Electrochemical Study of Pyrazinoic Acid Using a Reduced Graphene Oxide-Modified Screen-Printed Carbon Electrode
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Pyrazinoic acid (POA) is the active metabolite of pyrazinamide, one of the first-line drugs used in tuberculosis treatment [1]. Due to its electroactive nature, POA represents an interesting target for the development of electrochemical platforms based on carbon nanomaterials. Reduced graphene oxide (RGO)-modified electrodes have attracted attention because of their high surface area, improved electron-transfer properties, and low-cost fabrication [2]. The aim of this study was to evaluate the electrochemical behaviour of POA on RGO-modified screen-printed carbon electrode (RGO/SPE-C). The SPE-C were fabricated by stencil printing on polyethylene terephthalate (PET) substrates previously treated by mechanical abrasion (220 grit sandpaper) and cleaning with 70 % ethanol [3]. The SPE-C geometry was designed using AutoCAD and transferred to adhesive stencils using a Silhouette Cameo 5 cutting printer. Subsequently, the conductive ink was applied and dried at room temperature for 24 h. Conductive inks were prepared using a colorless nail polish for nail care:graphite ratio of 60:40 (% w/w) in acetone. The SPE-C were electrochemically activated by cyclic voltammetry (CV) in alkaline medium by applying 15 cycles in the potential range from 0.0 to 2.0 V at 50 mV s⁻¹. GO modification was optimized by electrodeposition using CV in the potential window from 0.0 to −1.2 V. Different scan rates (20–100 mV s⁻¹) and electrodeposition cycles (5–30 cycles) were investigated. The best electrochemical response was obtained at 100 mV s⁻¹ and 20 cycles, indicating efficient formation of an electroactive RGO film and improved charge-transfer properties. The electrochemical characterization of the SPE-C was performed by electrochemical impedance spectroscopy (EIS) using the redox probe K₄Fe(CN)₆/K₃Fe(CN)₆ 1.0 mM (1:1) in 0.10 M KCl. EIS measurements (frequency range of 0.10 Hz–100 kHz, potential amplitude of 8.0 mV and potential of 0.24 V) allowed evaluation of the charge-transfer resistance (Rct) during the different modification stages of the SPE-C. The unmodified SPE-C presented an Rct value of 4721.5 Ω, which decreased to 594.3 Ω after electrochemical activation and to 458.1 Ω after RGO modification, confirming the improvement in electron-transfer properties promoted by RGO. The modified electrode was characterized by Raman spectroscopy, scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS). Raman spectra showed characteristic D, G, and 2D bands associated with graphene-based materials, confirming the incorporation of GO onto the carbon surface. SEM images revealed morphological modifications and increased surface roughness after GO deposition, while EDS analysis confirmed the presence of carbon and oxygen-containing groups related to RGO. These results demonstrated the successful modification of the electrode surface. The electrochemical behaviour of POA was studied in H₃PO₄/H₃PO₄-KH₂PO₄ buffer solutions at different pH values. Well-defined cathodic and anodic peaks were observed, showing a strong dependence on pH. Among the evaluated conditions, pH 2 presented the highest peak currents, indicating that acidic media favour the redox process and electron-transfer kinetics of POA on the RGO/SPE-C surface. Under optimized electrode conditions, the voltammogram of 2.0 mM POA recorded at 50 mV s⁻¹ within a potential window from 0.0 to −1.20 V showed three well-defined electrochemical peaks: a cathodic peak at −1.06 V (−50.0 µA), anodic peak (PA) 1 at −0.45 V (29.5 µA), and PA 2 at 0.13 V (−16.0 µA). The influence of POA concentration (10 µM to 10 mM) was evaluated by CV. The voltammetric response increased with concentration (25–500 µM, R ≥ 0.995), confirming the electrochemical activity of POA on RGO/SPE-C and its potential for electrochemical detection. The obtained results highlight the potential of RGO/SPE-C as a low-cost and efficient electrochemical platform for pharmaceutical and biomedical applications. 

References
[1] Liu, C., et al. Talanta (2024) 266, 125038.
[2] Beluomini, M. A., et al. Journal of Electroanalytical Chemistry (2019) 840, 343–366.
[3] Camargo, J. R., et al. Microchemical Journal (2019) 164, 105998.

Acknowledgments
This work was funded by CONCYTEC through the PROCIENCIA program under call E041-2024-01, according to Contract [PE501087122-2024].
