Graphene Oxide-Engineered Electrochemical Interface for Antituberculosis Drug Behaviour
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Pyrazinamide (PZA) is one of the most important first-line antituberculosis drugs, and understanding its electrochemical behaviour is essential for the development of future electroanalytical methods and sensing platforms [1, 2]. In this work, the electrochemical behaviour of PZA was investigated using a screen-printed carbon electrode (SPE-C) modified with graphene oxide (GO/SPE-C). SPE-C were fabricated on polyethylene terephthalate (PET) substrates previously treated by mechanical abrasion using 220-grit sandpaper and cleaned with 70 % ethanol. Electrode geometries were designed using AutoCAD software and transferred to adhesive stencils through a Silhouette Cameo 5 cutting system [3]. A conductive ink prepared from graphite powder dispersed in a colorless nail-polish binder (60:40 %, w/w) and acetone was deposited onto the stencil to fabricate the carbon-based working, counter, and pseudo-reference electrodes. The electrochemical activation of the SPE-C was optimized in acidic, neutral, and alkaline media, where 0.10 mol L⁻¹ KOH exhibited the best electrochemical performance. The optimized activation consisted of 20 cycles between 0.00 and 2.00 V at 50 mV s⁻¹, producing anodic currents close to 55 µA in the ferri/ferrocyanide redox system. Fourier-transform infrared spectroscopy confirmed the carbonaceous nature of the electrode and the presence of oxygenated functional groups. The spectra showed characteristic bands at ~1580–1620 cm⁻¹ attributed to aromatic C=C stretching, while signals around 1700–1720 cm⁻¹ were associated with C=O groups. Bands observed between 1050–1260 cm⁻¹ corresponded to C–O and C–O–C vibrations, confirming the incorporation of oxygenated functionalities from GO onto GO/SPE-C interface. Raman spectroscopy showed the characteristic D (~1350 cm⁻¹) and G (~1550–1580 cm⁻¹) bands, confirming structural defects and graphitic carbon domains. The higher ID/IG ratio after activation and GO modification indicated increased disorder and electroactive sites, favoring electron-transfer processes. Scanning electron microscopy analyses demonstrated the successful incorporation of GO onto the SPE-C surface, resulting in improved electroactive area and interfacial conductivity. Electrochemical impedance spectroscopy demonstrated a significant decrease in the charge-transfer resistance after GO modification, decreasing from approximately 9.0 kΩ (bare SPE-C) to 5.0 kΩ (GO/SPE-C), indicating enhanced electron-transfer kinetics and improved interfacial conductivity. The electrochemical studies showed that the redox behaviour of 5.0 mM PZA is strongly pH dependent, presenting the highest electrochemical response at pH 1. Cyclic voltammetry studies (potential range from −1.5 to 1.5 V) performed at scan rates from 25 to 200 mV s⁻¹ in the showed that the electrochemical response of PZA depends on the square root of the scan rate (R ≥ 0.991). The best-defined voltammetric behaviour was observed at 25 mV s⁻¹, with anodic and cathodic peak potentials of 0.397 V and −0.848 V, respectively. As the scan rate increased, peak currents increased from 0.508 to 1.131 µA for the anodic process, while the peak separation (ΔEp) remained high (1.06–1.25 V), indicating a quasi-irreversible and diffusion-controlled electrochemical process with kinetic limitations in electron transfer at the GO/SPE-C interface. The electrochemical parameters associated with the interfacial process, including the electron transfer coefficient (α = 0.48), heterogeneous electron-transfer rate constant (ks= 0.73 s⁻¹), diffusion coefficient (D = 3.2×10⁻⁶ cm² s⁻¹), and catalytic rate constant (kcat = 4.8×10⁷ cm³ mol⁻¹ s⁻¹), were determined to better understand the electrochemical mechanism of PZA at the GO/SPE-C interface. The excellent electrochemical performance enhanced interfacial charge-transfer properties, and electrocatalytic activity observed for the GO/SPE-C platform demonstrate its strong potential for future applications in antituberculosis drug monitoring and electrochemical sensing systems.
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