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In this study, alkali-soluble polysaccharide from wampee (ASP-W) was prepared and its effect on chitosan-based composite film was investigated. Preliminary characterization of ASP-W showed it was a kind of typical homogeneous polysaccharide, with a molecular weight of 1.5 × 103 KDa. Infrared spectroscopy proved the successful combination of ASP-W with chitosan. Meanwhile, composite film exhibited increased thickness, water solubility percentage, and swelling ratio and decreased moisture content. In terms of optical transmittance, composite films showed excellent UV barrier capability below 400 nm. Mechanical tests demonstrated tensile strength up to 24.84 MPa at ASP-W 1.5% and elongation at break up to 27.93% at ASP-W 4.5%. Composite films also possessed better barrier properties. Differential scanning calorimeter (DSC) results also indicated better thermostability of composite films. DPPH radical scavenging reached 46.84% at ASP-W 1.5% and hydroxyl radical scavenging peaked at 97.16% at ASP-W 3%. In summary, ASP-W can improve optical, mechanical, barrier, and thermal stability and antioxidant properties of chitosan film, which provided a certain reference for the development and utilization of polysaccharide in edible packaging film.
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1. Introduction

Edible film is a kind of porous and compact film with specific mechanical properties and selective permeability, which takes natural polymers as the main base material and mixes it with edible plasticizer (Galus and Kadzińska, 2015; Nešić et al., 2019). Generally, edible film is a packaging film consisting of a layer of edible material in the form of wrapping, coating, impregnating, or spraying that covers the internal interface of the food, which can isolate air, prevent the loss of moisture and nutrients, etc., and avoid lipid oxidation and microbial decomposition during transportation and preservation, thus ensuring the safety of the food (Tavassoli-Kafrani et al., 2016). Based on matrix, edible film can be classified as lipid edible films, protein edible films, polysaccharide edible films, and composite edible films. Compared with the traditional plastic packaging film, edible film has the advantages of harmlessness, biodegradability, reproducibility, and having a barrier and water barrier (Zareie et al., 2020; Kumar et al., 2021). Compared to single films, composite films contain a variety of material components that complement each other’s functions, maintaining the advantages of each film-forming substrate and making up for the shortcomings of a single edible film. At the same time, composite edible films have other excellent properties, such as preventing the growth of microorganisms and improving food quality (Wang et al., 2020).

Polysaccharides are naturally occurring macromolecular polymers widely distributed in plants, animals, algae, and microorganisms, formed by the polymerization of more than 10 monosaccharides through alpha- or beta-glycosidic bonds. Polysaccharide is not only the structural material of plant cells, but also the source of energy (Huang et al., 2021). Plant polysaccharides have increasingly attracted attention because of their extensive pharmacological activities, such as anti-tumor, immunomodulation, antioxidant, and anti-inflammatory effects (Cho et al., 2015). Polysaccharides are hydrophilic, stable, safe, nontoxic, and naturally biodegradable, and some of them are widely used in food packaging, pharmaceutical preparations, and various sustainable and renewable commodities in the biomedical industry (Tudu and Samanta, 2022). Studies have shown that, compared with other polysaccharides, alkaline soluble polysaccharides have more potential. The alkali-soluble polysaccharide of dendrobium candida has a proliferation effect on lactic acid bacteria (Xing et al., 2021). Alkaline and ultrasound-assisted alkaline extraction were used to obtain polysaccharide from papaya, and it was found that the alkali-soluble papaya polysaccharide exhibited higher water-holding, oil-holding, and swelling capacities (Zhang et al., 2017). Recently, polysaccharides have been used as one of the sustainable materials in coatings and edible film.

Chitosan, also known as deacetylated chitin, is a natural polymer made from chitin by deN-acetylation (≥55%) under alkaline conditions (Negm et al., 2020; Xie et al., 2022). It is the second most alkaline polysaccharide in nature after cellulose, and has good film formation, biocompatibility, biodegradability, and other excellent properties (Martínez-Camacho et al., 2010). As a result, chitosan can be used in the development of edible film and is gaining attention in the food packaging sector. Although chitosan film has certain film-forming properties, tensile properties, and antibacterial properties, single chitosan edible film has not been widely used because of some defects in properties, such as weak mechanical strength, poor oxygen permeability, light transmittance, moisture resistance, and affecting the preservation effect of perishable food (Ferreira et al., 2016). It is often compounded with other materials to make up for its defects (Jamróz and Kopel, 2020; Mohammadi Sadati et al., 2022). Proteins and polysaccharides have some excellent film-forming characteristics, so they are widely used as film-forming substrates (Ren et al., 2017). Previous research suggested that chitosan had good compatibility with some polysaccharides, and the preparation of films by mixing chitosan with these polysaccharides could improve the properties of blended films and reduce the production cost of enterprises (Garcia et al., 2006; Fonseca-García et al., 2021).

Clausena lansium (Lour.) Skeels, also called wampee, belongs to Rutaceae and is mainly distributed in the Guangxi, Yunnan, and Guangdong provinces of China and southeast Asian countries (Shen et al., 2012; Song et al., 2022). Wampee can be eaten raw when ripe, or processed into sauces, preserves, and drinks; it is known as the “treasure in fruit.” The chemical constituents of wampee have been reported as polysaccharide, alkaloids, terpenoids, vitamins, organic acids, and coumarins (Wu et al., 2013; Fu et al., 2022; Song et al., 2022), which can treat coughs and relieve pain, and have anti-inflammatory, antioxidant, and anti-cancer properties, among other things (Liu et al., 2012; Shen et al., 2018). Domestic and international research on wampee bark has focused on chemical composition, antioxidant properties, and other aspects (Liu et al., 2012; Chang et al., 2018; Shen et al., 2018). Previous studies also investigated the properties of water-soluble wampee polysaccharides (Shen et al., 2018). More and more attention has been paid to the extraction and utilization of natural active compounds from by-products of food processing (Castro-Muñoz et al., 2016). Many domestic and international scholars have studied chitosan and protein substances, lipids, and polysaccharide composite film, clearly pointing out that the addition of these substances can improve the disadvantages of chitosan membranes, especially polysaccharides which have many favorable properties, such as good antioxidant and barrier properties (Bakshi et al., 2020). However, the use of alkali-soluble polysaccharide from wampee (ASP-W) for the production of edible films has rarely been reported. In this paper, alkali-soluble polysaccharide from wampee was extracted from wampee residue and chitosan was used as the matrix to prepare a composite film with ASP-W. The effects of different additions of ASP-W on the structure, mechanical properties, barrier properties, thermostability, and antioxidant properties of composite film were studied, in order to expand the development and application of ASP-W and broaden the research ideas of plant polysaccharides in the packaging industry.



2. Materials and methods


2.1. Experimental material and reagents

Wampee was obtained from the Jiaxiangwei Store in Maoming of Guangdong, China. Uniform fruits (length: 30 ± 5 mm, weight: 10 ± 1 g, maturity: ripe) with no diseases were used in experiments. Chitosan (deacetylation degree: 90%) was supplied by Shanghai yuanye Bio-Technology Co., Ltd. (Shanghai, China). Potassium bromide was of spectral purity. All other chemicals and reagents were of analytical grade.



2.2. Extraction of alkali-soluble polysaccharide from wampee

ASP-W was extracted from wampee according to a previously reported method with slight modifications (Chen et al., 2019). To begin, 500 g of wampee flesh was pulped in a juicer and absolute ethanol (solid–liquid ratio of 1:4, w: v) was added to degrease with stirring for 24 h. After centrifugation at 11,100 g for 15 min, the precipitate was collected and dried at 40°C. To adequately remove water-soluble polysaccharide from wampee flesh, the dried granules were extracted with distilled water at 80°C three times (each for 2 h) and the combined supernatants through centrifugation were discarded. Then the residue was extracted by 0.5 mol/L NaOH solution (solid–liquid ratio of 1:4, w: v) at 50°C three times (each for 2 h). Similarly, the supernatant was combined and its pH value was adjusted to 7.0. Afterwards, the supernatant was concentrated by rotary evaporator and then precipitated four times of absolute ethanol overnight at 4°C. After centrifugation for 15 min at 11,100 g several times, the precipitate was re-dissolved in water and dialyzed (Mw cut off 100,000 Da; Width: 77 cm) against distilled water for 72 h. Finally, the alkali-soluble polysaccharide from wampee (ASP-W) was obtained by lyophilization.



2.3. Chemical composition analysis of ASP-W

The total sugar content was determined by the phenol-sulfuric acid method, and the reducing sugar content was determined by 3,5-dinitrosalicylic acid (DNS) method (Huang and Huang, 2020; Zhao et al., 2020). The polysaccharide content was equal to the former minus the latter (Abou Zeid et al., 2014; Wu et al., 2020). The content of soluble protein was determined by Coomassie brilliant blue G-250 method (Bao et al., 2016).



2.4. Characterization of ASP-W


2.4.1. Determination of molecular weight distribution

The molecular weight distribution of ASP-W was conducted according to the method reported (Wu et al., 2020). A certain amount of polysaccharide (2.0 mg) was dissolved in ultrapure water (1.0 mL) and measured by Aligent 1,200 (Waters, America) high performance liquid chromatograph matched with TSK-GEL G4000PWxl chromatographic column. The mobile phase was ultrapure water and its flow rate was 0.6 mL/min. The temperature of the column and differential refraction index detector (RID) was 30°C and 35°C, respectively.



2.4.2. Ultraviolet and visible (UV–vis) spectra

Polysaccharide was dissolved in distilled water with a final concentration of 0.02 mg/mL and scanned from 200 to 400 nm by ultra-violet-visible spectrophotometer (UV-1800, China), detecting whether it contains impurities such as protein and nucleic acid.



2.4.3. Fourier transform infrared spectroscopy

FT-IR of the polysaccharide was studied by BRUKER FTIR-VECTOR-22. Polysaccharide (1 mg) and dry KBr (150 mg) were fully ground and pressed into a thin disk for infrared spectrometer testing with scanning range of 4,000 ~ 400 cm−1.




2.5. Preparation of ASP-W/chitosan composite film

ASP-W/chitosan composite film were prepared in accordance with Ren et al. (2017) with slight modifications. Chitosan powder (1 g) was dissolved in 100 mL of acetic acid solution (0.35 mol/L) to prepare 1% (w/v) chitosan solution. Then ASP-W (0.0, 1.5, 3.0, 4.5, and 6%) and 30% (w/w) of glycerin were added into the solution. After the solution was evenly stirred with 600 rpm for 60 min at 60°C and degassed, it was cast on a PP board and dried at 30°C and 53% relative humidity for 24 h. Finally, the film was uncovered and balanced in a constant humidity dryer for 24 h, then all indexes were determined.



2.6. Fourier transform infrared spectroscopy of composite film

The composite film (1 mg) and dry KBr (150 mg) were fully ground and pressed into a thin disk for infrared spectrometer testing with scanning range of 4,000 ~ 400 cm−1.



2.7. Film thickness, moisture content, water solubility percentage, and swelling ratio

Film thickness was measured by a thickness gauge by randomly selecting different positions on the film and taking an average. The moisture content of the composite film was measured using the method described by Arifin et al. (2022). The composite film was dried at 105°C in an oven to a constant weight, and moisture content was calculated by the mass difference of film before and after drying.

The water solubility percentage and swelling ratio of the composite film was measured using the method described by Sun et al. (2017). To determine water solubility percentage, the composite film with initial mass M0, was soaked in distilled water for 24 h. Then the remaining water on the film was absorbed with filter paper before drying at 60°C for 24 h, and its mass was weighed as M1. Water solubility percentage was calculated by the mass difference of film before (M0) and after drying (M1). To determine swelling ratio, the film was first soaked in NaCl solution (0.1 mol/L) for 30 min. Then the water on its surface was wiped off with filter paper and its weight was marked as M2. Swelling ratio of composite film was calculated by the mass difference of M0 and M2.



2.8. Optical transmittance

The composite film was cut into strips and adhered to the inside of the cuvette glossy surface. The ultraviolet spectrophotometer was used to scan continuously from 200 nm to 800 nm, and the optical transmittance was recorded.



2.9. Mechanical properties of composite film

The mechanical properties were based on the methods described by Li et al. (2020). The mechanical properties of composite film including tensile strength (TS) and elongation at break (EAB) were measured by a texture analyzer-TMS-PRO (Food Technology Corporation (FTC), United States). The film was cut into 1.5 cm × 6.0 cm strips and fixed on the device. Then the strip was vertically stretched and shook slowly (with a displacement speed of 0.5 mm/s). When the film was broken, the test was stopped. TS and EAB was calculated by equations (1) and (2).

[image: image]

Where TS (MPa) was the tensile strength of film, F(N) was the maximum force of film when broken, and b and d was the width (mm) and thickness (mm) respectively.

[image: image]

Where EAB was the elongation at break of film, l0 was the length of the film before test, and l1 was the length of film when broken.



2.10. Water vapor and oil permeability of composite film

Water vapor permeability (WVP) was based on the method described by Peng and Li (2014) with some modifications. Anhydrous calcium chloride was put in a weighing bottle that was sealed by composite film. Then the bottle was placed in a desiccator with saturated sodium chloride solution at the bottom. The weight of the whole bottle was recorded every 24 h and continuously for 72 h. Water vapor permeability (WVP) was calculated according to the following formula (3):

[image: image]

Where A was the area for fixing the film (m2), Δt was the time variation (s), d was the film thickness (mm), and Δp was the partial pressure difference of vapor between film (KPa).

The oil permeability was measured in accordance with Liu et al. (2015). 5 mL of blend oil was added into the test tube which was sealed by composite film. Then it was placed on a piece of filter paper at 25°C and the mass of the whole test tube was measured after 48 h. Oil permeability (PO) was calculated according to the following formula (4):

[image: image]

where ΔW was the mass change of test tube (g), d was the thickness of film (mm), S was the area for fixing the film (m2), and T was the test time (d).



2.11. Differential scanning calorimeter of composite film

Differential scanning calorimeter (DSC) was measured in accordance with Mittal et al. (2021) with some modifications. The composite film was accurately weighed, sealed in an aluminum pan, and analyzed by differential scanning calorimeter from 20°C to 200°C at a heating rate of 20°C/min. Pure nitrogen at 20 mL/min were used for cooling and purge medium. The melting point (Teo) and maximum transition temperature (Tmax) of composite film was recorded in the thermogram and the denaturation enthalpy (H) was determined by measuring the area of the corresponding endothermic peak.



2.12. Antioxidant activity of composite film


2.12.1. DPPH radical-scavenging activity

DPPH was determined according to the method of Gao et al. (2019). The composite film (0.2 g) was completely dissolved in 6 mL 0.5% acetic acid and then the solution (0.8 mL) was mixed with 4.0 mL of DPPH-ethanol solution (0.1 mmol/L). The absorbance at 517 nm was measured after the solution was reacted in the dark for 30 min. The absorbance was set to zero with ethanol, and DPPH-ethanol solution without samples was used as control.



2.12.2. Hydroxyl radical-scavenging activity

The composite film (0.25 g) was completely dissolved in 7.5 mL 0.5% acetic acid and then the solution (1 mL) was mixed with 1 mL of 9 mmol/L FeSO4 solution, 1 mL of 9 mmol/L salicylic acid-ethanol solution, and 1 mL of 8.8 mmol/L H2O2 solution to react in water bath at 37°C for 30 min. The absorbance at 510 nm was measured, and mixed solution without samples was used as control.




2.13. Statistical analysis

Data were expressed as means ± standard deviation (SD) obtained from triplicate experiments and analyzed by SPSS version 13.0 for Windows.




3. Results and discussion


3.1. Preliminary characterization of ASP-W

In the present study, ASP-W was obtained from wampee by alkali extraction and its yield was 5.39%. The contents of protein, polysaccharide, and reducing sugar were 6.27, 70.79, and 1.53%, respectively. Figure 1A shows the HPGPC chromatogram of ASP-W, and it can be seen that ASP-W had only a single symmetrical peak, demonstrating it was a kind of homogeneous polysaccharide. Based on the calibration with standard dextrans, the estimated average molecular weight of ASP-W was 1.5 × 103 KDa. UV–vis spectra of ASP-W in Figure 1B shows that there were no absorption peaks at 260 nm and 280 nm, which proved the absence of protein or nucleic acid in ASP-W.

[image: Figure 1]

FIGURE 1
 HPGPC chromatogram of ASP-W (A), UV–vis spectra of ASP-W (B).


Infrared spectrum of ASP-W is depicted in Figure 2. The bands at 3407.26 cm−1 and 2931.14 cm−1 were associated with O-H and C-H stretching (Zhou et al., 2021), while the two bands at 1636.34 cm−1 and 1419.85 cm−1 were the characteristic absorption peak of C=O bending and vibration of C-H bending, respectively (Zhao et al., 2022). The above four peaks were the characteristic absorption of polysaccharide. The absorption peak at 1320.93 cm−1 was caused by symmetric and asymmetric C-H bending (Gao et al., 2019). The band at 1260.32 cm−1 may be caused by the stretching vibration of C=O. The two peaks at 1078.05 cm−1 and 1047.26 cm−1 indicated the existence of pyranose. The weak band at 898.76 cm−1 was ascribed to β-glucosidic bond, suggesting that β-configurations existed in ASP-W (Fonseca-García et al., 2021).

[image: Figure 2]

FIGURE 2
 FT-IR of ASP-W/chitosan composite film.




3.2. FT-IR of ASP-W/chitosan composite film

FT-IR is a useful tool for detecting the possible interactions between chitosan and ASP-W. The effect of ASP-W on the infrared spectrum of composite film is exhibited in Figure 2. The composite film had a strong broad absorption peak at around 3,500 cm−1, which was due to the stretching of -OH and-NH2 (Huang and Huang, 2020). It was found that the red-shift of composite film was more obvious than the control group. The frequency of absorption peaks varied greatly due to the difference of strength and bond length of hydrogen bond (Augusto et al., 2018). The peak at 2933 cm−1 was attributed to the C–H stretching vibration of polysaccharides. Compared with chitosan film, the wavenumber of composite film had little change. This was because chitosan groups also contained many C-H bonds. The peaks at 1650 ~ 1,660 cm−1 were assigned to the contraction vibration of C=O and the angular vibration of O-H in the ASP-W (Zhao et al., 2022). The maximum absorption peak at 1550 ~ 1,560 cm−1 was N-H deformation amplitude. At about 1,421 cm−1, it corresponded to the strong C-O and C-N stretching (Gao et al., 2019). Compared with chitosan film, slight shift and strong absorption in composite films were observed at this position, which indicated that ASP-W and chitosan had a close connection. Pinzon et al. (2018) pointed out that the hydrogen bond formed between chitosan and polysaccharides was strong, which could reduce the original chemical bond constant between polysaccharides and lead to the change of absorption frequency. At 1160 cm−1, the absorption peak was the result of C-C stretching vibration bending and C-O-C stretching vibration of ASP-W (Peng et al., 2022). The above results showed that there was strong interaction between ASP-W and chitosan.



3.3. Film thickness, moisture content, water solubility percentage, and swelling ratio

Table 1 summarized the thickness, moisture content, water solubility percentage, and swelling ratio of composite film after the addition of ASP-W. The thickness of chitosan film was 28.25 μm, and when the addition of ASP-W was 4.5%, the film thickness reached 46.50 μm. The film thickness results were between chitosan/starch (Bof et al., 2015) and chitosan/pectin polysaccharide (Gao et al., 2019). However, this is contrary to the results of Li′s Bletilla polysaccharide/chitosan composite film (Li, 2021). It showed that the interaction between ASP-W and chitosan had an effect on the film thickness. It was probable that the existence of interaction between ASP-W and chitosan enhanced the network structure of chitosan molecular chains. The greater the addition of ASP-W, the greater the degree of compatibility between ASP-W/chitosan film, at the same time the ductility and flexibility and plasticity of the film were enhanced, which had an important influence network on improving the mechanical energy of the active film.



TABLE 1 Thickness, moisture content, water solubility percentage, and swelling ratio of composite film.
[image: Table1]

In addition, with the increasement of ASP-W addition, the moisture content of composite film gradually decreased. The moisture content of film with the addition of 6% ASP-W was the lowest (15.27%) and approximately two times lower than that of control. This phenomenon was probably due to the interaction of hydroxyl and carboxyl groups in ASP-W with the hydrophilic groups in chitosan, which in turn decreased the interaction between chitosan and water molecules (Khazaei et al., 2014).

In terms of water solubility percentage, it was 36.81% in control group while other sample groups all reached 100%. That is to say, when different amounts of ASP-W were added, composite films were completely dissolved in water. In the preservation of fruits and vegetables, in order to maintain the structural integrity, low water solubility percentage films were needed. However, in other applications, such as edible films for candy, films with high water solubility percentage can be selected. The addition of ASP-W increased the water solubility percentage of the composite film, and the water solubility percentage of ASP-W in water was very high. The increased water solubility percentage of the composite films was attributed to the interaction between the amino group in chitosan and the hydroxyl group of ASP-W. Also in this work, the addition of 30% glycerol (w/w) as a plasticizer for the composite film played an important role in weakening the interactions between the polymer molecular chains and increasing the free volume between the chains, and the addition of glycerol promoted the diffusion of water molecules into the film matrix, thereby increasing the water solubility percentage of the composite film, which confirmed the results in FTIR that intermolecular forces exist between ASP-W and chitosan (Fonseca-García et al., 2021). Similar to water solubility percentage, swelling ratio of composite films were significantly (p < 0.05) enhanced and modified after the addition of ASP-W compared with control group. The increased swelling ratio may be attributed to the interaction of the hydrophilic groups of the polysaccharides with water molecules, and the addition of ASP-W increased the ability of water to bind to the matrix and increased swelling, leading to increased water uptake by the polysaccharide molecules (Zhang et al., 2017).



3.4. Optical transmittance of ASP-W/chitosan composite film

The most harmful effect of light on food was caused by UV light, and the light transmission of the packaging film affected the rate of oxidation of lipids in food, which could lead to food spoilage. Optical transmittance of chitosan-based composite film is shown in Figure 3. It can be seen that in the range of visible light (400 ~ 800 nm), the transmittance of film increased with the increasement of wavelength, and addition of ASP-W had no obvious effect on transmittance except for the addition of 3%. In the ultraviolet wavelength range (200 ~ 400 nm), the addition of ASP-W led to the overall decrease of optical transmittance of composite film, which reached the minimum at addition of 3% ASP-W. Although the transmittance of 3% ~ 4.5% has an upward trend, it is still lower than that of chitosan film. The transmittance of the film was almost zero at 200 ~ 215 nm. On the one hand, ASP-W was slightly yellowish brown, which affected the transparency of the film. It was also related to the diffuse reflection of polysaccharides in the composite film. On the other hand, it might also be due to the high light absorption capacity of ASP-W, which could effectively resist the damage of ultraviolet rays to food or prevent the formation of free radicals, thus avoiding the oxidization and decomposition by light irradiation (Zhao et al., 2022). The above results indicated that ASP-W/chitosan film can potentially retard UV-induced lipid oxidation in food products, which is beneficial for food preservation.

[image: Figure 3]

FIGURE 3
 Optical transmittance of ASP-W/chitosan composite film.




3.5. Mechanical and barrier properties of ASP-W/chitosan composite film

The tensile strength of the composite film can reflect the size of the force that the composite film can withstand; the higher the tensile strength, the greater the force that the composite film can withstand. The elongation at break of the composite film can reflect the flexibility of the composite film; the higher the elongation at break, the better the flexibility of the composite film. Chitosan composition, film network microstructure, and intermolecular forces played an important role in the mechanical properties of chitosan film. The effect of ASP-W on mechanical properties (including tensile strength and elongation at break of composite film) is shown in Figures 4A,B. With the increase of ASP-W addition, the tensile strength firstly increased and then gradually decreased, which is similar to the result trend of Auricularia auricular polysaccharide/chitosan edible composite film (Qin et al., 2021).

[image: Figure 4]

FIGURE 4
 Effect of ASP-W on (A) tensile strength, (B) elongation at break, (C) water vapor permeability, and (D) oil permeability of composite film.


The tensile strength of film in control group was determined as 9.5 MPa; it was lower than the ASP-W/chitosan composite film and up to 24.84 MPa at ASP-W1.5%. On one hand, due to ASP-W being added, the number of molecules per unit volume increased. Consequently, free amino groups in chitosan had strong hydrogen bonds with hydroxyl groups in ASP-W, which improved the compactness of composite film, and further enhanced its tensile strength. In addition, glycerol acts as a plasticizer in ASP-W/chitosan films, which effectively reduced the cohesion between polymer chains and softened their structure (Sun et al., 2019). What is more, because ASP-W was added, the viscosity of the solution increased, which led to the deterioration of solution fluidity, the increase of tensile strength, and the decrease of elongation at break. When ASP-W was added continuously (1.5–4.5%), the elongation at break of composite film was enhanced and became firm because of excessive hydrogen bonds (Huang and Huang, 2020; Qin et al., 2021). The-NH2 in chitosan formed NH3+ in acetic acid, while a large number of hydroxyl groups existed in ASP-W, and the two easily formed hydrogen bonds, which made the structure of the composite film more continuous.

However, when the addition of ASP-W was 6%, the elongation at break became minimum. Elongation at break was up to 27.93% at ASP-W 4.5%. This might be because of the special structure of excessive ASP-W which improved the intramolecular or intermolecular hydrogen bonds, thus softening the rigid structure of composite film (Marangoni Júnior et al., 2021). The chitosan molecules and ASP-W may form hydrogen bonds within ASP-W rather than between chitosan molecules and ASP-W molecules. The number of NH3+ groups increased with the increase of chitosan concentration in the film-forming solution, and when the concentration of ASP-W exceeded the critical value, it is difficult to form a chitosan/ASP-W composite film with a uniform structure, which led to weak interactions at the boundaries and a decrease in tensile strength (Hopkins et al., 2015).

Figures 4C,D displayed the barrier properties of ASP-W/chitosan composite film. Water vapor permeability (WVP) was used to evaluate the capacity of edible film to allow water vapor to transfer from the surroundings to the packaged food (Sutharsan et al., 2022). It could be seen that WVP in control group was15.21 g·mm·m−2·d−1·kPa−1, higher than that of ASP-W addition groups and it reached the lowest 6.83 g·mm·m−2·d−1·kPa−1 at ASP-W 3%. As a whole, WVP firstly decreased and then increased. Water vapor permeability between composite film may be related to ASP-W. ASP-W contains more-OH, which had hydrogen bonds with the groups in chitosan molecules. Different to the binding degree with chitosan, this resulted in the change of water vapor permeability of composite film. With the addition of ASP-W, the number of free hydrophilic groups in the film-forming solution decreased. Therefore, the composite film was more tightly combined and the moisture resistance was improved. When the addition of ASP-W exceeded 3%, hydrogen bonds between polysaccharide and chitosan molecules were basically saturated. At this time, adding polysaccharide was equivalent to introducing a large number of hydrophilic groups, so the water resistance decreased. A similar phenomenon was also reported previously and it could be concluded that the more hydrophilic the composite film is might be due to the more hydroxyl groups in the polymer chain (Sivarajan et al., 2016).

In general, high oil permeability of edible films means poor oil resistance. With the addition of ASP-W, oil resistance of composite film firstly increased and then decreased. It could be seen that oil permeability in control group was 32.82 g·mm·m−2·d−1, higher than that of ASP-W addition groups. When the addition of ASP-W was 4.5%, oil permeability arrived at the lowest with 3.71 g·mm·m−2·d−1. With the addition of ASP-W, free groups form hydrogen bonds with hydroxyl groups in polysaccharide molecules, and the free oleophobic groups in edible films decrease, thus making the oil resistance of edible films worse. When the ASP-W continued to increase, the hydrogen bonds reached saturation, and the free oleophobic groups such as hydroxyl groups increased, thus enhancing the oil resistance.



3.6. DSC analysis of ASP-W/chitosan composite film

The thermostability of the composite film was analyzed by differential scanning calorimeter (DSC) and the interactions between chitosan and ASP-W was further investigated. It can be seen from Figure 5 that there was only one glass transition temperature (Tg) for the composite films. Tg of a single chitosan film was 100°C, while the Tg of 1.5, 3, 4.5, and 6% of composite film were all 110°C, which indicated that glycerol can play a plasticizing role. Films below Tg were hard and brittle, while films above Tg became flexible and bendable (Khazaei et al., 2014). The copolymers formed by chitosan and ASP-W had a tighter structure between them, but as the addition of ASP-W increased, they may form intra-molecular hydrogen bonds, making it difficult to form uniformly structured chitosan/ASP-W composite film again, and the low crystallinity of ASP-W made the dispersion easier as well as the disruption of the ordered structure, resulting in the Tg of the composite film being approximately the same, which was confirmed by the results of elongation at break and FT-IR.
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FIGURE 5
 DSC of ASP-W/chitosan composite film (A): 0%; (B): 1.5%; (C): 3%; (D): 4.5%; (E): 6%.


A gradually broadening absorption peak was observed between 70°C and 100°C. The appearance of a peak was associated with the evaporation of free water, bound water, and acetic acid and the melting transition of the film (Ulrich and Faez, 2022), which appeared at higher temperatures in the composite film than the chitosan film. The results suggested that ASP-W improved the thermostability of composite film and confirmed the addition of ASP-W facilitated the interaction of chitosan with it. At around 160°C, the exothermic peaks appearing in the composite film belonged to the decomposition of glycosidic bonds. As the addition of ASP-W increased, the heat absorption peak gradually moved to a higher temperature, which indicated that the films of chitosan and ASP-W were partially crystalline, while the addition of ASP-W to chitosan generated intermolecular force and further emphasized the FTIR analysis results. Enthalpy H could reflect the stability of the film structure. The smaller the enthalpy, the more stable the composite film structure (Gong et al., 2020). Thermostability of the composite film was related to its inner structure and higher stability corresponded to higher thermal stability, as more energy (heat) was required to destroy the higher stable structure. It also confirmed that the thermostability of composite film was higher than that of single film.



3.7. Antioxidant activity of composite film

The effect of ASP-W on the antioxidant activity of composite film is shown in Figure 6. The scavenging ability on DPPH radicals of chitosan film was 24.09%. Compared with control, the ability of composite films to scavenge DPPH radicals significantly (p < 0.05) improved (Figure 6A), which was similar to a previous study (Qin et al., 2021). And when the addition of ASP-W was 6%, DPPH radical scavenging was the highest (48.49%). It was worth noting that the DPPH scavenging rate of composite films with different ASP-W addition were always higher than the control group. This phenomenon might be due to the strong hydrogen donating ability of hydroxyl groups in ASP-W, which prevented the reaction between free radicals, thus enhancing the free radical scavenging ability (Peng et al., 2022).
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FIGURE 6
 (A) DPPH scavenging rate and (B) hydroxyl radical scavenging rate of ASP-W/chitosan composite film.


With the addition of ASP-W, the scavenging ability on OH radicals of composite film increased firstly and then decreased, reaching the peak value of 97.16% at the addition of 3% (Figure 6B). Although the scavenging ability of composite film at the addition of 3% ~ 4.5% had a decreased trend, it was still better than chitosan film. This phenomenon suggested that the addition of ASP-W improved the antioxidant activity of composite film, which was due to the radical quenching ability of hydroxyl groups in the molecule of ASP-W (Kumar et al., 2021). There was free NH3+ in the molecular chain of chitosan, which can interact electrostatically with the-OH radicals in ASP-W and adsorb them, and can prevent the reaction between free radicals, thus improving the free radical scavenging ability. Once the amount of ASP-W was too much, its scavenging rate of hydroxyl radicals would be reduced.




4. Conclusion

ASP-W/chitosan films with different ASP-W additions of 0, 1.5, 3, 4.5, and 6% were prepared successfully by casting. The structural characteristics of ASP-W and its effects on the physical and chemical properties, mechanical and barrier properties, thermostability, and antioxidant activity of ASP-W/chitosan films were comprehensively studied. The structural characterization of ASP-W, which was a typical β-glucosidic bond compound containing pyranose ring, showed that ASP-W contained no impurities, such as nucleic acid and protein. FT-IR suggested that the interactions between the hydroxyl groups of ASP-W and the amino groups of chitosan could affect the thermostability of composite film. The incorporation of ASP-W led to an increase in film thickness (up to about 1.5 times of the single CS film), water solubility percentage (completely dissolved.), and swelling ratio (up to 30 times of the single CS film), and a decrease in moisture content. Compared with chitosan film, ASP-W strengthened the structure of composite film and resulted in a composite film with superior tensile strength, flexibility, and barrier properties, as well as improved optical properties and antioxidant activity. The study confirmed that ASP-W, a natural substance with promising activity, can interact with chitosan to prepare composite films with excellent properties and high antioxidant activity. The above results demonstrated that ASP-W/chitosan composite film could be a potential edible film for food and pharmaceutical packaging. However, it was still necessary to optimize the preparation process of ASP-W/chitosan composite film, to further improve the properties and to study the antibacterial ability against microorganisms and the shelf life of the packaged food.
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