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Abstract
Complex coacervation of biomacromolecules is a liquid-liquid phase separation (LLPS) phenomenon driven by multivalent interactions among macromolecules such as proteins, peptides, or polysaccharides. This process generates coacervates with different physical states, including liquid, gel, and solid forms [1, 2]. The physical state of coacervates is linked to their relaxation dynamics, where molecular rearrangement and energy dissipation define the coacervate internal structure. In food science, liquid coacervates formed via rapid dynamic relaxation provide long-term encapsulation stability for bioactive small molecules through compartmentalized structures and concentration effects [3, 4]. However, the effect of bioactive small molecules on the dynamics of the host coacervate remains unclear. Revealing the mechanism by which bioactive small molecules affect the physical state of coacervates is of great significance for the function and application of coacervates [5, 6].
Our study investigated the encapsulation of EGCG using complex coacervates formed between chitosan (CHI) and three proteins with distinct physical states: ovalbumin (OVA), β-lactoglobulin (BLG), and β-conglycinin (BCG). Results showed that EGCG addition (up to 500 μg/mL) triggers a significant liquid-to-solid phase transition in initially liquid-like coacervates (OVA–CHI and BLG–CHI). SAXS and LAOS analysis further demonstrated that this transition is accompanied by protein unfolding and the formation of a fragile, strain-sensitive network compared to the inherently robust BCG–CHI solid coacervates. Molecular dynamics simulations and LF-NMR indicated that encapsulation is primarily driven by strong hydrophobic interactions and competitive desolvation, which effectively "cross-link" the biopolymer chains while restricting water mobility. Notably, liquid-like coacervates provided a superior protective microenvironment, extending the EGCG half-life to 42.79 h. These results highlight that the phase state of the coacervate is a determinant factor in its efficacy. This research provides a theory for the rational design of phase-optimized delivery systems for sensitive bioactive compounds in complex food matrices.
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