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Abstract

Sustainable agriculture increasingly depends on analytical tools capable of converting local information on soils,
plants, water, and agrochemical residues into timely management decisions. Electrochemical sensing is
particularly well suited to this transition because it combines high analytical sensitivity with miniaturization, low
power requirements, portability, and compatibility with low-cost manufacturing. Rather than serving only as
stand-alone detectors, current devices are evolving toward distributed sensing platforms for precision agriculture.
They can support nutrient and soil-quality assessment, early identification of plant stress, rational use of water
and fertilizers, and on-site surveillance of contaminants such as pesticides and heavy metals [1].

Recent developments are reshaping both sensor architecture and data use. Nanostructured electrodes and
functional materials improve interfacial charge transfer, recognition, and detection limits, while disposable
formats facilitate decentralized measurements and reduce the infrastructure required for field analysis [2].
Connectivity is becoming equally important: coupling sensors to wireless networks, smartphones, and Internet-
of-Things platforms enables automated acquisition, georeferenced monitoring, and rapid transmission of
measurements. The resulting data streams can be combined with artificial intelligence and machine-learning
methods to extract patterns, compensate for complex matrices, and support decision-making. At the plant scale,
wearable and implantable electrochemical (bio)sensors are extending monitoring from the surrounding
environment to physiological and biochemical markers directly in living tissues, opening new opportunities for
minimally invasive assessment of stress, nutrients, signaling molecules, and agrochemical exposure [3].

The principal challenge is translating laboratory demonstrations into reliable agricultural deployment. Long-term
stability, calibration drift, biofouling, matrix effects, sensor-to-sensor reproducibility, sustainable materials,
interoperability, and validation under realistic field conditions remain critical issues [4-5]. Progress therefore
requires a systems-level approach that considers analytical performance alongside manufacturability,
connectivity, data quality, user requirements, and environmental impact. Addressing these constraints should
allow electrochemical sensors to move from isolated measurements toward robust decision-support networks that
reduce unnecessary chemical inputs, improve resource-use efficiency, and strengthen the environmental

sustainability of crop production.
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