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ABSTRACT 

A selective, simple and rapid square wave voltammetry method, based on electropolymerization 

of L-cysteine (poly(L-Cys)) on a glassy carbon electrode (GCE), was developed in this study for 

simultaneous determination of ethionamide and pyrazinamide. Electroanalytical and 

electrochemical properties of the poly(L-Cys)/GCE were investigated by cyclic voltammetry 

(CV), square wave voltammetry (SWV), electrochemical impedance spectroscopy (EIS) and 

scanning electrochemical microscopy (SECM). The cyclic voltammetry studies revealed an 

remarkable electrocatalytic activity of poly(L-Cys)/GCE on ethionamide and pyrazinamide at pH 

1.0. The best potential separation between the reduction peaks of the drugs in a mixed solution 

was found to be 0.14 V. It was also found that pyrazinamide exhibits a reversible wave with Epc 

and Epa at −404 mV and −347 mV (versus EAg/AgCl), respectively, while ethionamide presents an 

irreversible reduction peak at Epc = −536 mV. The optimized calibration curves for simultaneous 

determination of ethionamide and pyrazinamide exhibited good and high linear responses within 

the concentration range 2.38 – 248.0 µmol L
−1

 and 0.476 – 51.2 µmol L
−1

, respectively. The 

limit of detection was found to be 0.531 µmol L
−1

 for ethionamide and 0.113 µmol L
−1

 for 
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pyrazinamide. The poly(L-Cys)/GCE-based square wave voltammetry method was successfully 

used to determine ethionamide and pyrazinamide in human urine and blood serum. 

Keywords: Pyrazinamide; Ethionamide; Square-wave voltammetry; Poly(L-Cys)/GCE; 
Simultaneous determination 

 



1. Introduction 

Tuberculosis (TB) is a major public health concern. In 2013, there were approximately 8.9 million 

incident cases (range 8.6 – 9.4 million cases) of TB globally, which corresponded to 126 cases per 

100,000 people. TB was responsible for 1.5 million deaths in the same year [1]. Currently, there exist 

more than twenty drugs used to treat TB infection. Because of different efficacy levels, drug class, 

potency and usability, antitubercular drugs have been categorized into three lines of treatment and five 

groups [2,3]. Drug quantification is one of the most important stages in drug quality control. Therefore, 

the development of simple, sensitive, rapid and reliable methods to determine drugs has been 

considered to be of immense relevance [4]. In the case of  bulk and pharmaceutical formulations, a 

suitable quality control method should also be able to determine parent drug, its impurities and 

degradation products in a simultaneous way. Quality control of all types of pharmaceuticals must be in 

agreement with pharmaceutical regulations [5]. Voltammetric techniques have proven to be powerful 

and versatile methods for drugs determination because of their extreme simplicity, low cost, relatively 

short analysis time, large linear dynamic range, high sensitivity, specificity, accuracy and precision 

[6,7]. Several voltammetric techniques based on different types of bare and modified electrodes have 

been reported in the literature, including the electrochemical behaviour and quantification of 

antitubercular drugs in bulk and real samples [8].  

Pyrazinamide (pyrazine-2-carboxamide, PZA) is an essential first-line drug used with isoniazid and 

rifampicin for short-course chemotherapy of TB. In order to become biologically active, PZA must be 

converted into pyrazinoic acid by bacterial pyrazinamidase [9]. PZA has a plasma half-life of 10 h, and 

it is metabolized into pyrazinoic acid and other metabolites in the liver. The renal clearance of PZA is 

low (< 2 mL min
-1

), and its urinary elimination accounts for less than 4 % of the ingested dose [10]. 

Hepatotoxic effects related to the TB therapy are unique among drug-related liver problems, because 

almost all first-line anti-TB medications have adverse effects, such as rhabdomyolysis, exanthemas and 



kidney failure. These are important clinical symptoms of patients undergoing TB therapy that require 

pause of medication [11,12]. 

Ethionamide (2-ethylpyridine-4-carbothioamide, ETO) is an important component of second-line 

therapy of multidrug-resistant (MDR) TB [13,14]. ETO inhibits the activity of the inhA gene causing a 

interruption of protein synthesis, thus preventing mycolic acid biosynthesis and disturbing the bacterial 

cell membrane [15]. ETO is almost fully metabolized in the liver, and only approximately 5 % of the 

administered ETO is excreted in an unaltered form in the urine [15]. The minimum dose of ETO to 

inhibit growth of M. tuberculosis is sufficiently high to cause grave side effects, including 

gastrointestinal disorders, hepatotoxicity, neurotoxicity, cardiovascular effects, endocrine effects, and 

skin reactions [15]. 

Developing a reproducible, sensitive, and reliable analytical method to determine ETO and PZA in 

biological fluids and pharmaceutical formulations has been crucial to monitor the efficacy of the MDR-

TB treatment, and also to discover whether the medication contains a proper content of active anti-TB 

substance. Several analytical methods for determination of ETO and PZA in pharmaceutical 

formulations and biological fluids have already been reported, such as spectrophotometry [16–22], 

capillary electrophoresis [23], fluorimetry [24,25] and chromatographic methods [26–37]. 

Electrochemical methods have been used to quantify PZA in various types of samples [38–43] and only 

a few numbers of studies have reported the use of electrochemical methods to detect ETO [44–47]. 

Electrochemical methods present good advantages for drug detection, for example, high sensitivity, 

accuracy, precision, simplicity, low cost, and riddance of laborious sample preparation procedures. 

Some analytical voltammetric methods have been developed to determine PZA in pharmaceutical and 

biological samples. Cheemalapati, Devadas and Chen [38] developed a voltammetric procedure to 

determine PZA in pharmaceutical formulations, urine and human plasma using poly-L-methionine 

(PMET) and electrochemically reduced graphene oxide (ERGO) deposited on glassy carbon electrodes 

(GCE) by Differential Pulse Voltammetry (DPV). Cheemalapati et al. [40] used a tyrosine (Tyr)-

modified glassy carbon electrode and a DPV voltammetric to determine hydralazine hydrochloride, 



isoniazid, ethambutol hydrochloride and PZA in pharmaceuticals, human urine and blood serum. 

Bergamini, Santos and Zanoni [41] determined PZA in human urine and commercial drugs using a 

polyhistidine-modified screen-printed electrode and differential pulse voltammetry. Mani et al. [42] 

determined PZA in pharmaceutical tablets and human blood serum by DPV using a multi-walled carbon 

nanotubes/graphene oxide hybrid composite. Ferraz, Leite and Malagutti [43] determined PZA in 

pharmaceuticals formulations and human urine using a poly(Gly)/GCE and square-wave voltammetry, 

which presented, under optimized conditions, a linear response for PZA concentrations from 0.47 to 

6.15 µmol L
−1

 with good limit of detection (LOD) of 0.035 µmol L
−1

. 

Voltammetric determinations of ETO in pharmaceutical and biological samples have been scarcely 

reported in the literature. Ferraz et al. [44] described a voltammetric method based on a boron-doped 

diamond electrode for quantification of ETO with good LOD (0.294 µmol L
−1

) and limit of 

quantification (LOQ) (0.980 µmol L
−1

). The electrochemical behaviour of ETO has also been studied by 

polagraphy on a dropping mercury electrode [45], cathodic stripping voltammetry on a rotating silver 

disc electrode [46] and using a voltammetric sensor based on zirconia nanoparticles deposited a GCE 

[47]. Although significant results were achieved, the effectiveness of the electrode sensors in detecting 

ETO in biological fluids and pharmaceutical formulations was not demonstrated in these previous 

works. 

Recently, the use of electropolymers for analytical purposes has been described in literature [48–51]. 

The electropolymerization of amino acids on electrodes, in particular L–cysteine, has been used as a 

strategy for determining drugs in various mediums [52–54]. However, the use of poly(L-Cysteine)-

modified glassy carbon electrode as an electrochemical sensor for simultaneous quantification of ETO 

and PZA has not been reported yet. Thus, the objective of the present work was to investigate the 

electrochemical behaviour of ETO and PZA using a poly-(L-Cysteine)-modified glassy carbon 

electrode (poly(L-Cys)/GCE) and to develop a SWV electroanalytical methodology to quantify ETO 

and PZA in human urine and blood serum. The proposed method is demonstrated to be simple, 



selective, accurate, and rapid for simultaneous quantitative determination of these anti-TB drugs in 

human urine and blood serum without any previous sample preparation procedure. 

 

2. Experimental 

2.1. Chemicals 

Pyrazinamide, ethionamide, L–cysteine, glycine and citric acid were acquired from Sigma-Aldrich. 

Ascorbic acid, uric acid and glucose were purchased from Isofar (Duque de Caxias, Brazil) and urea 

was purchased from Neon (Sao Paulo, Brazil). The 1000 µmol L
−1

 PZA stock solution was prepared in 

water, while the 1000 µmol L
−1

 ETO solution was prepared in 10 % ethanol aqueous solution, both 

were stored in a refrigerator at 4 – 6 °C prior to using. A 0.1 mol L
−1

 Britton-Robinson buffer solution 

was prepared by mixing acetic acid, boric acid and phosphoric acid. Its pH was adjusted to desired 

values with 1.0 mol L
−1

 sodium hydroxide and .0 mol L
−1

 hydrochloric acid (Proquimios, Rio de 

Janeiro, Brazil) solutions. All solutions were prepared using exclusively deionized water. The other 

chemicals were analytical grade.  

 

2.2. Apparatus 

Voltammetric experiments were performed on an AUTOLAB PGSTAT 128 N (Metrohm Autolab B. 

V., The Netherlands) potentiostat/galvanostat controlled by the NOVA 1.10.4 software. The three-

electrode electrochemical cell was set using the poly(L-Cys)/GCE as a working electrode (surface area 

= 0.070 cm²), an Ag/AgCl/ 3 mol L
−1

 KCl electrolyte as a reference electrode, and a 1.0 cm
2
 platinum 

foil as a counter electrode. Measurements of pH were done with a Tec-5 pH meter (Tecnal) calibrated 

with standard buffer solutions. All experiments were carried out at room temperature. 



Electrochemical impedance spectroscopy (EIS) has been widely used to characterize interface 

properties of surface-modified electrodes. A typical impedance spectrum (presented in the form of a 

Nyquist plot) includes a semicircle portion at higher frequencies corresponding to the electron-transfer-

limited process, and a linear part at lower frequency range ascribed to the diffusion-limited process. The 

semicircle diameter of the impedance spectrum is equal to the charge-transfer resistance, which is 

related to the electron-transfer kinetics of the redox probe at the electrode surface. The measurements 

were performed at the formal potential of [Fe(CN)6]
4−

/
3−

 redox couple using a mixed 1.0 mmol L
−1

 

Fe(CN)6
4−

 + Fe(CN)6
3−

 (1:1) plus 1 mol L
−1

 KCl solution. A simple program based on the simplex 

optimization and nonlinear least-square-fit analysis was used to fit the EIS data. The frequency range 

was 0.1 Hz – 10
5 

Hz. The Rct value was obtained by non-linear regression analysis of the semicircle 

portion of the Nyquist plots (Zim vs. Zre). 

Scanning electrochemical microscopy (SECM) was performed at room temperature on a CHI 920C 

microscope (CH Instruments) using a four-electrode configuration that involves a combination of 

positioners with resolution of 8 nm driven by stepper motors, 50 mm travel distance and a XYZ piezo-

block in order to adjust the tip position. It was employed a Teflon electrochemical cell with a diameter 

aperture of 10 mm. SECM tips were ultramicroelectrodes (UMEs) of Pt with radius (a) of 5 µm and RG 

of approximately 5 (RG is the ratio between the insulating glass radius (rg) and a, RG = rg/a). Approach 

curves were recorded by moving the tip toward the modified electrode surface at a scanning speed of 

2.5 µm s
−1

. The tip was held at a constant potential during all imaging. 

2.3. Preparation of poly(L-Cys)/GCE 

Prior to modification process, the bare GCE surface was polished with alumina slurry on a polishing 

pad, followed by successive sonication in ethanol to remove the adsorbed alumina particles. After 

sonication, the electrode was rinsed with double distilled water and allowed to dry at room temperature. 

The electropolymerization of L-cysteine on the GCE surface was carried out by cyclic voltammetry (Fig 



S1 in Supplementary Information) using a 5.0 mmol L
−1

 L-cysteine solution prepared in 0.1 mol L
−1

 

PBS (pH = 7.0). The GCE surface was completely electropolymerized throughout 20 cycles in the 

potential range from −0.6 to +2.0 V at 100 mV s
−1

 [53].  

2.4. Electrochemical measurements 

After electropolymerization, the Poly(L-Cys)/GCE was rinsed in deionized water. Then, a volume of 

10.0 mL of 0.1 mol L
−1

 BRBS (pH = 1.0) containing 100.0 µmol L
−1

 of ETO and PZA was placed into 

the glass electrochemical cell. The electrochemical behaviour of both drugs on the bare GCE and the 

poly(L-Cys)/GCE were investigated by cyclic voltammetry (CV) at scan rate of 100 mV s
−1

 over the 

potential range from 0.0 to −0.9 V. Further, the scan rate was varied from 10 to 300 mV s
−1

 to 

characterize the system. In order to study the effect of pH on the electrochemical behaviour of ETO and 

PZA on the poly(L-Cys)/GCE, cyclic voltammograms for 100.0 µmol L
−1

 ETO and PZA in 0.1 mol L
−1

 

BRBS were also recorded as a function of pH varying from 1.0 to 9.0 using a scan rate of 100 mV s
−1

.  

The analytical method for the determination of ETO and PZA was developed by SWV. Potential pulse 

amplitude (a), step potential (Es) and frequency (f) were selected as parameters to assess the optimum 

experimental conditions to quantify ETO and PZA on the poly(L-Cys)/GCE. In brief, a volume of 5.0 

mL of 0.1 mol L
−1

 BRBS (pH = 1.0) containing 42 µmol L
−1

 ETO and PZA was placed into the glass 

electrochemical cell, and the potential pulse amplitude was varied from 10 to 70 mV (with a frequency 

and step potential fixed at 40 s
−1

 and 1.0 mV, respectively), the step potential (Es) was varied from 1.0 

to 6.0 mV (with potential pulse amplitude and frequency fixed at 30 mV and 40 s
−1

, respectively), and 

the frequency was varied from 10 to 100 s
−1

 (with potential pulse amplitude and  step potential fixed at 

30 mV and 1 mV, respectively). The optimized square wave voltammetric parameters were: potential 

pulse amplitude of 30 mV, step potential of 1.0 mV, and frequency of 40 s
−1

.  



The best experimental condition for PZA determination using the poly(L-Cys)/GCE was obtained in 0.1 

mol L
−1

 BRBS (pH = 1.0) at potential pulse amplitude of 30 mV, step potential of 1.0 mV, and 

frequency of 40 s
−1

. The linearity of the method was evaluated by preparing 15 different ETO/PZA 

solutions with ETO and PZA concentrations varying from 2.38 – 248.0 µmol L
−1

 and 0.476 –51.2 µmol 

L
−1

, respectively, during three different days. The results were plotted as a calibration curve and the 

correlation coefficient of linear correlation was determined by linear regression.  

The LOD and LOQ were determined using the ratios 3/b and 10/b, respectively, where b is the slope 

of the calibration curve, and  is the standard deviation value calculated from 10 voltammograms of the 

blank, which were determined according to the IUPAC recommendations [55]. Before each 

measurement, the oxygen was removed by bubbling nitrogen throughout the solutions for 3 min. All 

electrochemical measurements were carried out at room temperature. These experimental conditions 

and the optimized square wave voltammetric parameters were used to quantify ETO and PZA in human 

urine and blood serum. 

2.5. Preparation of samples for quantification of ETO and PZA by SWV 

2.5.1. Human urine samples 

Three samples of human urine (10 mL) were collected from voluntaries and stored at temperature of 

approximately 4 °C. An aliquot of 750 μL of 1.0 mmol L
−1

 ETO standard stock solution and an aliquot 

of 160 μL of 1.0 mmol L
−1

 PZA solution were added to the urine samples to obtain a final concentration 

of 75.0 μmol L
−1

 ETO and 16.0 μmol L
−1

 PZA. This solution was diluted five times in the 

electrochemical cell with 0.1 mol L
−1

 BRBS (pH = 1.0). The concentrations of ETO and PZA were 

determined by the standard addition method. 

2.5.2. Human blood serum 



Three drug-free human blood samples (20 mL) obtained from healthy voluntaries were allowed to rest 

for 20 min to complete blood clotting and then centrifuged (1500g for 15 min at 20 °C) to separate the 

serum (supernatant) from the solid portion. The serum was kept frozen untill assays. After thawing 

gently, an aliquot of 900 µL of serum was mixed with 20 µL of 1.0 mmol L
−1

 ETO solution and 80 µL 

of 1.0 mmol L
−1

 PZA solution. This serum mixture was diluted three times with 0.1 mol L
−1

 BRBS (pH 

= 1.0) in the electrochemical cell. The concentrations of ETO and PZA were determined by the standard 

addition method. 

3. Results and discussion 

3.1. Electrochemical impedance studies 

EIS is a powerful and emerging tool to study interfacial electron transfer properties and to identify the 

surface nature of electrodes. The electrochemical impedance properties of the bare GCE and the poly(L-

Cys)/GCE were recorded in 1.0 mmol L
−1

 Fe(CN)6
4−

/Fe(CN)6
3−

 plus 0.1 mol L
−1

 KCl as a supporting 

electrolyte. Figure 1 depicts the real and imaginary parts of the impedance spectra represented as 

Nyquist plots (Zim vs. Zre ). The impedance spectra were fitted by interpreting the electrochemical cell 

as a modified Randles circuit (Figure 1, inset), including the solution resistance (Rs) in series with a 

double layer capacitance (Cdl), which is in parallel to the charge-transfer resistance (Rct), which, in turn, 

is in series with the Warburg impedance (W). The Warburg impedance represents the diffusion of 

ferro/ferricyanide from the bulk of the electrolyte solution towards the electrode surface. The semicircle 

of the Nyquist plot obtained at higher frequency corresponded to the electron-transfer limited process, 

and its diameter is equal to Rct. The Rct value of the bare GCE was 662.0  (black curve), indicating a 

poor interfacial electron transfer. However, the poly(L-Cys)/GCE presented Rct of 435.0  (red curve). 

These results indicate that a higher interfacial electron transfer occurred on the poly(L-Cys)/GCE in 



comparison with the bare GCE, thus validating that the poly(L-Cys)/GCE presents high conductivity 

and fast electron conducting ability at its surface. 

Preferred position for Figure 1 

3.2. SECM images of bare GCE and poly(L-Cys)/GCE  

SECM is a scanning probe technique in which diffuse interaction of electroactive species between a 

microelectrode (the SECM probe or tip) and a substrate electrode are measured in the form of an 

electrochemical current. Both topography and conductive nature of the substrate can be scanned [56], 

thus SECM can be used to examine differences of electrochemical activity on surfaces at a high 

resolution. SECM experiments were carried out using a 5 µm-radius Pt tip held at ET= –0.1 V vs. 

Ag/AgCl. The cyclic voltammograms were recorded with the Pt tip positioned at a working distance (d) 

higher than 200 µm. 

SECM images of bare GCE and poly(L-Cys)/GCE are shown in Figures 2a and 2b, respectively, which 

illustrate a scan over a 250 µm × 250 µm area of the electrodes. The Pt tip was moved in close 

proximity to the modified electrode surface with the tip potential held at –0.1 V vs. Ag/AgCl, and the 

substrate potential was held at +0.5 V vs. Ag/AgCl. The flat responses in Fig. 2 indicate that the 

surfaces of both electrodes are uniformly active with no topographic features. However, the poly(L-

Cys)/GCE showed higher tip currents at its surface. When the tip approaches the conductive substrate, 

the oxidation of [Fe(CN)6]
4−

 (reduction product at the tip) occurs, that is, the regeneration of 

[Fe(CN)6]
3−

 takes place, leading to a positive feedback of current at the tip. The rate of [Fe(CN)6]
3−

 

regeneration at the surface of poly(L-Cys)/GCE is faster than that of bare GCE due to the facilitated 

electron transfer properties of the poly(L-Cys) film, resulting in higher tip currents. The comparison 

between Figs. 2a and 2b implies that there are more active sites on the surface of the modified electrode 

rather than on the bare GCE surface because of the uniform deposition of poly(L-Cys) film. 



Preferred position for Figure 2 

3.3. Electrochemical behaviour of ETO and PZA on bare GCE and poly(L-Cys)/GCE 

The electrochemical behaviour of 100.0 µmol L
−1

 ETO and PZA in 0.1 mol L
−1

 BRBS (pH = 1.0) was 

investigated by CV at 100 mV s
−1

 over the potential range from 0.0 to −0.9 V. For the bare GCE (Fig 

3a), ETO showed an irreversible reduction peak at −635 mV, while PZA presented a quasi-reversible 

electron process with reduction and oxidation peaks at −635 mV and −289 mV, respectively. The 

simultaneous determination of ETO and PZA becomes impossible if the bare GCE is employed due to 

the overlap of reductions peaks. In contrast, the poly(L-Cys)/GCE produced significantly increased 

reduction current peaks for both drugs under similar conditions (Fig 3b). Furthermore, a catalytic effect 

was observed, as suggested by the decreases of the potential peaks of ETO (Epc = −536 mV) and PZA 

(Epc= − 404 mV, Epa = −347 mV). The poly (L-Cys)/GCE reduced the difference between Epc and Epa of 

PZA (346 mV to 57 mV), resulting in an increased reversibility of reaction. This suggests that poly(L-

Cys) film is able to accelerate the electron transfer of ETO and PZA. The difference between the 

reductions peaks of the drugs was 132 mV, thus justifying the use of poly(L-Cys)/GCE to increase the 

resolution between the reduction peaks (Fig 3c). 

Preferred position for Figure 3 

 

 

3.4. Effect of cycles of electropolymerization 

The effect of the thickness of the poly(L-Cys) film on the anodic peak current of ETO and PZA was 

evaluated. It is well-known that film thickness can be easily controlled by the number of cyclic scans. 

Initially, the current responses of ETO and PZA increased with increasing number of scan cycles. The 



current responses of both drugs reached a maximum value at 20 scan cycles, and then decreased with 

further increase of the scan cycle number. This may be explained by the fact that very thin films do not 

possess sufficient active sites, whereas very thick films tend to block the electron transfer, both 

conditions are inimical to achieve a good current response. Therefore, 20 potential cyclic scans were 

adopted as the optimal condition to fabricate the poly(L-Cys)/GCE. 

3.5. Effect of pH on the simultaneous determination of ETO and PZA 

 

Figure 4 shows the effect of pH on the electrochemical behaviour of ETO (Fig 4a) and PZA (Fig 4b).  

The effect of pH on the peak potential and peak current of ETO and PZA was investigated by CV at 100 

mV s
−1 

in the pH range 1.0 – 9.0, employing 0.1 mol L
−1

 BRBS. It was observed that the pH of the 

supporting electrolyte influenced on the peak potential and peak current of ETO and PZA, suggesting 

the involvement of protons in the reduction process.  

Preferred position for Figure 4 

For both drugs, the peak potentials shifted towards more negative values with increasing pH. The 

relationship between cathodic peak potential (Epc) and pH of the supporting electrolyte is shown in 

Figure 4c. The linear relationships for PZA and ETO are given by the following equations: 

 

PZA: Epc (mV) = (−326.87 ± 5.23) – (83.29± 0.92) pH (R² = 0.999) (1) 

ETO: Epc (mV) = (−451.78 ± 5.40) – (66.37 ± 0.96) pH (R² = 0.999) (2)  

 

The slopes of Eq. 1 and Eq. 2 are in close agreement with the previously reported values of −83 mV and 

−66 mV for PZA and ETO, respectively [43,44]. The results for ETO reveal that an equal number of 



protons and electrons are involved in the redox process of ETO on the poly (L-Cys)/GCE surface. The 

number of electrons in ETO can be determined by the following equation: Ep − Ep/2 = 47.7 mV/αn [57]. 

From the voltammogram displayed in Fig. 3b, one may see that the values of Ep and Ep/2 for ETO are 

−528 mV and −504 mV, respectively. Considering a transfer coefficient (α) value of 0.5 (for most 

irreversible systems, α can usually be approximated as 0.5), the number of electrons transferred (n) in 

the reduction of ETO is calculated to be 3.98. Similarly, the n value of PZA was estimated by the 

following equation: Ep – Ep/2 = 59 mV/n [57], where Ep and Ep/2 are equal to −404 mV and –372 mV, 

respectively (Fig. 3b). The number of electrons transferred (n) in the reduction of PZA is then found to 

be 1.84. Furthermore, according to equation E/pH = (59.1 mV/n) × NH+ (n = 2) and using the slope 

of the linear regression, one may suggest that the number of protons (NH+) transferred in the reduction 

processes may be equal to 3. These results corroborate with the electrochemical behaviour of pyrazine 

on a mercury electrode [58,59]. Therefore, in accordance with previously reported studies on reduction 

of ETO and PZA, the electrochemical reduction of ETO is suggested to occur in the sulphur (═S) group 

according to a four-electron/four-proton mechanism, while the electrochemical reduction of PZA is 

suggested to occur in the pyrazine ring according to a two-electron/three-proton mechanism, as shown 

in Fig. 4d. 

 

The influence of pH on the peak currents of ETO and PZA was also investigated with respect to their 

reduction reactions. As shown in Table S2 (supplementary information), the cathodic current peak (Ipc) 

of PZA decreased with increasing pH in the range 1.0 – 9.0. In addition, the anodic current peak (Ipa) 

decreased in the pH range from 1.0 to 5.0 and then increased for pH values greater than 5.0. For ETO, 

however, the Ipc values tended to decrease when pH was increased from 1.0 to 4.0. Although maximum 

current of ETO was observed at pH = 4.0, the Epc was very low at this pH (41.2 mV). The pH effect 

was crucial for the simultaneous determination of ETO and PZA, because the Epc values of the drugs 



tended to separate with decreasing pH, as shown in Fig 4c. Thus, the pH of 1.0 was chosen to obtain the 

maximum resolution potential separation, and used for simultaneous determination of ETO and PZA. 

3.6. Effect of scan rates on cyclic voltammetry 

The effect of scan rate () in the range 10 –300 mV s
−1 

on the peak currents of ETO and PZA was 

simultaneously investigated using CV. The cathodic (red line) and anodic (green line) peak currents of 

PZA and the cathodic (black line) peak of ETO in the 100.0 µmol L
−1

 mixed drug solution increased 

with increasing scan rate. The peak currents were found to be linearly proportional to the square root of 

scan rate within the range 10 –300 mV s
−1

, as presented in Fig. S3 of Supplementary Information. This 

fact indicates that the electrochemical reactions of both drugs are controlled by diffusion. In this case, 

rate-limiting adsorption and/or specific interactions of ETO and PZA on the poly(L-Cys)/GCE surface 

are negligible. Linear Ip vs. 1/2
 regression equations for ETO and PZA are expressed in equations (3), 

(4) and (5):  

PZA: Ipa (µA) = (−2.56 ± 0.19) + 0.80 ± 0.017) 
1/2

 (mV s
−1

)
1/2

 (R² = 0.996) (3) 

PZA: Ipc (µA) = (1.82 ± 0.19) + 0.68 ± 0.017) 
1/2

 (mV s
−1

)
1/2

 (R² = 0.995) (4) 

ETO: Ipc (µA) = (1.28 ± 0.21) – 0.55 ± 0.019) 
1/2

 (mV s
−1

)
1/2

 (R² = 0.991) (4) 

 

 

3.7. Effect of pulse amplitude (a), square-wave frequency (f) and step potential (Es) on SWV 

Due to high sensitivity for redox processes and predominant separation properties from background 

current, SWV was used to investigate the dependency of the peak currents of ETO and PZA on their 

concentrations. The SWV parameters that affect the current response of ETO and PZA, such as pulse 



amplitude (a), frequency (f) and step potential (Es) were optimized. The optimization study was 

conducted using 0.1 mol L
−1

 BR buffer solution (pH = 1.0) containing 42 µmol L
−1

 of ETO and PZA. 

Each parameter was varied whereas the others were kept at a constant value. For example, the pulse 

amplitude was varied from 10 to 70 mV while frequency and step potential were fixed at 40 s
−1

 and 1 

mV, respectively. It was found that the peak current of ETO increased when the amplitude was 

increased up to 30 mV. Above this value, the reduction peak current of ETO decreased and its Ep 

shifted towards more positive values. The peak current of PZA increased over all amplitude range. 

However, the half width increased for both drugs, resulting in a decreased potential separation. The 

frequency was varied from 10 to 100 Hz, while the pulse amplitude and step potential were fixed at 30 

mV and 1.0 mV, respectively. The peak currents of the drugs increased when the frequency was 

increased up to 40 Hz, above this value the peak currents became unstable, and large current 

fluctuations were observed. The step potential was varied in the range 1.0 – 6.0 mV, keeping the pulse 

amplitude and frequency at 30 mV and 40 s
−1

, respectively. The step potential did not present a 

significant effect on the peak current of ETO. Conversely, the peak current of PZA was considerably 

reduced and presented a broadening of its width with increasing step potential value. In addition, for 

step potentials higher than 1.0 mV only a few points were recorded, which influenced on the 

repeatability of the measurements. The optimized parameters of SWV were: frequency of 40 s
–1

, pulse 

amplitude of 30 mV, and step potential of 1.0 mV. These optimized parameters were used to build 

calibration curves. 

4. Simultaneous determination of ETO and PZA 

The optimized SWV method was used to determine ETO and PZA simultaneously in 0.1 mol L
−1

 BRBS 

buffer solution (pH = 1.0). The specific interference of each drug on the simultaneous analysis was 

investigated by varying the concentration of one drug while keeping the concentration of the other 

unchanged. First, the PZA concentration was varied from 9.53 to 40 µmol L
−1

, while the concentration 



of ETO was fixed at 9.0 µmol L
−1

 (Fig 5a). Subsequently, the ETO concentration was varied from 6.5 to 

172.5 µmol L
−1

 and the concentration of PZA was fixed at 12.0 µmol L
−1

 (Fig 5b). Fig 5a shows that 

the presence of PZA did not interfere significantly on the electrochemical signal of ETO. The ETO 

signal varied less than 5.0 % when the PZA concentration was up to approximately 4.5 times greater 

than that of ETO. Likewise, the changes of ETO concentration did not interfere on the PZA 

determination (Fig 5b). PZA signal varied less than 4.0 % when the ETO concentration was up to 

approximately 14 times greater than that of PZA. 

 

Preferred position for Figure 5 

 

Usual dosages of ETO (250 mg day
-1

) and PZA (3.4 mg kg
-1

 day
-1

) for TB treatment result in maximal 

concentrations of these drugs in human serum of 2.24 ± 0.82 µg mL
−1

 (13.47 µmol L
−1

) and 5.9 µg 

mL
−1

 (47.9 µmol L
−1

) respectively [60,61]. Urinary elimination of ETO and PZA in an unaltered form 

accounts for less than 4.0 % of the administered drug dosages. As the molar ratio between PZA and 

ETO in the human serum sample was not larger than 4 (results shown in Figure 5), the presence of PZA 

could not interfere on the ETO determination and vice-versa. 

Simultaneous determination of ETO and PZA using the poly(L-Cys)/GCE was further conducted by 

changing the drug concentrations in 0.1 mol L
−1

 BRBS (pH = 1.0). Figure 6a shows the square-wave 

voltammograms obtained from solutions with different concentrations of ETO and PZA. The respective 

analytical curves for ETO and PZA presented a good linearity in the concentration ranges 2.38 – 248.0 

µmol L
−1

 for ETO (Fig. 6b), and 0.476 – 51.2 µmol L
−1

 for PZA (Fig. 6c). The corresponding linear 

equations are given as: 

ETO Ip (µA) = (0.167 ± 0.004) – (0.090 ± 0.001) CETO / µmol L
−1

  



PZA Ip (µA) = (0.126 ± 0.004) – (0.294 ± 0.001) CPZA / µmol L
−1

  

The coefficients of correlation were 0.995 and 0.997 for ETO and PZA, respectively. Low LOD of 

0.531 and 0.113 µmol L
−1

 and LOQ of 1.62 and 0.377 µmol L
−1

 for ETO and PZA, respectively, were 

determined using the expressions 3/slope and 10/slope, respectively, where  is the standard 

deviation obtained from ten voltammograms of the blank solution determined according to the IUPAC 

recommendations [55]. 

 

Preferred position for Figure 6 

 

The linear range and LOD of the electroanalytical method proposed here were similar or better than 

those of other electroanalytical techniques earlier reported (Table 1). In addition, the reaction occurring 

at the poly(L-Cys)/GCE reached a dynamic equilibrium very rapidly upon addition of ETO and PZA, 

leading to a response time to reach 100 % of signal shorter than 1 s. The advantages exhibited by the 

poly(L-Cys)/GCE concerning the redox process of ETO and PZA, principally the high sensitivity, low 

LOD, fast response time and simplicity, allow the poly(L-Cys)/GCE to be used as a electrochemical 

sensor for determining ETO and PZA in conjunction with HPLC and capillary electrophoresis systems, 

for example.  

Preferred position for Table 1 

4.1. Intra-day and inter-day repeatability 

The intra-day repeatability of the peak current intensity for 9.0 µmol L
−1

 ETO and 12.0 µmol L
−1

 PZA 

in 0.1 mol L
−1

 BRBS solution (pH = 1.0) was evaluated from successive measurements of peak current 



of a same solution. It was obtained relative standard deviation (RSD) values of 3.53 and 4.12 % for 

ETO and PZA, respectively, thus indicating that the intra-day repeatability was satisfactory.  

Likewise, the inter-day repeatability of the peak current intensity for 105.0 µmol L
−1

 ETO and 5.0 µmol 

L
−1

 PZA in 0.1 mol L
−1

 BRBS solution (pH = 1.0) was evaluated by measuring the peak current of 

analogous freshly prepared solutions over a period of 7 days. RSD values of 4.47 % and 4.78 % were 

obtained for ETO and PZA, respectively, hence, it is concluded that the electroanalytical method 

provides results with adequate inter-day repeatability. 

4.2. Study of interference 

The effect of possible interfering compounds usually found in human serum and urine (glucose, glycine, 

L-cysteine, urea, uric acid, ascorbic acid and citric acid) was studied on 70.1 µmol L
−1

 ETO and 15.3 

µmol L
−1

 PZA in 0.1 mol L
−1

 BRBS solution (pH 1.0). The ratio between the PZA concentration and 

the interfering substance concentration was 1:50. The corresponding reduction signals of ETO and PZA 

obtained by SWV were compared with those obtained in absence of any interfering compound. The 

relative responses for all possible interfering compounds were greater than 95 % (signal change < 5%), 

indicating that the changes of signal were insignificant compared with the signals of PZA and ETO in 

pure solutions (Table S4 in Supplementary Information). These results lead to conclude that the 

presence of the selected compounds did not interfere on the determination of ETO and PZA with the 

Poly(L–Cys)/GCE under optimized experimental conditions. 

 

4.3. Application of the method to determine ETO and PZA in human serum and urine and 

recovery tests 



Human serum and urine samples were selected to test the feasibility of the poly(L–Cys)/GCE-based 

electroanalytical method. The treatment with ETO in usual dosage (250 mg daily) and PZA (3.4 mg/kg 

daily), results in maximal concentrations in human serum of these drugs of 2.24 ± 0.82 µg mL
−1

 (13.47 

µmol L
−1

) and 5.9 µg mL
−1

 (47.9 µmol L
−1

), for ETO and PZA respectively [60,61]. Urinary 

elimination accounts for less than 4.0% for PZA and ETO in an unaltered form for both drugs. In this 

sense, the human serum and urine samples were fortified with ETO and PZA by adding precise amounts 

of the drugs to those biological fluids (see section 2.5). The recovery percentage values were calculated 

from the actual and added concentrations (Table 2) in order to simulate the concentration of ETO and 

PZA in body fluids. Each experiment was conducted in triplicate to increase the reliability of the data. 

The recovery in the fortified samples ranged from 98.6 % to 106 % for ETO and 96.3 % to 105 % for 

PZA (Table 2). This indicates that the poly(L-Cys)/GCE is effective and can be used to quantify both 

drugs without interference of the serum and urine matrix. It is noticeably demonstrated that the poly(L-

Cys)/GCE-based voltammetric method is a feasible, sensitive and good alternative for the determination 

of ETO and PZA in human serum and urine samples.  

5. Conclusions 

A new electrochemical sensor based on poly(L-Cys)/GCE for simultaneous determination of ETO and 

PZA in human serum and urine was successfully developed in this study. Cyclic voltammetry and 

square wave voltammetry were employed to study the electrochemical behaviour of the drugs. The 

poly(L-Cys)/GCE displayed electrocatalytic activity on the redox processes of ETO and PZA, thus 

being suitable to quantify these drugs in real samples. The method provided a wide linear concentration 

range of 2.38 – 248.0 µmol L
−1

 and 0.476 – 51.2 µmol L
−1

 and low limits of detection of 0.531 and 

0.113 µmol L
−1

 for ETO and PZA, respectively. These results were found to be more adequate than the 

parameters of previously reported analytical methods for individual determination of ETO and PZA.  

Good intra-day repeatability (RSDETO = 3.73 and 4.12 %) and inter-day repeatability (RSDPZA = 4.47% 



and 4.78)  were also obtained. Satisfactory recovery results were obtained in the determination of ETO 

and PZA in human serum and urine samples, indicating that the poly(L-Cys)/GCE can be successfully 

used to determine the drugs in these types of biological fluid. The poly(L-Cys)/GCE-based SWV is a 

simple, eco-friendly, sensitive, accurate and precise method that does not need sophisticated 

instrumentation neither sample preparation steps, allowing the determination of ETO and PZA in 

biological fluids without laborious and time-consuming procedures.  
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Figure Captions 

 

Fig. 1. Electrochemical impedance spectroscopy data of bare CGE (black curve) and poly(L-Cys)/GCE 

(red curve). The measurements were performed using a 1.0 mmol L
1

 [Fe(CN)6]
3

/[Fe(CN)6]
4

 solution 

containing 0.1 mol L
1

 KCl as a supporting electrolyte. Inset is the Randles equivalent circuit model. 

Rs , Cdl, Rct and W represent the resistance of the electrolyte solution, double layer capacitance, charge–

transfer resistance and Warburg impedance, respectively. The frequency range is 0.1 Hz – 10
5
 Hz. 

 

Fig. 2. SECM images (x-y scans) of the (a) bare GCE surface and (b) poly(L-Cys)/GCE surface. SECM 

imaging was performed with a 10 mm diameter Pt microelectrode in 1.0 mmol L
−1

 [Fe(CN)6]
3−

 as a 

redox mediator containing 0.1 mol L
1

 KCl as a supporting electrolyte. 

Fig. 3. a) Cyclic voltammograms of blank solution (black line) and individual solutions of ETO (red 

line) and PZA (green line) obtained with a bare GCE. b) Cyclic voltammograms of blank solution 

(black line) and individual solutions of ETO (red line) and PZA (green line) obtained with poly(L-

Cys)/GCE. c) Cyclic voltammogram of blank solution (black line) and mixed ETO/PZA solution 

obtained with poly(L-Cys)/GCE. [ETO] = [PZA] = 100.0 µmol L
−1

 in 0.1 mol L
−1

 BRBS, pH = 1.0,  = 

100 mV s
−1 

Fig. 4. Cyclic voltammograms of 100.0 µmol L
−1

 ETO (a) and 100.0 µmol L
−1

 PZA ( b) in 0.1 mol L
−1

 

BRBS solution at pH values of: 1.0 (a), 2.0 (b), 3.0 (c), 4.0 (d), 5.0 (e), 6.0 (f), 7.0 (g), 8.0 (h) and 9.0 (i) 

obtained with the poly(L-Cys)/GCE at  = 100 mV s
−1

, (graph c) Effect of pH on peak potential for 

ETO (black line) and PZA (red line) and (figure d) Proposed reduction reactions for ethionamide and 

pyrazinamide at the poly (L-Cys)/GCE. 

 



Fig. 5. A) SW voltammograms of different concentrations of PZA in the presence of 9.0 µmol L
−1

 ETO, 

PZA concentrations: (a) 9.53, (b) 15.4, (c) 23.7, (d) 32.9, (e) 40.0 µmol L
−1

. B) SW voltammograms of 

different concentrations of ETO in the presence of 12.0 µmol L
−1

 PZA, ETO concentrations: (a) 6.50, 

(b) 50.0, (c) 78.50, (d) 123.00, (e) 150.00 (f) 172.5 µmol L
−1

. Experimental conditions: 0.1 mol L
−1

 

BRBS (pH = 1.0) at poly (L-Cys)/GCE. Optimized SWV parameters: a = 30 mV, f = 40 s
−1

 and Es = 

1.0 mV. 

Fig. 6. SW voltammograms of mixed ETO/PZA solutions. ETO concentrations (a) 0.00, (b) 2.38, (c) 

4.54, (d) 6.52, (e) 10.0, (f) 12.90, (g) 17.72, (h) 21.42, (i) 25.6, (j) 36.9, (k) 47.6, (l) 77.1, (m) 118.2, 

(n)164.2, (o) 210.3 and (p) 248.6 µmol L
−1

. PZA concentrations (a) 0.00, (b) 0.47, (c) 0.91, (d) 1.3, (e) 

2.0, (f) 2.59, (g) 3.54, (h) 4.28, (i) 5.12, (j) 7.38, (k) 9.53, (l) 15.4, (m) 23.7, (n) 32.9, (o) 38.8 and (p) 

51.2 µmol L
−1

. Optimized SWV parameters: a = 30 mV, f = 40 s
−1

 and Es = 1.0 mV in 0.1 mol L
−1

 

BRBS (pH = 1.0) at poly(L-Cys)/GCE. The relationship between peak current (µA) and drug 

concentration (µmol L
−1

) is shown in the inset. 

 

  



 

 



 



 

 



 

 

Table 1. Comparison of the proposed method with some previously reported electrochemical methods 

for determination of ETO and PZA. 

Techni

que 

Electrode pH 

 

Potential peak 

(V) 

Linear range (µmol 

L–1) 

 

LOD (µmol 

L–1) 

 

Sample Ref 

PZA ETO PZA ETO PZA ETO 

DPV PMET/ERGO/G

CE 

7.0 −0.8

8 

− 0.4–

1,129 

– 0.16 – Plasma, urine and tablets [38]  

DPV GO/PAG/GCE 7.0 −0.7

8 

− 25–

1,600 

– 3.28 – Tablets and serum [39] 

DPV Tyr/GCE 7.0 −0.8

5 

− 10–900 – 5.13 – Blood, serum, urine and tablets [40] 

DPV SPCE/EPH 1.0 −0.2

5 

− 0.9–100 – 0.57 – Urine [41] 

DPV MWCNTs/GO/G

CE 

7.0 −0.9

7 

 37.5–

1,800 

– 5.54 – Pharmaceuticals and human 

blood serum 

[42]  



Poly L-methionine (PMET), electrochemically reduced graphene oxide (ERGO), glassy carbon electrode (GCE); Graphene 

oxide (GO)/poly L-arginine (PAG)/modified glassy carbon electrode (GCE); Tyrosine (Tyr)–modified glassy carbon 

electrode (GCE); Screen-printed modified electrode (SPCE)/monomeric histidine electropolymerization (EPH); Multiwalled 

carbon nanotubes (MWCNTs)/graphene oxide (GO) modified glassy carbon electrode (GCE); Poly glycine (Poly (Gly)), 

glassy carbon electrode (GCE); Boron–doped diamond electrode (BDDE); Rotating silver disc electrode (RSDE); Zirconia 

nanoparticles (ZrO2) glassy carbon electrode (GCE); Poly L-cysteine (Poly(L-Cys)), glassy carbon electrode (GCE).  

 

 

Table 2. Results of addition-recovery test of spiked human serum and urine samples on Poly (L-

Cys)/GCE by SWV (n = 3). 
Human Serum (Sample 1) Human Urine (Sample 1) 

[ETO] added 

(µmol L1)  

[ETO] 

expected 

(µmol L1)  

[ETO] found 

(µmol L1) 

Recovery (%) [ETO] added 

(µmol L1) 

[ETO] 

expected 

(µmol L1) 

[ETO] 

found 

(µmol L1) 

Recovery (%) 

0.00 6.00 (6.30 ± 0.2) – 0.00 15.0 (14.6 ± 0.8) – 

11.0 17.3 (17.4 ±1.5)  (101 ± 9) 12.0 26.6 (27.2 ± 0.6)  (102 ± 2) 

40.0 46.3 (47.3 ± 0.7) (102 ± 2) 27.0 41.6 (43.7 ± 2.0) (106 ± 5) 

65.0 71.3 (72.9 ± 1.6) (102 ± 2) 55.0 69.6 (68.7 ± 1.8) (98.8 ± 3) 
  

[PZA] added 

(µmol L1) 

[PZA] 

expected 

(µmol L1) 

[PZA] found 

(µmol L1) 

Recovery (%) [PZA] added 

(µmol L1) 

[PZA] 

expected 

(µmol L1)  

[PZA] 

found 

(µmol L1) 

Recovery (%) 

0.00 24.0 (23.5 ± 0.5) – 0.00 3.20 (3.20 ± 0.1) – 

8.33 31.8 (32.2 ± 0.8) (101± 2) 2.00 5.20 (5.20 ± 0.1) (101 ± 2) 
15.0 38.5 (37.8 ± 0.4) (98.3 ± 1) 6.00 9.20 (9.20 ± 0.4) (100 ± 4) 

20.5 44.0 (45.5 ± 1.3) (103 ± 3) 12.0 15.2 (15.0 ± 0.2) (99.0 ± 1) 

        

Human Serum (Sample 2) Human Urine (Sample 2) 
[ETO] added 

(µmol L1) 

[ETO] 

expected 

(µmol L1) 

[ETO] found 

(µmol L1) 

Recovery (%) [ETO] added 

(µmol L1) 

[ETO] 

expected 

(µmol L1) 

[ETO] 

found 

(µmol L1) 

Recovery (%) 

0.00 6.00 (6.50 ± 0.4) – 0.00 15.0 (16.2 ± 0.3) – 

11.0 17.5 (17.5 ± 0.4)  (100 ± 2) 12.0 28.2 (28.8 ± 0.9)  (102 ± 3) 

40.0 46.5 (46.5 ± 0.6) (100 ± 1) 27.0 43.2 (44.2 ± 0.4) (103 ± 1) 
65.0 71.5 (71.6 ± 1.4) (100 ± 2) 55.0 71.2 (71.5 ± 0.7) (100 ± 1) 

  

[PZA] added  

(µmol L1)  

[PZA] 
expected 

(µmol L1) 

[PZA] found 

(µmol L1) 

Recovery (%) [PZA] added 

(µmol L1) 

 

[PZA] 
expected 

(µmol L1) 

[PZA] 
found 

(µmol L1) 

Recovery (%) 

0.00 24.0 (23.3 ± 1.0) – 0.00 3.20 (3.40 ± 0.3) – 
8.33 31.6 (32.6 ± 1.0) (103 ± 3) 2.00 5.40 (5.30 ± 0.2) (98.7 ± 5) 

15.0 38.3 (37.9 ± 1.4) (99.1 ± 4) 6.00 9.40 (9.50 ± 0.3) (100 ± 3) 

20.5 43.8 (45.4 ± 1.2) (104 ± 3) 12.0 15.4 (15.4 ± 0.2) (99.7 ± 1) 
        

Human Serum (Sample 3) Human Urine (Sample 3) 
[ETO] added  

(µmol L1) 

[ETO] 
expected 

(µmol L1)  

[ETO] found 

(µmol L1) 

Recovery (%) [ETO] added 

(µmol L1) 

[ETO] 
expected 

(µmol L1) 

[ETO] 
found 

(µmol L1) 

Recovery (%) 

0.00 6.00 (6. 90 ± 0.3) – 0.00 15.0 (14.1 ± 0.7) – 
11.00 17.9 (18.8 ± 0.8)  (106 ± 4) 12.0 26.1 (26.3 ± 1.0)  (100 ± 4) 

SWV Poly (Gly)/GCE 7.5 −0.8

5 

 0.47–

6.15 

– 0.03

5 

– Tablets and urine [43] 

SWV BDDE 5.0 − −0.95  1.00–

80.0 

 0.29

4 

Tablets and urine [44] 

CSV RSDE 9.2 − −0.77 – 0.09–

60.0 

– – – [46] 

SWV ZrO2/GCE 4.5 − −1.02 – 0.90–

3.91 

– 0.28

3 

– [47] 

SWV Poly (L-

Cys)/GCE 

1.0 −0.4

0 

−0.53 0.476–

51.2 

2.38–

248.0 

0.11

3 

0.53

1 

Human urine and serum This 

paper 



40.0 46.9 (46.6 ± 0.8) (99.4 ± 2) 27.0 41.1 (41.1 ± 0.7) (99.9 ± 2) 

65.0 71.9 (72.9 ± 0.2) (103 ± 3) 55.0 69.1 (68.1 ± 0.2) (98.6 ± 0.3) 

  
[PZA] added  

(µmol L1) 

[PZA] 

expected 

(µmol L1) 

[PZA] found 

(µmol L1) 

Recovery (%) [PZA] added 

(µmol L1) 

[PZA] 

expected 

(µmol L1) 
 

[PZA] 

found 

(µmol L1) 

Recovery (%) 

0.00 24.0 (24.9 ± 0.5) – 0.00 3.20 (4.10 ± 0.4) – 

8.33 32.2 (33.8 ± 0.3) (105 ± 1) 2.00 6.10 (6.20 ± 0.3) (100 ± 5) 
15.0 39.9 (37.8 ± 0.4) (96.4 ± 2) 6.00 10.1 (9.70 ± 0.5) (96.3 ± 5) 

20.5 45.4 (45.6 ± 1.4) (101 ± 3.0) 12.0 16.1 (16.0 ± 0.5) (99.4 ± 3) 

 

 

 

 

 

Highlights 

 Ethionamide (ETO) and pyrazinamide (PZA) were simultaneously determined for the first time 
by voltammetry in body fluids. 

 The poly (L-Cys) modified glassy carbon electrode exhibits excellent electrocatalytic activity 
towards reduction of ETO and PZA. 

 The new method was applied in human urine and serum samples. 
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