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ABSTRACT 

Food loss and plastic waste are interlinked global challenges, with a substantial fraction of food 
spoilage arising from inadequate packaging, while petroleum-based solutions remain major 
contributors to environmental pollution and resource inefficiency [1,2]. Developing sustainable 
packaging materials that integrate mechanical integrity with active functionality is therefore 
essential for advancing sustainable food protection systems. 

In this work, we report the development of nanoenabled bacterial cellulose (BC) films 
incorporated with plant essential oil (EO) nanoemulsions. BC is a promising biopolymer with 
high purity, excellent mechanical strength, biocompatibility, and rapid biodegradability, but it 
lacks inherent antimicrobial activity [3]. Plant EOs, widely recognised for their antimicrobial 
bioactives such as polyphenols and flavonoids [4], were formulated into stable oil-in-water 
nanoemulsions exhibiting uniform droplet sizes with narrow distributions (PDI < 0.3), high 
encapsulation efficiency, prolonged physical stability and intrinsic antibacterial activity against 
Staphylococcus aureus and Escherichia coli. These optimised nanoemulsions were 
subsequently incorporated into BC matrices reinforced with food-grade, green plasticisers and 
reinforcement agents to enhance flexibility and strength. 

The resulting active films were characterised using structural (ATR–FTIR, Raman 
spectroscopy, X-ray diffraction), morphological (Cryo-SEM), thermal (TGA, DSC), and 
mechanical (tensile testing) techniques. The composites retained the characteristic cellulose I 
crystalline structure while exhibiting strong intermolecular interactions and megapascal-range 
tensile strength with high flexibility. Importantly, the films retained effective antibacterial and 
antioxidant activities confirming successful transfer of bioactivity from the nanoemulsions to 
the solid film matrix. Overall, this work demonstrates a materials-driven strategy for closing 
the loop in food protection through mechanically robust, bioactive, and sustainable packaging 
barriers. 



Graphical abstract: Development of nanoenabled bacterial cellulose (BC) films via essential 
oil nanoemulsion integration, demonstrating enhanced mechanical strength, flexibility, and 
antibacterial functionality. 
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