Intelligent hybrid aerogel of sage seed gum-zein protein containing pomegranate peel anthocyanin: Fabrication and characterization
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Abstract
Recently, consumer demand for products with a long shelf-life has led to the development of intelligent indicator capable of monitoring quality throughout the supply chain. One type of intelligent indicator is an anthocyanin-loaded aerogels. In this study, hybrid aerogels were developed from sage seed gum-zein protein hydrogels incorporating pomegranate anthocyanin using an ethanol-induced method1. The hybrid aerogel was fabricated with gum-to-protein ratios of 1:0, 2:1, 5:1, and 7:1, and total polymer concentrations (TPC) of 1%, 1.25%, and 1.5% w/w. Results of circular dichroism (CD) spectroscopy confirmed that the secondary structure of zein protein remained stable in hydrogel precursor at pH 5. Increasing the gum-to-zein ratios and TPC enhanced the viscosity and adhesion force of the hydrogels. Among rheological models, the Herschel-Bulkley model provided the best fit. Additionally, the increase in hysteresis indicates greater time dependency, suggesting that at low polymer concentrations, hybrid hydrogels exhibited more thixotropic behavior. As total polymer concentration increased from 1% to 1.5%, the hardness of the hydrogels increased from 48.11 g to 108.39 g (p< 0.05). The syneresis value in the hybrid hydrogels decreased from 5.83% to 3.03% as TPC increased from 1% to 1.5%. The lightness of the samples decreased on average by 12.20% as TPC increased from 1% to 1.5%. In strain sweep test, as the gum-to-protein ratio increased from 2:1 to 7:1, both storage and loss moduli increased, indicating a greater formation of cross-linked networks with high elasticity within the hydrogel. Frequency sweep tests revealed a higher storage modulus compared to the loss modulus, indicating semi-solid behavior2, while temperature sweep tests validated the thermal stability of the three-dimensional network of hybrid hydrogels. The selected hybrid hydrogels for aerogel production included SG2Z1, SG5Z1, and SG7Z1. More distribution of anthocyanin in aerogel was observed in SG2Z1 sample due to its hydrophobic nature. FESEM analysis of the aerogels showed that SG7Z1 had the highest porosity at 69.33%, while SG2Z1 exhibited a lamellar microstructure. SG5Z1 demonstrated the greatest hardness (223.5 g), adhesive force (6 g), resilience (0.09), and fracturability (102 g). The high viscosity of SSG contributes to the development of a three-dimensional porous network structure, which enhances both the stiffness and mechanical strength of the aerogel. FTIR spectra confirmed the presence of hydrogen and electrostatic bonds among the polymers of the aerogel. Increasing the gum-to-protein ratio from 2 to 7 improved crystallinity within the aerogels' amorphous structure. Furthermore, the porous structure of SG7Z1 reduced conductivity and enhanced its thermal stability to 389.17 °C3. The moisture absorption kinetics revealed that the all aerogels exhibited maximum hygroscopicity of approximately 55% within the first day. This research provides new insights into the development of sage seed gum-zein hybrid aerogels for various applications by analyzing their thermal, structural, and rheological properties, hygroscopicity, and molecular interactions.
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