaces; these were hydrophilic when θ < 90° and hydrophobic when θ > 90°. The contact angle of the pure corn starch film was the smallest (WCA = 43.7°; Fig. 3A); the starch film had high hydrophilicity and poor water resistance, because of the multi-hydroxyl structure of starch [46]. As ACNs can form hydrogen bonds with hydrophilic groups in the film matrix, the A film’s hydrophilicity was reduced (WCA = 86.2°) [23]. The addition, ACN-loaded G-CMC and G-CMC nanocomplexes improved the hydrophobicity of the films noticeably (WCA = 97.9° and 105.4°, respectively) [12]. This is because the increased interaction between the nanocomplexes and the film matrix hinders the rearrangement of starch chains and makes the surface hydrophobic. The poor water resistance limits the practical applications of the pure starch film. Adding ACNs-loaded G-CMC nanocomplexes is an effective method to improve the water resistance of the film, thereby increasing their suitability for practical applications.
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Figure 3: Water contact angle of films (A). Color of films (B). Ultraviolet–visible (UV–vis) light transmittance (C) of films. Antioxidant activity of films (D)

3.3.6 Color and Light Transmission

Color is crucial for the application of pH-responsive smart film [39]. The colors and parameters (L*, a*, b*, and ΔE) for each of the four films are shown in Fig. 3B and Table 3. L represents the brightness, +a* and −a* indicate red and green, +b* and −b* represent yellow and blue, respectively, and ΔE represents the color difference from the white standard color plate. The corn starch film, without additives, was visually transparent. After adding free ACN, the film turned dark purple and the brightness decreased (L = 87.88 → L = 81.81). The G-CMC film’s pale yellowish hue was brought on by glutenin, and the orange color of the G-CMC-ACN film was due to the combined effect of the encapsulated ACNs and glutenin.

[image: images]

Films used to package food must be capable of blocking UV–vis light, because UV–vis light causes food oxidation and a reduction in shelf life [47]. By measuring light transmittance, the films’ ability to block light was assessed. The light transmittances of the four films from highest to lowest were: C, G-CMC, A, and G-CMC-ACN (Fig. 3C). The light transmission of the G-CMC film was lower than that of the C film, which indicates that the homogeneous G-CMC nanocomplex distribution leads to light scattering and reflection [23]. The light transmittances of the A and G-CMC-ACN films were significantly lower than that of the C and G-CMC films. This may be caused by ACNs’ aromatic rings absorbing the UV–vis light. Owing to the light being absorbed by flavonoid cations in the 500–600 nm range, the A and G-CMC-ACN films’ transmittances significantly decreased.

3.3.7 Antioxidant Properties

The antioxidant properties of films were determined by calculating the vitamin C equivalent antioxidant capacity (Fig. 3D). Compared with pure starch films, free ACN-containing films and ACN-loaded nanocomplex films showed significantly higher antioxidant activity. ACNs are polyphenols, which contain numerous phenolic hydroxyl groups that form phenoxy groups by eliminating free radicals, improving the antioxidant activity compared with that of pure starch films [48]. The free ACN-containing films had higher antioxidant properties than the nanocomplex films, because the antioxidant property of ACNs was reduced by nanocomplex encapsulation. This caused the release of encapsulated ACNs to be slower. The antioxidant property of the composite films depended not only on the ACN release from the film, but also on the microstructure and release environment of the film. Qin et al. also found that films containing free ACNs had higher antioxidant activity [12]. Therefore, ACN-loaded nanocomplex films could be used not only in smart packaging to monitor freshness, but also in active packaging to extend the shelf life of food [49].

3.3.8 Thermal Properties

The thermal properties of the films were investigated using thermogravimetric analysis. All films exhibited three decomposition stages (Fig. 4): (1) 50°C–170°C, where the mass loss was caused by water evaporation; (2) 250°C–330°C, thought to be due to the degradation of polysaccharides, proteins, starches, and plasticizers in the film; and (3) >350°C, when decomposition occurred primarily because of glycosidic bond degradation and further decomposition of intermediate products [50]. The residual weight of the starch films containing the nanocomplexes was significantly higher than those without nanocomplexes, which indicated that nanocomplexes could noticeably enhance the thermal stability of starch films [51]. Pure starch films have only one degradation mechanism; however, a second type of degradation was observed in both nanocomplex films. It is presumed that the nanocomplexes are partially degraded at relatively low temperatures and the primary structures begin to dissociate at 305°C. In typical usage of the packaging, the ambient temperature remained below 100°C, thereby indicating that the stable film may fulfill the requirements for food packaging.

[image: images]

Figure 4: TGA (A) and DTG (B) curves for all films

3.3.9 Color Reaction in Different pH Environments

Table 4 presents the colors and parameters of the G-CMC-ACNs films in the pH range of 2–12. The film was pH sensitive and demonstrated a significant color change. The findings demonstrate that the G-CMC-ACN film’s color change trend was comparable to that of the ACN solution. The color of the film transformed from red (pH 2.0) to pink (pH 3.0–4.0), light yellow (pH 5.0–7.0), greyish purple (pH 8.0–10.0), and finally light green (pH 11.0–12.0) as the pH increased. The a* value decreased, whereas the b* value increased, then decreased, and then increased again, indicating a change in film color from red to chartreuse with an increase in the pH. Owing to the ACNs’ structural changes at various pH levels, the film’s color changed in different pH buffers [52].
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3.4 Application of the Films

Based on the color response of G-CMC-ACN films to different pH solutions, the film was applied to real-time monitoring of the freshness of chilled pork. The freshness of the pork during storage was evaluated comprehensively by measuring the weight loss, pH, and TVB-N content. With increased storage time, the weight loss rate increased, pH first decreased and then increased, and the TVB-N content increased (Table 5). The pH decreased during the stiff period when adenosine triphosphate and glycogen break down to form lactate and phosphate, respectively. Subsequently, bacteria and enzymes break down the proteins to produce alkaline nitrogenous substances, such as TVB-N, resulting in an increase in the pH. Based on TVB-N content, pork can be divided into three grades: Fresh (<15 mg/100 g), secondary fresh (15–25 mg/100 g), and corrupted (>25 mg/100 g). Pork can also be classified into the following three classes based on pH changes: fresh (5.8–6.2), secondary fresh (6.3–6.6) and corrupted (>6.7). We observed that pork was still fresh between 0 and 2 days, secondary fresh between 4 and 6 days, and began to rot after 8 days of storage. The color of the ACN-loaded nanocomplex films changed depending on how fresh the pork was (Fig. 5). The color transformed from orange (0–2 days) to pink (4–6 days) and finally, to chartreuse (8–10 days). This is the visible color change, reflected by the color parameters a* (9.35 → 12.19 → −1.6) and b* (2.43 → 1.06 → 2.74). Orange, pink, and chartreuse represented the fresh, secondary fresh, and putrefaction states of pork, respectively, indicating that there was good agreement between the films and the stages noted. Zhang et al. also showed that ACN-loaded films could indicate pork spoilage based on the color of the film [53]. Therefore, the ACN-loaded nanocomplex film can be used to monitor the freshness of pork [54].
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Figure 5: Transformation of pork and films during storage

4  Conclusion

Smart colorimetric films of G-CMC-ACN nanocomplexes held in corn starch matrices were developed and used to monitor the freshness of chilled pork in real time. G-CMC-ACN films showed improved mechanical properties, light-shielding ability, hydrophobicity, lower water vapor transmission, and excellent resistance to oxidation and pH, as compared with traditional smart films. This can be attributed to their good biocompatibility and the creation of new hydrogen bonds between the G-CMC-ACN nanocomplexes and corn starch film matrix. In practical applications, G-CMC-ACNs films can monitor the freshness of chilled pork in real time through color changes that are visible to the naked eye. Thus, the biodegradable G-CMC-ACN film has promising potential in food packaging applications.
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Table 1: Dz, zeta potential, PDI, and EE of nanocomplexes

Samples D, (nm) Zeta potential (mV) PDI EE (%)
G-CMC nanocomplexes 184.87 £3.96b 31.63 + 0.90b 0.52+£0.017a —
G-CMC-ACN nanocomplexes 241.9 £6.65a 3537 £1.11a 0.301 £0.014b 87.15 £ 1.37

Note: Different letters in the same column indicate significant differences (p < 0.05).
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Table 3: Color parameters of films

Films

L*

a* b* AE
C film 87.88 £ 0.08a 1.89 + 0.05¢ —7.67 £ 0.06d 13.62 + 0.06d
A film 81.81 + 0.13¢c 4.86 = 0.08b —4.51 £0.07c 18.09 + 0.15b
G-CMC film 83.03 £ 0.23b 1.29 +0.03d 6.01 £0.38a 16.02 + 0.12¢
G-CMC-ACN film 77.99 + 0.24d 10.58 £ 0.13a 2.53 £0.14b 23.20 + 0.28a

Note: Different letters in the same column indicate significant differences (p < 0.05).
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Table 4: Color parameters and photographs of G-CMC-ACNs film in pH 2.0-12.0 buffers

pH Film photo L* a* b* AE

2 63.08 + 0.50h 13.76 £ 0.21a 2.58 £0.09% 37.98 + 0.47a
3 64.81 £ 0.37g 10.87 + 0.28b 3.54 +0.10cd 35.38 £0.38¢c
4 64.97 + 0.46¢ 8.87 £ 0.18c 4.60 + 0.09b 34.71 + 0.46¢d
5 69.60 + 0.33¢ 6.42 + 0.24d 5.61 £0.26a 29.76 + 0.26f
6 73.59 £ 0.15¢ 4.76 + 0.28e 4.69 + 0.33b 25.40 £ 0.08fg
7 75.73 £ 0.39b 3.50 £ 0.32f 3.31+0.18d 22.88 £ 0.33h
8 77.07 + 0.24a 2.51 £0.07g 1.31 £ 0.09f 21.26 £ 0.251
9 72.79 £ 0.11d 1.96 + 0.20g 0.75+0.17¢g 2543 £0.12¢g
10 67.07 £ 0.31f —0.41 £ 0.28h 1.47 £0.19f 30.98 £0.31e
11 61.39 + 0.24i —1.61 £ 0.251 2.29 +0.15¢ 36.69 + 0.24b
12 63.66 + 0.07h —3.64 £ 0.14j 3.87£0.13c 34.61 £0.07d

Note: Different letters in the same column indicate significant differences (p < 0.05).
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Table 2: Thickness, MC, WS, TS, EAB, and WVP of films

Films Thickness  Moisture Water TS EAB (%) WVP (107!'g
(mm) content (%) solubility (%) (MPa) m ‘s 'pah)

C film 0.078 + 25,80 £1.13a 1696 +0.76b 087+ 46.77 = 15.85 £ 0.75a
0.012a 0.18d 4.30c

A film 0.083 £ 23.87 £1.31ab 16.87 £0.85b 133+ 3523+ 14.19 + 0.82ab
0.002a 0.13c 2.24d

G-CMC film 0.084 + 22,82 £1.08b 24,18 £0.82a 2.10+ 18261+ 13.04+1.07b
0.005a 0.14b 4.40a

G-CMC- 0.080 + 2240 £0.98b 2529 +0.75a 267+ 9376 10.79 £ 0.41c¢

ACN film 0.003a 0.17a 5.95b

Note: Different letters in the same column indicate significant differences (p < 0.05).
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Table 5: Changes in pH, weight loss, TVB-N content, and color parameters of chilled pork at different storage

times

Storage pH Weight loss (%)  TVB-N contents L* a* b*

time (d) (mg/100 g)

0 5.63 £0.02¢ 0.00f 7.96 + 0.33f 78.68+ 935+ 243 +
0.52a 0.17c 0.08ab

2 5.52 £0.02f 4.46 £ 0.55¢ 9.04 + 0.55¢ 6245+ 928+ 2.19 +
0.49b 0.32¢ 0.08bc

4 5.79 £0.03d 5.89 +0.68d 14.33 £0.14d 6471+ 10.14+ 151+
0.26¢ 0.12b 0.21d

6 6.03 £ 0.05¢c 7.89 £+ 0.49¢ 19.77 £ 0.55¢ 64.69+ 12,19+ 1.06 +
0.34c 0.13a 0.11e

8 6.44 £ 0.03b 9.92 + 0.66b 23.60 £ 0.43b 62.83+ 5.05% 2.03 £
0.41b 0.29d 0.15¢

10 6.70 = 0.02a 11.92 +0.74a 26.95 £0.90a 5872+ -1.60+ 274+
0.45d 0.26e 0.10a

Note: Different letters in the same column indicate significant differences (p < 0.05).
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