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Abstract For the first time, simultaneous voltammetric deter-
mination of two kinds of the first-line categorized anti-
tuberculosis drugs including isoniazid (INZ) and ethambutol
(EBL) was reported at a highly sensitive electrochemical sen-
sor. The proposed sensor was successfully prepared based on
an electroactive poly-melamine film and electrodeposited
gold nanoparticles (PMel-Aunano)-modified pre-anodized
glassy carbon electrode (GCE*). The morphological and elec-
trochemical characteristics of the sensing surface (PMel-
Aunano/GCE

*) was well-characterized by scanning electron
microscopy (SEM), cyclic voltammetry (CV), and electro-
chemical impedance spectroscopy (EIS). The PMel-Aunano/
GCE* exhibited strongly catalytic activity toward the oxida-
tion of INZ (0.39 V potential shift) and EBL (0.29 V potential
shift) in comparison with PMel/GCE* and bare GCE.
Differential pulse voltammograms of INZ and EBL depicted
the linear responses with their concentrations at the ranges of
0.3 to 170.0 μM and 0.5 to 150.0 μM, respectively.
The detection limits for INZ and EBL were sequentially esti-
mated as 0.08 and 0.21 μM. Furthermore, the developed elec-
trochemical sensor was successfully implemented for the

determination of INZ and EBL in real samples using standard
addition method. This fabricated sensor showed to be prom-
ising for INZ and EBL detection with many desirable features
including high-sensitivity, low detection limit, decrease in
over-voltage, reproducible responses, and acceptable anti-
interferences ability.
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Introduction

Tuberculosis (TB) is a contagious bacterial infection caused
by Mycobacterium tuberculosis (MB-TB), which can affect
many organs of the body, especially the lungs. Isoniazid
(INZ) and ethambutol (EBL) are the first-line categorized
anti-tuberculosis (anti-TB) drugs, which are widely used as
chemotherapeutic agents to treat infections by MB species
[1]. INZ (pyridine-4-carboxylic acid hydrazide), also known
as iso-nicotinyl hydrazine, is an antibiotic with significant
bactericidal activity in the initial phase of anti-TB therapy [2].
EBL is another Mycobacteria-specific drug recommended for
the treatment of disease caused by MB-TB and opportunistic
infections of AIDS patients caused by the Mycobacterium
avium complex [3]. Treatment of latent TB usually can be
done by a single antibiotic [4], while in the treatment of active
TB, disease applying the combinations of several antibiotics
would be the best treatment way to reduce the risk of the
bacteria developing antibiotic resistance [5]. INZ and EBL
are widely used as fixed-dose combinations (FDCs) because
the combination mode prevents the acquisition of drug resis-
tance and reduces prescription errors. The concentration of
anti-TB drugs is the key factor in encountering with MB-TB,
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so that prescription of inappropriate dosage of treatment
drugs to the patients with fully susceptible TB develops the
resistance during the therapy [6]. Therefore, making efforts to
develop rapid and reliable methods for the monitoring of their
concentration is inescapable.

Heretofore, various techniques have been applied to the
quantitative analysis of INZ and EBL, that the most common
described procedures are based on liquid chromatography
(LC) including LC coupled with ultra-violet (UV) [7], high-
performance thin-layer chromatography (HPTLC) [8], ion-
pair reversed phase liquid chromatography [9], high-
performance liquid chromatography (HPLC)-coupled with
UV [10, 11], tandem mass spectrometry (MS/MS) [12, 13],
and fluorescence [14, 15] detections. In spite of all the advan-
tages, high cost and complication in these methods are con-
sidered as serious drawbacks. Electrochemical sensors are
considered to have technical simplicity, good sensitivity, and
easy adaptability for in situ analysis with relatively cheap in-
strumental set-ups [16–20].

Conducting polymers (CPs) and their derivatives have
attracted tremendous attention in the electrochemical sensors.
They have an additional interest because of their combined
properties of organic polymer and electronic properties of semi-
conductor, three-dimensional molecular structures, which con-
trol the electronic properties and nanostructured shape. Poly-
melamine, as an important polymer, contains amine groups and
a benzene ring so it is supposed to provide binding sites for the
adsorption and accumulation of analytes and improve the sen-
sitivity [21–23]. A survey of the literature shows some studies
in recent years describing the using of poly-melamine as a
modifier for fabricating of modified electrodes. Recently, Su
et al. developed the poly-melamine film-modified screen-
printed carbon electrode and illustrated its electrocatalytic ac-
tivity by determination of gallic acid [21]. Cotchim et al. report-
ed a polymer of melamine monomers on the surface of
graphene oxide-modified GC for the determination of trinitro-
toluene in soil samples via adsorptive cathodic stripping volt-
ammetry [22]. Also, our group have reported the voltammetric
determination of rifampicin as another anti-TB drug using poly-
melamine nanocomposite-modified electrode [23].

In recent years, metal nanoparticles were used in the sens-
ing layer fabrication of electrochemical sensors to increase the
surface of the electrode and amplify the electron transfer rate
as a catalyst because these nanoparticles have excellent con-
ductivity and catalytic properties [23, 24]. Among nanoparti-
cles, noble metallic nanoparticles have been widely used as
catalysts in industrial and scientific researchers. Among noble
nanoparticles, gold nanoparticles are one of the most studied
nanomaterials, due to the unique properties such as good con-
ductivity, electrocatalytic ability, and biocompatibility
[23–27]. Electrochemical deposition could provide a green,
rapid, and easy alternative rather than the chemical synthesis
method for the preparation of gold nanoparticles in shorter

time scales, which provides the particles with higher purity
and more controllable and narrower particle size distribution
[28–31]. Conducting polymers can be ideal host matrices for
gold nanoparticles because they have advantages of permit-
ting a facile electronic charge flow through the polymer matrix
in electrochemical processes [32, 33]. It was concluded that
the incorporation of gold nanoparticles into poly-melamine
matrix reveals characteristics through the combination of both
components including good biocompatibility, large surface
areas, good electrochemical stability, and enhanced electrocat-
alytic activity [32, 33].

Despite the widespread usage of INZ and EBL in several
pharmaceutical formulations, there has not been any report in
the literature about the simultaneous electrochemical determi-
nation of these two important anti-TB drugs. To the best of our
knowledge, Bagheri and coworkers have reported the fabrica-
tion of an electroactive poly-melamine filmwith electrodepos-
ited gold nanoparticles (PMel-Aunano)-modified pre-anodized
glassy carbon electrode (GCE*) for the voltammetric determi-
nation of rifampicin [23]. However, this sensing layer has
shown a great potential for the simultaneous electrochemical
sensing of INZ and EBL. Thus, the aim of the present study is
to investigate electrochemical behavior of these two anti-TB
drugs utilizing the proposed modified electrode (PMel-Aunano/
GCE*) in aqueous solutions and to develop a simple, selec-
tive, and reliable sensor for simultaneous voltammetric deter-
mination of INZ and EBL in real samples.

Experimental

Reagents and apparatus

Target compounds including INZ and EBL were purchased
from Sigma-Aldrich. The reagents including hydrochloric ac-
id (HCl, 37% purity); sulfuric acid (H2SO4, > 95% purity);
and sodium hydroxide pellets (NaOH, > 97% purity) were
procured from Sigma-Aldrich. Melamine (> 99%
purity; solubility in water = 3240 mg L−1) used for
electropolymerization and Au salt (HAuCl4.4H2O) used in
electrodeposition of gold nanoparticles were also purchased
from Sigma-Aldrich. Phosphate buffer solutions (PBS) were
prepared with sodium phosphate dibasic (Na2HPO4) and so-
dium monobasic (NaH2PO4) from Sigma-Aldrich. All of the
chemicals used in this work were of analytical grade and used
without purification. All aqueous solutions were prepared in
Milli-Q water (18.2 MΩ cm at 25 °C). The morphological
characterization has been examined by means of scanning
electron microscope (SEM-EDS, KYKY-EM 3200). The tips
of glassy carbon electrodes were used for characterization.
The samples were fixed on the SEM specimens using carbon
tapes and used for imaging (voltage = 26 KV, magnification
20.0 and 40.0 KX, scale bar 1 μm).
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Electrochemical instrumentation

Electrochemical experiments including cyclic voltammetry
(CV), differential pulse voltammetry (DPV), and electrochem-
ical impedance spectroscopy (EIS) techniques were carried out
with an Ivium potentiostat/galvanostat (Vertex, Ivium
Technologies, The Netherlands). The experimental conditions
for measurements were controlled with Ivium software.
The experimental parameters of DPV including E1 = 0.0 mV,
E2 = 1.3 V, pulse amplitude = 50mV, and scan rate = 100mV/s.
The measurements were carried out using a conventional three-
electrode cell using an Ag|AgCl|KCl (3 M) electrode as the
reference, a Pt wire as the counter (auxiliary) electrode, and a
glassy carbon disk electrode (Ivium, The Netherlands), bare or
modified, was used as working electrode.

Fabrication of PMel-Aunano/GCE*

The overall procedure for preparation of the poly-melamine
film was adapted from a previous report [34]. The only mod-
ification that we applied was changing the scan rate from 50 to
100 mV s−1. Prior to the fabrication process, GCE surface
were polished mechanically, with 0.05-μm alumina slurry on
a polishing cloth, rinsed thoroughly with Milli-Q water, and
then using an ultrasonic cleaning bath, the electrode were
sonicated for 5 min in mixture of ethanol and water (1:1,
v/v). After ultrasonication, the electrode was rinsed with
Milli-Q water again and dried with a nitrogen gas stream.
The PMel-Aunano/GCE

* was prepared according to the follow-
ing three-step procedure. First, the GCE was pre-anodized in
0.1 M PBS (pH 7.0) by applying potential of 2.0 V vs.
Ag|AgCl|KCl (3 M) for 300 s and denoted as GCE*.
Through this step, the activated carboxyl or hydroxyl groups
on the pre-anodized GCE surface are prone to adsorption of
melamine on the electrode surface (and hence, help to PMel

formation in the next step). Second, the PMel was
electropolymerized on the GCE* by cyclic potential scanning
from + 0.1 to + 1.8 V vs. Ag|AgCl|KCl (3M) for 14 cycles at a
scan rate of 100 mV s−1 in a solution of 0.1 M HCl containing
2.0 mM melamine. In the third step, the gold nanoparticles
were electrochemically deposited on the surface of prepared
PMel/GCE

* by cyclic potential scanning from − 0.2 to + 1.2 V
vs. Ag|AgCl|KCl (3 M) in 0.5 M H2SO4 solution containing
0.1 mM HAuCl4 (degassed with a N2 stream for at least
10 min) at a scan rate of 100 mV s−1 for 15 cycles [23, 35].
The as-fabricated PMel-Aunano/GCE

* was used for the deter-
mination of INZ and EBL in PBS and real-sample solution.
Before voltammetric measurements, the modified electrode
was cycled five times between 0.0 and + 1.0 V (scan rate
100 mV s−1) in a PBS at pH 7.0 to obtain a reproducible
response. The experiments have been performed at pH = 7.0
because our purpose was to determine INZ and EBL in human
urine sample. As pH 7.0 is very close to the biological pH of

urine, all experiments were done at this pH. For the renovation
of the GCE surface, the modified electrode was soaked in HCl
0.1 M and cycled between the potential of − 0.2 to 1.8. After
rinsing withMilli-Qwater, polishing, ultrasonication, and dry-
ing, the electrode was ready for the next experiments.

Results and discussion

Electropolymerization of melamine on GCE*

and subsequent electrodeposition of gold nanoparticles

Since the electropolymerization initiates only under the proper
conditions that can increase the radical cation concentration to a
certain level, a positive-enough potential associate with activat-
ed carbon platform was applied for the poly-melamine forma-
tion [23, 34]. The successive cyclic voltammograms in Fig. 1a
are related to the electropolymerization process of 2.0 mMmel-
amine in a 0.1MHCl solution by 14 potential cycles from + 0.1
to + 1.8 V vs. Ag|AgCl|KCl (3M) on the surface of GCE* [34].
In the first cycle of potential, with the increase of potential to
+ 1.8V, the oxidation of amine (assigned to themonomer) starts
to take place (Epa ∼ + 1.6 V) and the radical cations are formed.
In the second cycle, the newly formed radical cations undergo
head-to-head coupling with NH–NH bonding of melamine to
create dimer which are followed by anodic peak and formation
of polymer during the next cycles [21, 23, 34]. The typical
redox behavior related to the polymer is observed at
lower potentials with well-defined anodic and cathodic peaks
at 0.69 and 0.55 V, respectively. In fact, during the
electropolymerization process (Fig. 1a), the melamine mono-
mer oxidizes and forms radical cations at a higher positive
potential (Pa2 with Epa ∼ + 1.6 V), which can be linked on an
electrode surface to start the electropolymerization process. In
fact, Pa1 (assign to the polymer) starts growing after the first
cycle, while the peak current at Pa2 (assign to the monomer)
declined from second cycle onwards. The increase in peak cur-
rent at Pa1 and Pc1 (assign to the polymer) on successive cycles
is an evidence of the gradual growth of the conductive polymer
on the surface of GCE* [23].

Figure 1b displays the electrodeposition progress of the
gold nanoparticles within continuous cyclic voltammograms
(by applying potential step from − 0.2 to + 1.2 V) obtained in
nitrogen-saturated media of 0.5 M H2SO4 solution containing
0.1 mMHAuCl4 at a scan rate of 100 mV s−1. The anodic and
cathodic peaks in Fig. 1b are assigned to oxidation of gold and
reduction of gold oxide surface, respectively [36–38]. After
the electrodeposition process, a single reduction peak was
observed at 0.49 V in PBS (pH 7.0) for the Aunano-PMel/
GCE (Fig. 1b, inset), which is assigned to the reduction of
gold oxide monolayer made during positive-going potential
sweep [39–41]. The process of electrochemical polymeriza-
tion permits the synthesis without any oxidizing agent in
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comparison with chemical polymerization and the resulting
thin polymeric film can be directly modified at the electrode
surface by a one-step process [36]. The other advantage of
electropolymerization is that the metal ions can be doped si-
multaneously into the film.Moreover, the thickness of the film
and localization of dopants in the film can be controlled [36].
Further characterizations are presented in the next section.

Morphological and electrochemical characteristics
of PMel-Aunano/GCE*

SEM was used to investigate the morphology of the prepared
nanocomposite. The SEM images of the GCE surface, PMel/
GCE*, and PMel-Aunano/GCE*are shown in Fig. 2a–d.

Figure 2a shows SEM image of bare GCE electrode surface,
which demonstrates that the surface is smooth and homoge-
neous, which was used for the electropolymerization of mel-
amine film. From Fig. 2b, it can be seen that the poly-
melamine film was deposited on the GCE* surface and forms
a quite porous and cube-shaped crystalline structure. The
formed polymer film was responsible for the significant en-
hancement of the roughness and electroactive sites and pro-
vided large active surface, which was advantageous to the
electron transfer and electrochemical sensing. Gold nanopar-
ticles can be seen in Fig. 2c as small spheres uniformly dis-
tributed over the poly-melamine film. After the electrodeposi-
tion of gold nanoparticles (PMel-Aunano/GCE

*), it is obviously
seen that most of the gold nanoparticles were less

Fig. 1 a Cyclic voltammograms
of the growth of poly-melamine
film at the surface of pre-anodized
GCE. Polymerization was carried
out in 0.1 M HCl solution
containing 2.0 mM melamine
monomer at a scan rate of
100 mV s−1 in the potential range
of + 0.1 to + 1.8 V, 14 cycles,
from inner to outer (inset:
Selected magnification of plots).
b Cyclic voltammograms of gold
nanoparticles electrodeposition
process on the surface of PMel/
GCE* in 0.5 M H2SO4 solution
containing 0.1 mM HAuCl4 at
scan rate of 100 mVs−1 in the
potential range of −0.2 to +1.2 V,
15 cycles (from inner to outer), in
N2-saturated condition (inset:
cyclic voltammograms of
electrodeposited PMel-Aunano/
GCE* (solid line) and bare GCE
(dashed line) in 0.1 M PBS (pH
7.0) at a scan rate of 100 mV s−1)

1256 Ionics (2018) 24:1253–1263



agglomerated and uniformly distributed on poly-melamine
(Fig. 2c, d). These results revealed that poly-melamine is good
to avoid particle aggregation due to the presence of amine
groups and could help the dispersion of gold nanoparticles
[23]. The composition of electrosynthesized PMel-Aunano nano-
composite was analyzed by energy-dispersive spectrometry
(EDS). Shown as inset of Fig. 2d, the peaks in the EDS con-
firmed that gold nanoparticles deposited on the poly-
melamine.

Furthermore, the electroactive feature of the PMel/GCE
*

and PMel-Aunano/GCE
*-modified layers were investigated by

means of cyclic voltammetric study in PBS (pH 7.0). As
shown in Fig. 3a (curve a), a couple of well-defined anodic
and cathodic peaks were clearly observed attributing to the
oxidation and reduction of the PMel at GCE

*. The formal po-
tential (E°′), which is estimated from the average of the redox
peak potentials, was calculated as 0.259 V vs. Ag|AgCl|KCl
(3 M). Peak-to-peak separation (ΔEp) for the PMel/GCE

* was
0.182 Vand the ratio of cathodic peak current over the anodic
one is nearly unit. Thus, based on the obtained parameters, the
electrochemical process of PMel is considered as a quasi-
reversible redox process [23]. Upon electrodeposition of gold
nanoparticles on the PMel/GCE

* by cyclic sweeping, the peak
current for the PMel-Aunano/GCE

* increased dramatically

(Fig. 3a, curve b) with formal potential of 0.216 V and peak
separation of 0.160 V. Indeed, the integration of PMel and gold
nanoparticles in the modified film amplified the peak current
and reversibility of redox peaks, which can be related to the
larger electroactive surface area of PMel-Aunano/GCE

* and
electrocatalytic behavior of gold nanoparticles.

In order to obtain the electrochemical active surface areas
of GCE, PMel/GCE

*, and PMel-Aunano/GCE
*, the cyclic volt-

ammetry of potassium ferrocyanide (0.1 mM) was performed
using the Randles-Sevcik Eq. (1) [42–44]:

Ip ¼ 2:69� 105
� �

n3=2 A1=2 C*Dv1=2 ð1Þ

where Ip refers to the anodic peak current, n is the total number
of electrons transferred (n = 1), A is the effective surface area
of the electrode, D is the diffusion coefficient, C* is the con-
centration of K4[Fe(CN)6], and v is the scan rate (10–
200 mV s−1). The surface area of PMel-Aunano/GCE*

(0.141 cm2) is higher than the PMel/GCE
* (0.103 cm2) and

GCE (0.058 cm2) [23]. The increase of the electroactive sur-
face area of the modified electrode showed the influence of
PMel-Aunano as an effective sensing layer that provides a large
surface and facilitates the electron transfer between the elec-
trode and the solution.

Fig. 2 SEM images of a bare GCE, b PMel/GCE
*, c PMel-Aunano/GCE

*, and d PMel-Aunano/GCE
* in higher magnification (inset: EDS spectrum of PMel-

Aunano/GCE
* nanocomposite)
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Electrochemical impedance spectroscopy studies

Electrochemical impedance spectroscopy (EIS) is a suitable
technique for investigating the electrode surface dependent to
charge transfer process. It has been generally employed to char-
acterize themodification steps. Themeasurements are generally
performed in Faradaic mode, using redox-probe ferrocyanide/
ferricyanide in order to focus on the variations of the charge
transfer resistance (Rct) between the solution and the electrode
surface. After modification of the electrode composition with
various specific materials, the value of Rct changes due to their
conduction properties. Bymonitoring the value of Rct after each
modification step in the electrode composition, most sensitive

sensing layer can be selected with remarkable accuracy.
Figure 3b inset shows the Randles equivalent circuit model,
where the equivalence transfer resistance, solution transfer re-
sistance, double-layer capacitance (Cdl), and Warburg imped-
ance (W), respectively. It was concluded that bare GCE, PMel/
GCE*, and PMel-Aunano/GCE

* have different charge transfer
processes [23]. Figure 3b shows the Nyquist plots recorded in
0.1 M KCl solution containing 5 mM of the redox-probe
K3[Fe(CN)6]/K4[Fe(CN)6]. As shown in Fig. 3b, when GCE
was unmodified, the semicircle associated with Rct (405 Ω)
increased obviously, suggesting that GCE has a low rate of
electron transfer due to its poor conductivity. However, after
the modification of GCE with PMel, the semicircle decreased

Fig. 3 a Cyclic voltammograms
of (a) PMel/GCE

* and (b) PMel-
Aunano/GCE

* in a 0.1 M blank
PBS (pH 7.0) at the scan rates of
100 mV s−1. b Nyquist plots for
the faradic impedance
measurements of a 5 mM solution
of 1:1 K3[Fe(CN)6]/K4[Fe(CN)6]
performed on (a) bare GCE, (b)
PMel/GCE

*, and (c) PMel-Aunano/
GCE*. Inset: The Randel’s
equivalent circuit model

Fig. 4 a Cyclic voltammograms
of 100.0 μM INZ at the surface of
(a) bare GCE, (b) PMel/GCE

*, and
(c) PMel-Aunano/GCE

* in a 0.1 M
PBS (pH 7.0) at the scan rates of
100.0 mV s−1. b Cyclic
voltammograms of 100.0 μM
EBL at the surface of (a) bare
GCE, (b) PMel/GCE

*, and (c)
PMel-Aunano/GCE

* in a 0.1 M
PBS (pH 7.0) at the scan rates of
100.0 mV s−1. c Cyclic
voltammograms of mixture
solutions of 60.0 μM INZ and
60.0 μM EBL in 0.1 M PBS (pH
7.0) at the surface of (a) bare GCE
and (b) PMel-Aunano/GCE

* at a
scan rate of 100 mV s−1

1258 Ionics (2018) 24:1253–1263



distinctively (276 Ω), indicating that PMel could accelerate the
electron transfer between the electrochemical probe [Fe(CN)6]

3

−/4− and the electrode surface. It was concluded that the PMel-
Aunano/GCE

* (Rct = 128 Ω) is superior over the PMel/GCE
* in

terms of having a better conductivity and much lower back-
ground response due to synergic effects of polymer matrix
and gold nanoparticles [23].

Electrocatalytic activity of the PMel-Aunano/GCE*

toward individual and simultaneous INZ and EBL
electro-oxidation

The electrocatalytic performance of the modified electrode to-
ward the INZ and EBL oxidation was investigated by cyclic

voltammetry method. Figure 4 shows the cyclic voltammo-
grams of INZ (100.0 μM) and EBL (100.0 μM) at different
electrodes including bare GCE, PMel/GCE

*, and PMel-Aunano/
GCE* in 0.1 M PBS (pH 7.0). As it can be seen, electrochem-
ical oxidation of INZ at the surface of bare GCE shows an
irreversible anodic peak at 0.765 V vs. Ag|AgCl|KCl (3 M)
(Fig. 4a, curve a). The corresponding anodic peak current at
the PMel/GCE

* significantly enhanced along with a large de-
crease in its oxidation overpotential of about 0.373 V (Fig. 4a,
curve b), which are obvious evidences of good electrocatalytic
activity of PMel toward INZ oxidation. Moreover, the value of
the INZ oxidation response obtained at the PMel-Aunano/GCE

*

(Fig. 4a, curve c) was clearly promoted compared to the PMel/
GCE*. This significant increase of the peak current was

Fig. 6 a DPV signals for
solutions containing of EBL
(75.0 μM) and different
concentrations of INZ: (a) 0.3 to
(h) 170.0 μM in 0.1 M PBS (pH
7.0) at the PMel-Aunano/GCE

*. b
DPVs signals for solutions
containing of INZ (80.0 μM) and
different concentrations of EBL:
(a) 0.5 to (f) 150.0 μM in 0.1 M
PBS (pH 7.0) at the PMel-Aunano/
GCE*. c Calibration plot of peak
currents vs. various
concentrations of INZ. d
Calibration plot of peak currents
vs. various concentrations of EBL

Fig. 5 Cyclic voltammograms of
125.0 μM INZ (a) at various scan
rates: (a) 10 to (f) 300mV s−1; and
100 μM EBL (b) at various scan
rates: (a) 10 to (e) 300 mV s−1 in
0.1 M PBS (pH 7.0) at PMel-
Aunano/GCE

*. Insets: plots of
variation of Ip,a vs. υ

1/2 for INZ
and EBL, respectively
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attributed to the increase of the electrochemical active surface
area during the electrodeposition process of gold nanoparticles
at the PMel/GCE

*. From the outcome of these experiments, it
could be recognized that the best results for electrocatalytic
detection of INZ was obtained at the surface of PMel-Aunano/
GCE*. Under the same experimental conditions, the cyclic volt-
ammograms of EBL oxidation at bare GCE, PMel/GCE

* and
PMel-Aunano/GCE

* was recorded (Fig. 4b). Figure 4b, curve a,
shows that EBL oxidation occurs irreversibly with a broad peak
at potential of nearly 1.35 V at the bare GCE; whereas at the
PMel/GCE

* (Fig. 4b, curve b) and PMel-Aunano/GCE
* (Fig. 4b,

curve c), a considerable negative shift in the peak potential of
EBL associated with increased sharpness of the oxidation peak
was achieved. These phenomena are clear evidences of the
synergistic effect of poly-melamine and gold nanoparticles,
due to the prominent electrocatalytic potency of poly-
melamine as well as large specific surface area, excellent con-
ductivity and electrocatalytic activity of gold nanoparticles, for
the EBL electro-oxidiation at the proposed sensor. In fact, the
PME film possessed aromatic nitrogen heterocycles (1,3,5-
triazine) substituted with amino groups. The nitrogen-rich and
aromatic features of the PME film are believed to interact with
INZ and EBL through hydrogen bonding so that it facilitates
the electro-oxidation of the product and decrease INZ and EBL
anodic peak potentials toward less positive potentials.

For more realizations of the electrocatalytic effect of the
PMel-Aunano/GCE

*, simultaneous oxidation of INZ and EBL
was investigated in a specific solution, containing both INZ
(60.0 μM) and EBL (60.0 μM). The oxidation of these com-
pounds at bare GCE was resulted in an overlapped
voltammetric response without any peak separation for the
analytes mixture (Fig. 4c, curve a), so the bare GCE cannot
be applied for simultaneous determination of INZ and EBL.
However, two perfectly distinguish anodic peaks appeared at
PMel-Aunano/GCE

*. These results proved that simultaneous
voltammetric detection of INZ and EBL is successfully con-
ducted at the surface of proposed modified electrode.

Effect of scan rate on the electrooxidation of INZ and EBL

In order to study the effect of potential sweep rate (ν) on the
peak potential (Ep,a) and the peak current (Ip,a), cyclic voltam-
mograms of 125 μM INZ (Fig. 5a) and 100 μMEBL (Fig. 5b)
at the PMel-Aunano/GCE

* were recorded in pH 7.0 PBS with
different scan rates. The results showed that the both peak
currents and INZ and EBL changed linearly with the square
root of their potential scan rates (ν1/2) (Fig. 5a, b insets,
respectively), which confirm the diffusion-controlled process
for electro-oxidation of INZ and EBL at PMel-Aunano/GCE

*. In
order to obtain information about the rate-determining step,
Tafel plots were drawn using the data derived from the raising
part of the current–voltage curve recorded at low scan rate.
Using the value of Tafel slopes (0.1122 and 2241 V decade−1),
the transfer coefficient (α) of INZ and EBL were sequentially
found to be 0.52 and 0.27, for a one-electron transfer process
in rate-determining step.

Simultaneous voltammetric determination of INZ
and EBL

The main objective of this study was the determination of INZ
and EBL, simultaneously. This was carried out by alternative-
ly changing the concentrations of INZ and EBL in the mix-
tures and recording their DPV signal (Fig. 6a, b). As it can be
seen, the peak current responses for the oxidation of INZ
linearly increases with the increase in INZ concentration,
while the peak current due to the EBL oxidation is almost
constant (Fig. 6a). The result indicates that detection of INZ
at PMel-Aunano/GCE

* have no interfering effect on the detec-
tion of EBL. Figure 6b shows that with the increase in EBL
concentrations, the oxidation peak currents of EBL exhibits a
linear increase, while the oxidation peak current for INZ re-
mains nearly unchanged, which indicates that the oxidation
processes of these compounds at the modified electrode are
independent.

Table 1 Comparison of analytical characteristics of different modified electrodes for INZ and EBL determination

Analyte Electrode-modifier pH EP (V) Linear range (μM) LOD (μM) Ref.

INZ GCE-polypyrrole 9.0 0.3a – 3.1 [45]

GCE-poly (amidosulfonic acid) 6.5 0.55 a 0.05–10.00 0.01 [16]

GCE-graphene oxide/poly-arginine 7.0 0.33b 20–1400 2.59 [46]

GCE-MWCNT–chitosan nanocomposite 6.0 0.15b 0.10–10.00 0.06 [47]

GCE-copolymer of methyl methacrylate /2-acrylamido-2-methylpropane
sulfonic acid/silver nanoparticles

7.0 0.5b 5.00–1500 1.6 [17]

PMel-Aunano/GCE
* 7.0 0.39b 0.3–170 0.08 This work

EBL Screen-printed carbon electrode-nafion/MWCNT 7.4 0.95b – 4000 [19]

PMel-Aunano/GCE
* 1.06b 0.5–150 0.21 This work

a vs. SCE
b vs. Ag/AgCl
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As shown in Fig. 6c, d, the plot of peak current vs. INZ and
EBL concentrations consisted of a linear range with slopes of
0.1841 and 0.2375 μA μM−1 in the concentration ranges of
0.3 to 170.0 μM and 0.5 to 150.0 μM, respectively. The de-
tection limits (3σ) for determination of INZ and EBL were
sequentially found to be 0.08 and 0.21 μM. Table 1 displays a
comparison between previously reported modified electrodes
and the prepared PMel-Aunano/GCE

* for INZ determination,
which implies that PMel-Aunano/GCE

* exhibits comparable
performance for INZ and EBL determination over other
methods.

Furthermore, the stability of the modified electrode is in-
vestigated by examining its performance during 1-month stor-
age. A signal decrease of 8.1 and 6.7% was observed toward
INZ and EBL oxidation, respectively. Also, in order to study
the reproducibility of the electrode modification, five PMel-
Aunano/GCE

* electrodes were prepared independently. The
relative standard deviations (RSDs) of measuring peak cur-
rents for 100 μM INZ and EBL for five successive prepared
electrodes were only 1.6 and 2.2%, indicating a good repro-
ducibility of the modified electrode.

Interference studies and real sample analysis

The response of the fabricated sensor toward INZ and EBL
was also evaluated in the presence of some common species
found in biological fluids/pharmaceuticals. The results
showed that the interference compounds at the ratios of

1000-folds of PO4
3−, HCO3

−, Cl−, Na+, K+, and 500-folds of
glucose respect to the INZ and EBL concentrations did not
affect the selectivity of the fabricated sensor for determination
of INZ and EBL (regarding to the signal change less than 5%).
Moreover, no significant interference was observed in the
presence of the 10-folds concentration of some biomolecules
such as uric acid, ascorbic acid and dopamine for INZ deter-
mination and 50-folds concentration of these substances for
EBL determination, suggesting the reasonable selectivity of
the proposed sensor.

To evaluate the applicability of the sensor, various real
samples were tested. Blank urine samples were provided by
a healthy volunteer in our lab. According to the previous lit-
eratures [48, 49], for the sedimentation of undesirable com-
pounds at the bottom of the conical test tube, the urine sample
was kept frozen at −20 °C before extraction process. The
frozen urine sample was thawed at room temperature and
centrifuged for 10 min at 5000 rpm. Then, supernatant was
decanted into clean glass tube and filtered through a 0.45-μm
filter and applied for determination process. Each DPV mea-
surements DPV was employed in triplicate by the standard
addition method (N = 3) and the analysis data were summa-
rized in Table 2. Also, Fig. 7 shows some of the related DPV
signal obtained by the proposed modified electrode. The PMel-
Aunano/GCE

* offers the satisfactory recoveries and RSD
values for voltammetric determination of INZ and EBL in real
sample analysis.

Conclusions

A sensitive and selective electrochemical sensor was devel-
oped through modification of the pre-anodized glassy carbon
electrode with poly-melamine film and electrodeposited gold
nanoparticles (PMel-Aunano/GCE

*) for the simultaneous deter-
mination of INZ and EBL. The formation of PMel-Aunano layer
significantly increases the surface area of electrode [23]. The
main advantage of this electrode over the other reported elec-
trodes in the Table 1, is its ability to determine INZ and EBL,
simultaneously. Besides this important advantage, it benefits
from analytical characteristics respect to the most of the re-
ported electrodes in Table 1. The proposed sensor remarkably

Table 2 Recovery results of INZ and EBL determination using PMel-Aunano/GCE
* in human urine samples (N = 3)

Sample INZ EBL

Spiked (μM) Found (μM) Recovery (%) Spiked (μM) Found (μM) Recovery (%)

1 10.0 9.9 ± 1.5a 99.0 10.0 9.5 ± 3.7 95.0

2 50.0 50.2 ± 3.3 100.4 50.0 48.3 ± 4.1 96.6

3 100.0 100.6 ± 2.6 100.6 100.0 97.1 ± 3.6 97.1

a RSD%

Fig. 7 DPV signals for spiked real sample solutions containing 10, 50,
and 100 μM of INZ and EBL (solid, dash, and dotted lines, respectively)
in pretreated urine sample at the PMel-Aunano/GCE

*
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increases the oxidation signals of INZ and EBL as well as
shifts their oxidation potentials to the fewer ones. This elec-
trochemical sensor showed excellent sensitivity, extremely
low detection limits, and wide linear ranges. In addition, the
proposed sensor also provided a good selectivity, reproduc-
ibility, and storage stability as well as a reliable method. These
properties offer a successful approach for extending the pro-
posed method for the routine analysis of INZ and EBL. The
method provides a simple and safe procedure for using the
detrimental compound (melamine) in the sensor preparation.
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