Design Routes Toward Sustainable Extended-Gate Field-Effect Transistor and Impedimetric In Vitro Biosensing Platforms 
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Point-of-care (PoC) electronic platforms for in vitro biosensing offer transformative potential for screening and monitoring applications in healthcare. The typical aim is to design such platforms as highly sensitive, accurate, cost-effective, standalone, and robust measurement systems targeting specific bioanalytes. Due to a substantial increase in medical electronic waste and complex biochemical signatures of many diseases, current research efforts are shifting toward sustainable multiplexed electronic biosensors capable of measuring defined groups of diverse biomarkers. The development of these biosensing systems often employs complementary electrochemical analysis techniques to monitor different aspects of surface processes, thereby enabling the optimized coupling of dedicated assays and robust electronic readout strategies.

We focus on potentiometric extended-gate field-effect transistor (EG-FET) and electrochemical impedance spectroscopy (EIS) measurements. Such measurements can be used to non-destructively monitor surface charge distribution and structural changes arising from the interactions with different target biomolecules. These electrochemical techniques are highly sensitive and can be configured in a modular format comprising disposable sensing elements and reusable supporting electronics, opening routes toward sustainable biosensor implementations.

The EG-FET configuration enables physical separation of the sensing interface from the FET transducer. This allows the use of disposable sensing chips comprising an array of EG electrodes functionalized for specific analyte detection and facilitates coupling with reusable multiplexed measurement electronics. We developed a cost-effective, standalone, and multiplexed potentiometric platform by operating the commercial FET transducer in constant charge mode compatible with real-time readout using customized electronics that relies only on off-the-shelf components.1 This platform, combined with dedicated assay design based on gold nanoparticle-induced signal amplification1 or spatial confinement of biochemical binding events near the electrode surface,2 enabled us to detect diverse clinically relevant biomolecules, such as antibodies, small proteins, and nucleic acids. To support the reduction of electronic waste, we developed rigid degradable substrates with low surface roughness (<1 μm) by synthesizing composites of polycaprolactone, polylactide, and CaCO3 nanoparticle fillers. These substrates are compatible with printing and sputter deposition of electrodes, enabling the formation of disposable EG electrode arrays.

EIS is a powerful technique for studying structural changes of surface coatings, particularly effective for cross-validation of electrode surface functionalization and modification. Driven by the capability of EIS to analyze fine structural alterations of surface layers and the goal to minimize electronic waste, we designed a fully degradable impedimetric biosensor for the robust detection of α-amylase in a broad concentration range (101–105 U/L). The detection mechanism relies on the tailored enzymatic degradation profile of the glycogen-based hydrogel coating with multilayered architecture attached to the surface of molybdenum/polycaprolactone composite electrodes. Controlled degradation of the hydrogel enables simplified sensor calibration based on resistive or capacitive impedimetric response contributions, allowing for cost-effective and portable biosensor design using selected frequencies of AC signals.

Our platform design routes unlock opportunities to create cost-effective and sustainable electronic biosensing systems that integrate complementary electrochemical techniques with multiplexed measurements and thus enable robust simultaneous analysis of diverse medically relevant analytes. 
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