Programmable Electrochemical Interfaces on Rapidly Manufacturable Carbon Electrodes for Impedimetric E. coli Biomarkers Detection
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Rapidly manufacturable carbon electrodes offer a promising route towards low-cost and scalable electrochemical sensing platforms. Among these materials, laser-induced graphene (LIG) is particularly attractive due to its direct patterning, porous architecture and compatibility with flexible substrates. However, the analytical performance of LIG electrodes is frequently limited by intrinsic structural heterogeneity, insufficient control over surface chemistry and batch-to-batch variability. These challenges become particularly important in biosensing. Our group developed a modular approach to the engineering of carbon electrode interfaces, with particular emphasis on LIG-based platforms. Metal nanoparticles, conductive polymers and functional hydrogels are proposed as strategies for surface engineering LIGs by introducing catalytic sites for signal amplification, electroactive matrices for covalent immobilization of bioreceptors offering resistance to biofouling, and diffusion-controlling layers that promote electrostatic preconcentration.

As a representative case study, we explore carboxyl-functionalized PEDOT as a tunable receptor-bearing interface on rapidly manufacturable carbon electrodes. The introduction of –COOH groups improves the aqueous processability of the EDOT derivative, offering accessible anchoring sites for covalent receptor immobilization, while simultaneously creating a need for careful stabilization of the deposited polymer layer. We demonstrate how the formation and subsequent biofunctionalization of this interfacial layer can be followed electrochemically, providing insight into the evolution of its charge-transfer properties and enabling rational adjustment of the receptor interface. The three-dimensional porous architecture of LIG is particularly advantageous in this context, as it offers a high-area scaffold on which the thickness, functional-group density and spatial distribution of the polymer layer can be tuned for impedimetric recognition of E. coli-associated biomarkers.

Our approach creates a toolbox for the rational design of programmable electrochemical interfaces and supports the development of multielectrode platforms for multiplexed recognition of bacterial markers in complex samples.
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