Multifunctional biomaterials for intelligent freshness sensing
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Biodegradable materials based on naturally derived polymers are being intensively
investigated as substitutes for conventional synthetic indicators [1]. When integrated with bio-
based functional additives, these materials can simultaneously exhibit sensing functionality
alongside antimicrobial and antioxidant activities, enabling multifunctional packaging
platforms within a single, environmentally compatible system [2]. Polysaccharides have
demonstrated particular efficacy as carriers for anthocyanins due to their ability to establish
electrostatic and hydrophobic interactions, and hydrogen bonding with the functional groups
of these pigments. The aim of this study was to fabricate ultra-light, physically and double
cross-linked xanthan gum (Xn)-based cryogels incorporating anthocyanin-rich bilberry (BLB)
extract by cryogelation to act as multifunctional materials for real-time monitoring of Prussian
carp spoilage [3]. The cryogels were stabilized through both physical and chemical cross-
linking, resulting in a synergistically reinforced porous network with improved physicochemical
performance. Incorporation of the bioactive extract and chemical cross-linking led to
increased structural density, with encapsulation efficiencies reaching 39.27% and antioxidant
activity exceeding 90% as determined by DPPH radical scavenging assays. BLB-loaded Xn
cryogels exhibited strong antimicrobial performance, achieving up to complete growth
inhibition against Salmonella typhimurium, Escherichia coli, and Listeria monocytogenes. The
cryogels displayed rapid, reversible, and reproducible pH-dependent color responses during
repeated exposure to volatile acidic and basic environments. A clear visual color transition
from purple to blue was observed during Carassius gibelio spoilage, correlating with pH
evolution. These findings confirm the potential of anthocyanin-loaded xanthan cryogels as
eco-friendly, multifunctional biomaterials for intelligent food packaging applications.
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