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Fabrication and characterization of esterified corn starch/chitosan composite active films incorporated with mint extract for mutton preservation
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S1. Detailed methodology for Thiobarbituric Acid Reactive Substances (TBARS) analysis
The degree of lipid oxidation in the mutton samples was evaluated by determining the TBARS value. Briefly, approximately 10 g of the minced mutton sample was accurately weighed and homogenized with 50 mL of an extraction solution containing 7.5% (w/v) trichloroacetic acid (TCA) and 0.1% (w/v) ethylenediaminetetraacetic acid (EDTA). The mixture was continuously shaken for 30 min at room temperature and then filtered twice through a double layer of qualitative filter paper to obtain a clear extract [1].
Subsequently, 5 mL of the obtained supernatant was transferred into a colorimetric tube and thoroughly mixed with 5 mL of 0.02 mol/L thiobarbituric acid (TBA) solution. The colorimetric tube was then incubated in a boiling water bath (90–100 °C) for 40 min to allow the malondialdehyde (MDA) to react with the TBA reagent, developing a pink-colored complex. After rapid cooling to room temperature for 1 h, the mixture was centrifuged at 2000 × g for 5 min. To eliminate the interference of turbid substances, 5 mL of chloroform was added to the supernatant and vortexed thoroughly [2]. The absorbance of the upper aqueous layer was measured at 532 nm and 600 nm using a UV-vis spectrophotometer. The TBARS value was expressed as milligrams of MDA per kilogram of mutton (mg MDA/kg) and calculated using the following equation:
TBARS (mg MDA/kg) = [(A532 - A600) × 72.06 × 100] / (155 × m)
where A532 and A600 represent the absorbance of the solution measured at 532 nm and 600 nm, respectively; m is the exact weight of the mutton sample (g); and 72.06 is the molecular weight of MDA.

S2. Assessment of mechanical and physicochemical properties
As shown in Fig. S1A, with the increase in ME concentration, the TS and EAB of the films initially increased, followed by a subsequent decrease. As the concentration of ME in the films increased from 0.4% to 1.2%, the TS of the film rose from 33.46 MPa to 83.42 MPa, and then gradually decreased to 40.35 MPa. The EAB increased from 6.89% to 13.68%, then decreased to 9.35%. As illustrated in Fig. S1B, the effects of ECS content on the TS and EAB of the film exhibited a similar trend, all of which tended to increase first and then decrease. When the content of ECS was 2%, the TS and EAB of the film reached 80.36 MPa and 12.63%, respectively. Several studies have demonstrated that the ME contained structurally diverse phenolic compounds[3, 4]. The multiple hydroxyl groups in these phenolics form hydrogen bonds with chitosan, thereby increasing the tensile strength upon addition of ME[5]. The increase in double bonds after starch esterification could lead to a higher crosslink density in the graft copolymer, thereby improving the mechanical strength of the film[6]. However, higher ME and ECS concentrations led to larger and more numerous pores, which reduced the cohesion and continuity of the chitosan network and diminished the intermolecular forces between adjacent polymer chains, resulting in degraded mechanical properties. Similar findings have been reported in previous studies[7].
As shown in Fig. S1C, with the ME concentration increased from 0.4% to 1.2%, the MC of the films decreased from 8.15% to 3.62%, and the SR of the films decreased from 5.13% to 1.22%. Similarly, as the ECS concentration increased from 1% to 3%, the MC values declined from 7.18% to 2.45%, while the SR values decreased from 6.21% to 3.45% (Fig. S1D). This result was attributed to the strong hydrophobic properties of ME and ECS[8, 9]. After being added to the chitosan film, ME and ECS obstructed the diffusion of water molecules within the chitosan films. This phenomenon was attributed to interactions among hydroxyl groups of the three film components, which reduced the availability of free hydroxyl groups for water molecule interaction, thereby decreasing water affinity[10]. 
As illustrated in Fig. S1E, with the increase of ME concentration from 0.4% to 1.2%, the thickness of the films continued to increase from 0.076 mm to 0.184 mm, and the opacity of the films was gradually increased from 1.82 Abs·mm⁻¹ to 3.06 Abs·mm⁻¹. In Fig. S1F, when the ECS amount increased from 1% to 3 %, the films exhibited an increase in average thickness from 0.160 mm to 0.290 mm, accompanied by a decrease in opacity from 3.01 Abs·mm⁻¹ to 1.73 Abs·mm⁻¹. The general increase in film thickness was attributed to the enlarged pore size and higher pore density resulting from the incorporation of ME and ECS[5, 11]. The observed increase in opacity with higher ME concentration was due to the obstruction of the optical path by dispersed ME droplets within the film matrix. These droplets promoted light refraction and scattering, thereby reducing light transmission[12]. In contrast, the decrease in opacity with increasing ECS concentration was associated with esterification-induced structural changes. Esterification enhanced the cross-linking density of ECS while reducing its crystallinity, which facilitated light diffusion and improved film transparency[13].
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Fig. S1. (A-F) Effect of ME and ECS content on EAB, TS, MC, SR, opacity, and thickness.
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