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Abstract A new vol tammetr ic sensor based on
electropolymerization of glycine at glassy carbon electrode
(GCE) was developed and applied to determine of
pyrazinamide (PZA) by square-wave voltammetry (SWV).
The initial cyclic voltammetric studies showed an electrocat-
alytic activity of poly(Gly)/GCE on redox system of
pyrazinamide in 0.1 mol L−1 phosphate buffer solution pH
7.5, with EPc and EPa in −0.85 and −0.8 V (versus EAg/AgCl),
respectively. Studies at different scan rates suggest that the
redox system of pyrazinamide at poly(Gly)/GCE is a process
controlled by diffusion in the interval from 10 to 100 mV s−1.
Square-wave voltammetry-optimized conditions showed a
linear response of PZA concentrations in the range from
0.47 to 6.15 μmol L−1 (R=0.998) with a limit of detection
(LOD) of 0.035 μmol L−1 and a limit of quantification
(LOQ) of 0.12 μmol L−1. The developed SWV-poly(Gly)/
GCE method provided a good intra-day (RSD=3.75 %) and
inter-day repeatability (RSD=4.96 %) at 4.06 μmol L−1 PZA
(n=10). No interference of matrix of real samples was ob-
served in the voltammetric response of PZA, and the method
was considered to be highly selective for the compound. In the
accuracy test, the recovery was found in the range of 98.2 and
104.0 % for human urine samples and pharmaceutical formu-
lation (tablets). The PZA quantification results in pharmaceu-
tical tablets obtained by the proposed SWV-poly(Gly)/GCE
method were comparable to those found by official analytical
protocols.
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Introduction

Pyrazinamide (pyrazine-2-carboxamide) (PZA; Fig. 1) is a
first-line anti-tuberculosis (TB) drug administrated in the
first 2 months of standard TB treatment. Pyrazinamide is
also important in the treatment of multidrug-resistant
(MDR) TB (MDR-TB) (resistant to at least isoniazid and
rifampin). The drug has a unique sterilizing effect by killing
the semi-dormant Mycobacterium tuberculosis population
[1, 2]. After oral administration, pyrazinamide is almost
completely systematically absorbed and eventually enters
the pulmonary cavities containing M. tuberculosis [3]. The
mechanism of the action of PZA is poorly understood:
pyrazinoic acid (POA), the active moiety of PZA, has been
shown to inhibit various functions at acid pH in
M. tuberculosis [4]. PZA has a plasma half-life of 10 h
and is metabolized to pyrazinoic acid and other metabolites
by the liver. Renal clearance is low (<2 mL/min), and uri-
nary elimination accounts for less than 4 % of the ingested
dose [5]. Hepatotoxic effects attributable to anti-TB therapy
are unique among drug-related liver problems, because al-
most all first-line anti-TB medications have these adverse
effects. Adverse effects, such as rhabdomyolysis, exan-
themas, and kidney failure, are an important clinical con-
sideration for patients undergoing treatment with first-line
anti-TB medications, and it requires discontinuation of
medication [6, 7].

In this sense, the development of a reproducible, sensitive,
and reliable analytical method to determine pyrazinamide in
biological fluids and pharmaceutical formulations has been
crucial to monitor the efficacy of the MDR-TB treatment
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and also to ascertain whether a drug has the proper content of
active substance. To date, some analytical methodologies such
as spectrophotometry [8–11], capillary electrophoresis [12],
chromatographic methods [13–20], and electrochemical
methods [21–25] have been applied to quantify PZA in phar-
maceutical formulations and body fluids. The electrochemical
methods display good advantages for drug detection, for ex-
ample, high sensitivity, accuracy, precision, simplicity, low
cost, and elimination of laborious sample preparation steps.
Cheemalapati, Devadas, and Chen [21] developed an electro-
chemically active film which contains poly-L-methionine
(PMET) and electrochemically reduced graphene oxide
(ERGO) on glassy carbon electrode (GCE) for PZA detection
in urine, plasma, and pharmaceuticals by differential pulse
voltammetry (DPV). The linear range was obtained from 0.4
to 1129 μmol L−1 and the limit of detection was found of
0.16 μmol L−1. This method showed acceptable reproducibil-
ity and good repeatability with appreciable selectivity.

Devadas et al. [22] developed an electrochemical meth-
od for simultaneous determination of isoniazid, PZA, and
buspirone hydrochloride at graphene oxide (GO)/poly-L-ar-
ginine (PAG)-modified GCE by DPV. The linear range for
PZA was from 25 to 1600 μmol L−1, and the limit of
detection was found of 3.28 μmol L−1. The method was
applied successfully in blood serum and pharmaceuticals.
Cheemalapati et al. [23] proposed an electrochemical
method for determination of hydralazine hydrochloride,
isoniazid, ethambutol hydrochloride, and PZA in pharma-
ceuticals, human urine, and blood serum using a tyrosine
(Tyr)-modified glassy carbon electrode by DPV. The pro-
posed modified electrode showed strong electrocatalytic
activity in the analysis of these drugs. The results of
PZA analysis indicated a linear range from 10 to
900 μmol L−1, and the limit of detection and limit of
quantification were found of 5.13 and 15.55 μmol L−1,
respectively.

Bergamini, Santos, and Zanoni [24] studied the electro-
chemical behavior of pyrazinamide using a poly-histidine
modified screen-printed electrode. The modified electrode
showed excellent electrocatalytic activity, thus promoting a
decrease in PZA reduction potential and improving the

voltammetric response. The linear range was obtained from
0.9 to 100 μmol L−1 by DPV. The limit of detection estimated
was of 0.57 μmol L−1. The method was applied successfully
in human urine samples. Mani et al. [25] determined PZA in
pharmaceutical tablets and human blood serum by DPV at
multiwalled carbon nanotubes/graphene oxide hybrid com-
posite fabricated electrode. The response of PZA was linear
over the concentration range from 37.5 to 1800 μmol L−1,
with a limit detection of 5.54 μM. The proposed electro-
chemical sensor showed good results toward the com-
mercial pharmaceutical formulated PZA samples. Lately,
the use of poly amino acid has attracted attention in
electroanalysis. The electropolymerization of amino
acid-modified electrodes, especially poly(glycine), have
been used for determination of pharmaceuticals [26–30].
Recently, the use of electropolymers as a strategy for
analytical purposes has been reported in the literature
[31–34]. However, there are no reports in the literature
yet about the use of poly(glycine)-modified glassy car-
bon electrode as a electrochemical sensor. Thus, the
objective of the present work was to investigate the
electrochemical behavior of PZA on a poly(glycine)-
modified glassy carbon electrode (poly(Gly)/GCE) and
to develop an electroanalytical methodology for quanti-
fying this antibiotic. So far, to the best of our knowl-
edge, an electrochemical determination of PZA on this
perspective electrode has not been previously described
in the literature. The practical applicability of the meth-
od was verified by analysis of pharmaceutical tablets
and human urine samples.

Experimental

Reagents and solutions

Pyrazinamide was purchased from Sigma-Aldrich (St Louis,
MO, USA). The stock solution of PZA (1000 μmol L−1)
was prepared in aqueous solution, and it was stored in a
refrigerator at 4–6 °C. The 0.1 mol L−1 phosphate buffer
solution (PBS) was used as a supporting electrolyte and
were prepared by mixing the salts disodium phosphate and
sodium hydrogen phosphate, and then, the pH was adjusted
with 1.0 mol L−1 sodium hydroxide (99.0 % Proquimios,
Rio de Janeiro, Brazil) solution. The glycine was purchased
from Sigma-Aldrich (St Louis, MO, USA). Lauryl sulfate
sodium, talc, and povidone were purchased from Isofar
(Duque de Caxias, Brazil). Starch, magnesium stearate, and
microcrystalline cellulose were acquired from Valdequímica
(São Paulo, Brazil). Ascorbic acid and uric acid were pur-
chased from Isofar (Duque de Caxias, Brazil). All the
chemicals used were of analytical grade, and all the solu-
tions were prepared with deionized water.

Fig. 1 Chemical structure of pyrazinamide (PZA)
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Apparatus

The voltammetric measurements were carried out on an
Autolab® PGSTAT 128N potentiostat/galvanostat (Utrecht,
Netherlands) operating with the software Autolab Nova
version 1.10 for data collection and analysis. The three-
electrode electrochemical cell was set with poly(Gly)/GCE
as a working electrode, an Ag/AgCl/ 3 mol L−1 KCl elec-
trode as a reference electrode, and a 1.0-cm2 platinum foil
as a counter electrode.

All measurements were carried out at room temperature.
The pHmeasurements were done with a Metrohm 827 pH lab
pH meter (Metrohm) calibrated with standard buffers at room
temperature. The methodology used for comparison with the
electrochemical method proposed in this study was performed
according to the US Pharmacopeia [35]. Thus, spectrophoto-
metric analysis was carried out on a UV-VIS 800 XI spectro-
photometer (FEMTO). UV detection was performed at a
wavelength of 268 nm.

Preparation of poly(gly)/GCE

The electropolymerization of glycine in GCE surface was car-
ried out by cyclic voltammetry. In 1.0 mmol L−1 concentration
of glycine prepared in pH 7.0 PBS, the GCE surface was
completely electropolymerized throughout of 20 cycles in
the potential range of −0.5 to +1.8 V at 100 mV s−1 [29]. As
shown in Fig. 2, in the initial scan, an anodic peak was ob-
served at +1.6 V; however, the currents decreased with in-
creasing numbers of cycles. This phenomenon indicates that
the species obtained after the first electron transfer underwent
a chemical reaction of N-terminal of amino group with carbon
of GCE [26]. The –NH2 and –COOH groups of amino acids
are playing a key role in the electropolymerization process on
the electrode surface [36].

Determination of voltammetric parameters

After electropolymerization procedure, the poly(Gly)/GCE
was rinsed in deionized water. Then, a volume of 10.0 mL
of 0.1 mol L−1 PBS (pH 7.5) containing 0.1 mmol L−1 PZA
was placed in the glass electrochemical cell, and the electro-
chemical behavior of PZA at poly(Gly)/GCEwas investigated
by cyclic voltammetry (CV) at a scan rate of 50 mV s−1 over
the potential range from −0.6 to −1.1 V. Also, the scan rate
was varied from 10 to 100 mV s−1. In order to study the effect
of pH on the electrochemical behavior of PZA at poly(Gly)/
GCE, cyclic voltammograms were also recorded for
0.1 mmol L−1 PZA in 0.1 mol L−1 PBS with pH varying from
6.5 to 9.0 at a scan rate of 50 mV s−1.

The analytical method was developed by square-wave
voltammetry (SWV). The potential pulse amplitude (a),
potential step increment (ΔEs), and frequency ( f ) were
considered as parameters to assess the optimum experi-
mental performance for quantification of PZA using the
poly(Gly)/GCE. A volume of 10.0 mL of 0.1 mol L−1

PBS (pH 7.5) containing 0.1 mmol L−1 PZA was placed
in the glass electrochemical cell, and the potential pulse
amplitude was varied from 10 to 150 mV (with a frequen-
cy and potential step increment fixed at 50 s−1 and 1 mV,
respectively), the potential step increment (ΔEs) was var-
ied from 1 to 5 mV (with potential pulse amplitude and
frequency fixed at 90 mV of 30 s−1, respectively), and the
frequency was varied from 10 to 100 s−1 (with potential
pulse amplitude and the potential step increment fixed at
90 and 1 mV, respectively). The optimized square-wave
voltammetric parameters were as follows: potential pulse
amplitude of 90 mV, potential step increment of 1 mV,
and frequency of 60 s−1.

The best experimental condition for PZA analysis using the
poly(Gly)/GCE was obtained in 0.1 mol L−1 PBS with pH
7.5 at potential pulse amplitude of 90 mV, potential step in-
crement of 1 mV, and frequency of 60 s−1. The linearity of the
method was evaluated by preparing 13 PZA solutions with
concentrations varying from 0.47 to 6.15 μmol L−1 at three
different days. The results were plotted as a calibration curve,
and the linear correlation coefficient was determined by linear
fitting.

The limits of detection (LOD) and limits of quantification
(LOQ) were determined using the ratio of 3σ/b and 10σ/b,
respectively, where b is the slope of the calibration curve
and σ is the standard deviation value from ten voltammograms
of the blank determined according to the IUPAC recommen-
dations [37]. Before each measurement, the oxygen was re-
moved by bubbling nitrogen through the solutions for 4 min.
All the electrochemical experiments were carried out at room
temperature. These experimental conditions and the optimized
square-wave voltammetric parameters were applied to quan-
tify PZA in pharmaceutical formulation and human urine.

Fig. 2 Cyclic voltammograms for the electropolymerization of
1.0 mmol L−1 glycine (20 cycles). Supporting electrolyte: 0.1 mol L−1

PBS (pH=7.0), ν=100 mV s−1
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Voltammetric analysis of PZA in pharmaceutical
formulation and human urine

The developed voltammetric method was tested for determi-
nation of PZA in pharmaceutical formulations (tablets) and
human urine. PZA tablets were purchased from a local drug-
store. According to the manufacturer’s information, each
tablet contained 500 mg of PZA. Twenty tablets were pow-
dered, and then, an amount of the powder equivalent to
about 100 mg of PZA was accurately weighed, transferred
to a 500-mL volumetric flask, and then added 300 mL of
water. The mixture was sonicated for 10 min, and after, it
was diluted with water to the final volume of the volumetric
flask. This solution was filtrated and an aliquot of 10 mL
was transferred to a 100-mL volumetric flask and diluted
with water (this solution was named Btest solution^). In
the analysis, 0.1 mL of the test solution was diluted in
9.9 mL of 0.1 mol L−1 PBS (pH 7.5) in the electrochemical
cell and the PZA concentration was determined by the stan-
dard addition method. The results obtained were compared
with an official US Pharmacopeia protocol [35].

The suitability of the developed voltammetric method for
analysis of PZA in biological fluids was also investigated by
direct analysis of PZA in human urine. For this purpose, a
sample of human urine (25 mL) was collected from a vol-
unteer and stored at temperature of approximately 4 °C. The
urine sample was fortified by adding an aliquot of 300 μL of
1.0 mmol L−1 PZA standard stock solution, and a final con-
centration of 12.0 μmol L−1 PZA was obtained. An aliquot
of 1000 μL of the 12.0 μmol L−1 PZA solution was added
to a 10-mL volumetric flask, and the final volume was com-
pleted with 0.1 mol L−1 supporting electrolyte (0.1 mol L−1

PBS, pH 7.5). This solution was added to the electrochem-
ical cell, and the PZA concentration was determined by the
standard addition method.

Results and discussion

Electrochemical behavior of PZA on poly(Gly)/GCE

The electrochemical behavior of 0.1 mmol L−1 PZA in
0.1 mol L−1 PBS (pH 7.5) at poly(Gly)/GCE was investigated
by CV at 50 mV s−1 over the potential range from −0.6 to
−1.1 V. Figure 3 shows the cyclic voltammograms obtained
with bare GCE in absence (curve a) and presence (curve c) of
0.1 mmol L−1 PZA and also shows the cyclic voltammograms
of the poly(Gly)/GCE in the absence (Fig. 3, curve b) and
presence (Fig. 3, curve d) of 0.1 mmol L−1 PZA in
0.1 mol L−1 PBS (pH 7.5). At bare GCE, the reduction peak
occurs at −0.86 V, and no evidence of an oxidation peak in
reverse scan was observed. Under identical conditions, the
poly(Gly)/GCE produce a significant increase in the reduction

peak current of the PZA. In addition, the use of the poly(Gly)/
GCE showed a reversible electron transfer process of PZA,
with the reduction and oxidation peaks obtained at potential
values of −0.85 and −0.80 V, respectively. The evident en-
hancement of the peak current provided by the poly(Gly)/
GCE shows a remarkable catalytic effect of this modified
electrode in the electroactivity of the PZA.

Studies of PZA redox system on poly(Gly)/GCE

The influence of the solution pH on the PZA electrochemical
redox systemwas investigated by CVin 0.1 mol L−1 PBSwith
pH varying from 6.5 to 9.0 at 50 mV s−1. It was observed that
an increase of the pH significantly increased the cathodic and
anodic current response from 6.5 to 7.5 pH values, and the
anodic and cathodic peak potentials of PZAwere shifted to a
more negative potential with the increase of pH values. For pH
values higher than 7.5, however, the cathodic and anodic peak
current decreased. Thus, the pH of 7.5 was chosen for the
further analysis of PZA. It was also observed that the cathodic
peak potential (EPc) exhibited a dependence on the solution
pH (Fig. 4, insert).

The transference of protons in aqueous medium from or
toward organic molecules is usually considered to be a
fast process, meaning that protons are in equilibrium in
solution near the electrode [38], thereby justifying this
investigation. A linear correlation was obtained from pH
6.5 to 9.5 in the EPc versus pH curve with a slope of
0.091 V/pH at 25 °C according to the following equation:
EPc (V)=−(0.213±0.044)−(0.092±0.005) pH (R2=0.993).

The number of electrons in the PZA can be determined
applying the following equation: EP−EP/2=59 mV/n [39, 40].
Using the voltammogram Bd^ obtained in Fig. 3, the values of
EPc and EPc/2 for PZAwere −860 and −826 mV, respectively,

Fig. 3 Cyclic voltammograms obtained using the GCE in the absence (a)
and presence (c) of PZA and cyclic voltammograms obtained using the
poly(Gly)/GCE in the absence (b) and presence (d) of PZA. [PZA]=
0.1 mmol L−1 in PBS (pH 7.5), ν=50 mV s−1
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and the number of electrons transferred (n) in the reduction of
PZAwas estimated to be equal to 1.74. Furthermore, accord-
ing to the equation ΔE/ΔpH=(59.1 mV/n)×NH+ (n=2) and
using the slope obtained, we can suggest that the number of
protons (NH+) transferred may be three. These results agree
with the electrochemical behavior of pyrazine in the mercury
electrode [41, 42]. These authors related that the stability of
the product formed is dependent on the characteristics of the
substituent. For pyrazine compounds containing electron-
withdrawing ligands, a reversible behavior was observed, in-
volving two electrons and three protons. In this sense, Fig. 5
shows proposed electrochemical reduction of PZA at
poly(Gly)/GCE. The elucidation of reduction mechanism of
this analyte requires studies that are more detailed.

The effect of the potential scan rate on the poly(Gly)/
GCE electrochemical response was also investigated
(Fig. 6), and a plot of the cathodic peak current (IPc)
versus square root of the potential scan rate (ν1/2) for
0.1 mmol L−1 PZA solution in 0.1 mol L−1 PBS (pH
7.5) resulted in a straight line for both IPc and IPa
(Fig. 6, insert) being expressed by the following equations:
IPc (μA)=−(10.16±0.41) ν1/2 / (V s−1)1/2−(0.500±0.097)
(μA) (R2=0.994) and IPa (μA)=(11.35±0.40) ν1/2 /
(V s−1)1/2−(0.446±0.094) (μA) (R2=0.997), where sug-
gesting that the electrochemical process is controlled by
diffusion [39, 43].

Influence of the potential pulse amplitude, potential step
increment, and frequency of square-wave voltammetry

The square-wave voltammetry was selected as a sensi-
tive pulse voltammetric technique for better applicability
in the analysis of redox system. The optimization of
operating parameters was carried out in order to obtain
current response for electrochemical determination of
PZA with the highest magnitude and best peak shape.
The potential pulse amplitude, potential step increment,
and frequency were considered as parameters to assess
the optimum experimental performance for quantifica-
tion of 0.1 mmol L−1 PZA in 0.1 mol L−1 PBS at pH
7.5 using the poly(Gly)/GCE. The variation of potential
pulse amplitude in the range from 10 to 150 mV (with
a frequency and potential step increment fixed at 50 s−1

and 1 mV, respectively) indicated that the current re-
sponse of redox system PZA increased and slight shift
to the less negative potential values.

Above potential pulse amplitude value of 90 mV, the
resultant current of PZA started to shift significantly
with observation of substantial broadening of the peak.
Therefore, the best voltammetric sensitivity was obtain-
ed with potential pulse amplitude 90 mV, which was
selected for further investigations.

The values of peak current were also found to vary with
respect to the potential step increments (1–5 mV) applied on
SWV (potential pulse amplitude and frequency fixed at
90 mV of 30 s−1, respectively). The potential step increment
of 1 mV was selected as it sets the best voltammetric profile
owing higher sensitivity and selectivity for PZA determina-
tion. The effect of the frequency from 10 to 100 s−1 on the
SWV response of the poly(Gly)/GCE for 0.1 mmol L−1 PZA
was also evaluated (potential pulse amplitude and the potential
step increment fixed at 90 and 1 mV, respectively). The values

Fig. 4 Cyclic voltammograms of 0.1 mmol L−1 PZA in 0.1 mol L−1 PBS
solution at pH values of 6.5 (a) 7.0 (b), 7.5 (c), 8.0 (d), 8.5 (e), and 9.0 ( f )
obtained with the poly(Gly)/GCE at ν=50 mV s−1. Insert: EPc versus pH
plot

Fig 5 Proposed electrochemical reduction of PZA at poly(Gly)/GCE as
suggested by Bergamini et al. [24]

Fig. 6 Cyclic voltammograms of 100 μmol L−1 PZA in 0.1 mol L−1 PBS
(pH 7.5) obtained with the poly(Gly)/GCE at scan rates of 10 (a),
20 mV s−1 (b), 30 mV s−1 (c), 40 mV s−1 (d), 50 mV s−1 (e), 60 mV s−1

( f ) 70 mV s−1 (g), 80 mV s−1 (h), 90 mV s−1 (i), and 100 mV s−1 (j).
Insert: IP versus ν

1/2 plot
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of peak current showed an increase when the frequency was
increased from 10 to 60 s−1; above the frequency value of
60 s−1, the resultant peak current decreased. Thus, the frequen-
cy of 60 s−1 was chosen for further studies. The optimized
parameters of the SWV technique were as follows: pulse am-
plitude of 90 mV, potential step increment of 1 mV, and fre-
quency of 60 s−1. These optimized parameters were used for
calibration curve construction.

Analytical determination of PZA

The applicability of the proposed SWV-poly(Gly)/GCEmeth-
od for quantification of PZA was examined by calibration
curve by plotting resultant peak current against concentration
of PZA at optimized experimental conditions. Figure 7 shows
the square-wave voltammograms registered after the addition

of aliquots of standard solutions (triplicate) containing in-
c reas ing concen t r a t ions o f PZA (f rom 0.47 to
6.15 μmol L−1). The calibration curve with the linear relation-
ship between resultant peak current and the concentration of
PZA (CPZA) is showed in the inset of Fig. 7 and is expressed
by the following equation: −IP (μA)=(0.561±0.013) CPZA/
μmol L−1−(0.246±0.011) (μA).

The correlation coefficient was 0.998 (for n=13). The LOD
and LOQ values determined with basis on the ratio of 3σ/b
and 10σ/b, respectively, (where b is the slope of the calibration
curve and σ is the standard deviation value from ten voltam-
mograms of the blank) were 0.035 and 0.12 μmol L−1,
respectively.

The linear range and limits of detection of the proposed
electroanalytical method were similar or better than those re-
ported in earlier reports on electroanalytical techniques
(Table 1). In addition, the reaction occurring at the
poly(Gly)/GCE reached a dynamic equilibrium very rapidly
upon addition of PZA, leading to a response time to reach
100 % of signal shorter than 1 s. The advantages exhibited
by poly(Gly)/GCE for PZA reduction, principally the high
sensitivity, low detection limit, fast response time, and sim-
plicity, demonstrate that this electrode could be potentially
used as a electrochemical detector for determination of PZA
in HPLC and capillary electrophoresis systems, for example.

Intra-day and inter-day repeatability

The intra-day repeatability of the peak current magnitude was
determined by successive measurements (n=10) on the
4.06 μmol L−1 PZA solution in PBS (pH 7.5, 0.1 mol L−1).
When these repeated peak current values were compared with
the initial peak current value, a relative standard deviation
(RSD) value of 3.75%was obtained for PZA, indicating good
intra-day repeatability of the proposed method.

Table 1 Comparison of the different electroanalytical methods proposed for determination of PZA

Method Electrode pH Linear rangea LODa Sensitivity Sample Ref

DPV PMET/ERGO/GCE 7.0 0.4–1129 0.16 0.266b Plasma, urine, and tablets [21]

DPV GO/PAG/GCE 7.0 25–1600 3.28 0.266b Tablets and serum [22]

DPV Tyr/GCE 7.0 10–900 5.13 0.165b Blood, serum, urine, and tablets [23]

DPV SPCE/EPH 1.0 0.9–100 0.57 0.370c Urine [24]

DPV MWCNTs/GO/GCE 7.0 37.5–1800 5.54 0.038b Pharmaceuticals and human blood serum [25]

This paper Poly(Gly)/GCE 7.5 0.47–6.15 0.035 0.561c Tablets and urine –

GO/PAG/GCE graphene oxide/poly-L-arginine/modified glassy carbon electrode, SPCE/EPH screen-printed modified electrode/monomeric histidine
electropolymerization, Tyr/GCE tyrosine-modified glassy carbon electrode, PMET/ERGO/GCE poly-L-methionine/electrochemically reduced graphene
oxide/glassy carbon electrode, MWCNTs/GO/GCE multiwalled carbon nanotubes/graphene oxide-modified glassy carbon electrode, Poly(Gly)/GCE
poly-glycine/glassy carbon electrode
aμmol L−1

bμA μM−1 cm−2

cμA μM−1

Fig. 7 Square-wave voltammograms of PZA reduction obtained using
the poly(Gly)/GCE under optimized conditions. PZA concentrations:
0.00 μmol L−1 (a), 0.47 μmol L−1 (b), 0.90 μmol L−1 (c),
1.66 μmol L−1 (d), 2.30 μmol L−1 (e), 2.85 μmol L−1 ( f ),
3.75 μmol L−1 (g), 4.11 μmol L−1 (h), 4.56 μmol L−1 (i),
4.94 μmol L−1 (j), 5.32 μmol L−1 (k), 5.65 μmol L−1 (l), 5.96 μmol L−1

(m), and 6.15 μmol L−1 (n). Optimized parameters: a=90 mV, f=60 s−1,
and ΔES=1.0 mV. Insert: calibration plot
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The inter-day repeatability for the peak current magnitude
of 4.06 μmol L−1 PZA solution in PBS (pH 7.5, 0.1 mol L−1)
was evaluated over a period of 10 days. A good RSD value of
4.96 % was also obtained. Hence, it is possible to conclude
that the SWV-poly(Gly)/GCE approach for PZA determina-
tion provides results with adequate precision.

Interference study

The selectivity of the proposed method for PZA deter-
mination was tested by the assessment of the effect of
possible interferents commonly occurring in pharmaceu-
tical formulations (such as stearate magnesium, starch,
microcrystalline cellulose, talc, sodium lauryl sulfate,
and povidone) and in human urine (such as uric acid
and ascorbic acid). Solutions of these compounds were
freshly prepared at a PZA solution/interferent compound
concentration ratio of 1:100 under the same conditions
used for 4.94 μM PZA in 0.1 mol L−1 PBS at pH 7.5.
The analytical response was monitored and compared
with the signal obtained for the pure PZA solution
(Table 2). The results revealed that the proposed method
is highly selective for PZA, once the interferents did not
affect the cathodic current of the antibiotic under the
concentration tested.

Application of the method in determination of PZA
in pharmaceutical formulations, human urine,
and recovery tests

The poly(Gly)/GCE was applied to determine PZA in phar-
maceutical tablets and human urine; each experiment was
conducted in triplicate and using the standard addition meth-
od. For comparison purposes, the concentration of PZA in the
tablets was also determined by the official spectrophotometric
protocol [35]. The data were statistically compared through
the paired t test and F test [44], and the results are summarized
in Table 3.

It was possible to observe that there was no statistical dif-
ference between these two methods at a confidence level of
95 %, indicating that the poly(Gly)/GCE can be successfully
used for voltammetric determinations of PZA in pharmaceu-
tical formulations.

The accuracy of the SWV-poly(Gly)/GCE method
and the possibility of matrix interferences were further
checked by performing analytical recovery experiments.
Precise amounts of PZA were added to pharmaceutical
tablet sample, and the recovery percentage values were
calculated from the actual and added PZA concentra-
tions (Table 4). It can be clearly observed that the
matrix of the samples had no influence on the response
obtained by the proposed SWV-poly(Gly)/GCE method.

The recovery of the spiked sample ranged between
98.2 and 104.0 % for human urine and pharmaceutical
samples (Table 4). This indicates that the poly(Gly)/
GCE is effective and can be used to quantify PZA
without interference of the urine matrix. It is noticeably
demonstrated that the proposed SWV-poly(Gly)/GCE
method is a feasible, sensitive, and good alternative
for the determination of PZA both in pharmaceutical
formulations and human urine.

Table 4 Results of addition-recovery experiments using the SWV-
poly(Gly)/GCE method for determination of PZA in pharmaceutical
and urine samples (n=3)

[PZA] addeda [PZA]
expecteda

[PZA] founda Recovery (%)

Pharmaceuticals

0.0 – 1.60±0.07 –

1.70 3.30 3.24±0.12 98.2±3.8

2.30 3.90 3.84±0.13 98.5±3.3

2.90 4.50 4.68±0.04 104.0±2.4

Human urine sample

0.0 – 1.26±0.34 –

2.00 3.26 3.31±0.16 101.5±5.0

2.50 3.76 3.84±0.10 102.1±2.7

3.00 4.26 4.27±0.30 100.2±1.2

aμmol L−1

Table 3 PZA determination results for pharmaceutical samples
according to the proposed electroanalytical SWV-poly(Gly)/GCE
method and the official spectrophotometric protocol [35]

Sample Label value
(mg/tablet)

Proposed method
(mg/tablet)a

Official protocol
(mg/tablet)a

Tablet 500 472.7±5.1 469.4±1.9

a n=3

Table 2 Effect of interfering compounds on the determination of PZA

Interfering compound Relative response (%)

Magnesium stearate 101.9±3.5

Starch 99.3±3.6

Microcrystalline cellulose 99.0±3.6

Uric acid 95.9±2.8

Ascorbic acid 97.4±1.9

Povidone 96.9±1.7

Talc 96.7±1.1

Sodium lauryl sulfate 98.0±4.0

[Interfering compound added]=0.494 mmol L−1 ; [PZA]=4.94 μmol L−1
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Conclusions

This work described the development and the application of a
novel electroanalytical approach for the direct determination
of PZA using a poly(Gly)/GCE as a perspective electrochem-
ical sensor. Cyclic voltammetry and square-wave voltamme-
try were applied to the study of electrochemical behavior and
quantification of PZA. The developed SWV-poly(Gly)/GCE
method provided a wide linear concentration range from 0.47
to 6.15 μmol L−1, a low limit of detection (0.035 μmol L−1),
which was similar to or better than many reported analytical
methods for PZA determination, and a good intra-day and
inter-day repeatability (RSD=3.75 and 4.96 %, respectively,
at 4.06 μmol L−1 PZA, for n=10). The developed SWV-
poly(Gly)/GCE method was applied to the determination of
PZA in commercial pharmaceutical tablets and human urine
samples. Additionally, the concentrations of PZA found in
pharmaceutical tablets by the developed SWV-poly(Gly)/
GCE method were equivalent to those obtained by UV-VIS
spectrophotometry at a confidence level of 95 %. Satisfactory
recovery results were obtained in the determination of PZA in
human urine, indicating that the SWV-poly(Gly)/GCE meth-
od was also successfully applied in this kind of sample. The
SWV involving poly(Gly)/GCE is a simple, environmentally
friendly, sensitive, rapid, accurate, and precise approach that
does not need sophisticated instruments or any separation
step, allowing the analysis of PZA without laborious and
time-consuming procedures.
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