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Abstract
Bacteriophages have emerged as promising antimicrobial agents with significant potential for controlling bacterial pathogens in food and agricultural systems. However, their inherent fragility under environmental stresses and limited delivery efficiency remain key challenges for practical applications.1 This study addresses these limitations through the development of nanotechnology-based phage delivery systems, each rationally designed to meet the specific physicochemical demands of distinct application contexts along the food supply chain.
Three delivery platforms are presented. First, phages were encapsulated within sporopollenin exine capsules (SECs) derived from plant pollen grains via a non-thermal vacuum infusion process. The resulting phage@SECs demonstrated high phage loading efficiency, a sustained release profile upon application, and significantly enhanced resistance to UV-A and UV-B irradiation, which consequently preserved antimicrobial efficacy under UV stress — establishing their suitability for field-based biopesticide applications.2 Second, living phages were immobilized onto organic-inorganic hybrid nanoflowers (phage@Cu NFs) through a one-pot biomimetic mineralization approach under phage-compatible conditions.3 The hierarchical nanoflower structure provides large surface areas that facilitate high phage loading efficiency and enhance phage-bacteria contact. Further co-immobilization of amine-functionalized magnetic nanoparticles onto the nanoflower scaffold produced magnetically controllable nanorobots (phage-NH₂MNPs@Cu NFs), combining physical disruption of biofilm matrices, chemical antimicrobial activity from copper ions, and biological lytic action from phages — significantly enhancing antibiofilm efficacy and demonstrating their potential for food contact surface sanitation.4 Third, a carboxymethyl chitosan-oxidized starch (CMC-OS) hydrogel is presented as a food-grade phage delivery matrix, offering compatibility with multiple phage species targeting pathogenic bacteria, sustained and controlled release, and direct applicability in edible coatings and packaging materials for pathogen control at the food surface.
Collectively, these systems illustrate that the selection of carrier material and delivery architecture based on application-specific environmental constraints is an effective strategy for advancing phage-based biocontrol across the food supply chain.
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