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Smart Biofilms: Integrating Nanosensors and Artificial Intelligence (Al) for Monitoring
Quorum Sensing Dynamics and Targeted Inhibition of Gram-Negative Infections
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Abstract:

The formation of biofilms by multi-drug resistant Gram-negative pathogens represents a major
therapeutic crisis in clinical settings. The key regulatory mechanism governing these structures is
Quorum Sensing, which enables genetic coordination for the production of the Extracellular
Polymeric Substances matrix. Due to the spatial and temporal heterogeneity of biofilms,
understanding critical QS thresholds for treatment remains limited. This review introduces the
pioneering paradigm of "Smart Biofilms": integrating nanosensors for Real-Time QS monitoring
and predictive analysis by Artificial Intelligence. We emphasize the central role of Reinforcement
Learning algorithms. These models analyze multifactorial data from the sensors, enabling the
modeling of growth kinetics and the prediction of the critical threshold for biofilm formation and
antimicrobial resistance. Finally, the potential of stimuli-responsive nanomaterial systems is
highlighted. Under the command of RL, these systems precisely release anti-biofilm agents at the
optimal time and location (the concept of “inhibition on demand"). This paper provides a highly
detailed roadmap for future research toward precise and intelligent therapeutic interventions.

Keywords: Biofilm, Quorum Signaling, Nanosensor, Artificial Intelligence
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