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This paper presents a new modified electrode that combines the high electrical conductivity of carbon nanotubes
(CNTs) with the catalytic sites of WSy (named WSy/CNTs) for isoniazid detection. Electrochemical and elec-
troanalytical properties of the WSy/CNTs/glassy carbon electrode (GCE)-modified electrodes were investigated
by cyclic voltammetry and differential pulse voltammetry (DPV). The composite material was characterized by
Raman spectroscopy, X-ray diffractometry (XRD), and scanning electron microscopy . The electrochemical
performance of the WS,/CNTs/GCE sensor exhibited a limit of detection of 0.24 pM with a linear range from 10
to 80 pM of isoniazid using DPV. This sensor provided enhanced stability and electrocatalytic activity for
isoniazid oxidation reactions. Recoveries ranging from 96.9 to 104.5% were calculated, demonstrating satis-
factory accuracy of the proposed method. The improvement of electrochemical activity was assigned to synergic
effects obtained by combining the catalytic sites from WS, and the known electrical conductivity and large
surface area of the CNTs, resulting in an anticipation of the oxidation peak of isoniazid in about 400 mV in
comparison with bare GCE.

1. Introduction multifaceted pretreatment by high pure solvent or reagents [2,4,12].

Considering the isoniazid clinical relevance, developing low-cost,

Isoniazid (isonicotinic acid hydrazide or pyridine-4-carboxylic acid
hydrazide) is a widely prescribed antibiotic drug for treating tubercu-
losis [1], one of the top ten causes of human death, afflicting approxi-
mately 10 million people every year [2]. It is supposed that isoniazid has
a toxic effect on the liver and can increase the rate of hepatotoxicity
when co-administered with rifampicin [3]. An overdose of this drug can
cause seizures, metabolic acidosis, coma, and even death [4]. In that
sense, rapid and precise control of plasma levels for this drug is highly
desirable. Many approaches have been applied to detect isoniazid,
including colorimetry [5], fluorimetry [6], titrimetry [7], chromatog-
raphy [8], indirect atomic absorption spectrometry [9], liquid
chromatography-mass spectrometry [10] and derivative spectropho-
tometry [11]. Although these methods have their advantages, they are
generally most laborious and require time-consuming sample process-
ing. Additionally, they lack portability and, in some cases, demand
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simple, and selective analytical methods is crucial for fast detection in
low concentrations in biological fluids and pharmaceutical formula-
tions. Electrochemical sensing is an attractive alternative in drug
quantification thanks to operational simplicity, speediness, good selec-
tivity, high sensitivity, low volume consumption, and real-time nature
[2]. In fact, electrochemical methods have integral benefits over other
well-established analytical procedures [13]. In addition, the develop-
ment of electrodes modified with nanomaterials and nanocomposites for
electroanalytical purposes is a tendency that is gaining increasing ap-
plications thanks to the large surface area, excellent electrical conduc-
tivity, good chemical and mechanical stability. Electrocatalytic
properties can be tailor-made, proportioning electrochemical sensors
with an enhanced analytical response and sensitivity [14].

Recently, papers reported the use of nanomaterials in the electro-
chemical detection of isoniazid [4,15,16]. However, in a recent study
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reported by R. Chokkareddy & G. G. Redhi [13], is established “there is
still requirement to search for novel nanocomposites providing high
sensitivity, low oxidation, low limit of detection (LOD) and quick elec-
tron transfer kinetics for isoniazid detection”.

Among the nanomaterials/nanocomposites used as electrochemical
sensors in detecting and quantifying isoniazid, it is possible to mention
those based on nanocarbons, nanoparticles, and composite materials.
For instance, Shahrokhian and Amiri [17] reported the design and
preparation of the carbon-paste electrodes modified with multiwalled
carbon nanotubes (MWNTs). The linear range was 1 pM — 1 mM for
isoniazid and the detection limit was 0.5 pM. Spindola et al. [18], built
up a sensor for analysis of isoniazid applying graphene-functionalized
MWNTs as support for iron phthalocyanine on glassy carbon electrode
(GCE), forming FePc/f-MWCNT/GC electrode (FePc/f-MWCNT). Under
optimized conditions, a linear response range from 5 to 476 pM was
obtained with an LOD and sensitivity of 0.56 pM and 0.023 pA L pM ™,
respectively, demonstrating the potential of the new sensor.

As mentioned earlier, monitoring isoniazid by nanoparticles-based
sensors as an active site is also a widely used strategy, especially those
containing transition metals. For example, Oliveira et al. [19] developed
arapid and simple method for amperometric isoniazid determination by
flow injection analysis (FIA) using a screen-printed carbon electrode
(SPCE) modified with silver hexacyanoferrate (NPAg-HCF). The cata-
lytic response of the SPCE/NPAg-HCF electrode for isoniazid showed a
linear concentration range from 5.0 pM to 0.5 mM and LOD of 2.6 pM.

In another study, Absalan and collaborators [20] reported the
preparation of 30-100 nm palladium nanoparticles by electrodeposition
on a carbon ionic liquid electrode (PANPs/CILE). This electrode pro-
portionated excellent electrocatalysis for oxidation of isoniazid at pH =
7.0 and 0.34 V vs. Ag/AgCl operating potential. By cyclic voltammetry
(CV) measurements, linear ranges between 5.0 pM — 100 pM and 0.15
mM - 2.6 mM isoniazid and a low LOD of 0.47 pM were determined. The
present study describes the development of a GCE modified with a
composite material, combining the high electrical conductivity of car-
bon nanotubes (CNTs) with the catalytic sites of WSs.

WS, is a transition metal dichalcogenide composed of a layer of
tungsten sandwiched in two layers of sulfur and stacked by weak Van
der Waals interactions [21]. It has good dispersibility in water, good
biocompatibility and large electroactive surface area [22, 23]. As a
semiconductor, WS, alone does not have good applicability as an elec-
trode modifier due to its low conductivity, so it is highly desirable to
prepare WS, in a conductive support to improve charge transfer pro-
cesses and application as an electrochemical sensor [24]. Therefore,
combining WS, with CNTs to prepare a nanocomposite is a good way to
overcome the low conductivity of WS,.

The proposed sensor presented enhanced stability and electro-
catalytic activity for isoniazid oxidation reactions. Electrochemical and
electroanalytical properties of the WS,/CNTs/GC-modified electrode
were investigated by CV and differential pulse voltammetry (DPV). The
composite material was characterized by Raman spectroscopy, X-ray
diffractometry (XRD) and scanning electron microscopy (SEM).

2. Materials and methods
2.1. Chemicals, materials, and samples

All chemicals utilized were of analytical grade and were used
without further purification. Benzene, ferrocene, WS, powder, urea,
glucose, uric acid, hexaammineruthenium (III) chloride and carbon
nanotubes were purchased from Sigma Aldrich (St. Louis, USA). Sodium
chloride, potassium chloride, sodium sulfate, potassium dihydrogen
phosphate were obtained from Synth (Diadema, Brazil). Isoniazid, hy-
droquinone, calcium chloride dihydrate, ammonium chloride, and
ascorbic acid were acquired from Merck (Darmstadt, Germany). Potas-
sium ferricyanide and potassium ferrocyanide were purchased from
CAAL (Sao Paulo, Brazil) and Carlo Erba (Barcelona, Spain),
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respectively. Perchloric acid was obtained from Vetec (Rio de Janeiro,
Brazil). Solutions were prepared daily by dissolving or diluting appro-
priate amounts of the reagents in water or in a suitable background
electrolyte, utilizing water from a Millipore Milli-Q system (resistivity >
18.2 MQ cm). Synthetic urine sample was prepared as described by Silva
etal. [25]. For this purpose, 0.73 g NaCl, 0.40 g KCl, 0.27 g CaCl,e2H50,
0.56 g NaySOy4, 0.35 g KHoPOy4, 0.25 g NH4Cl, and 6.25 g urea were
placed in a 250 mL volumetric flask, which was completed with high
purity deionized water. The urine sample was doped with 10 pM of
isoniazid, and the final solution was analyzed.

2.2. Preparation of the WS2/CNTs

The carbon nanotubes (CNTs) were acquired from Aldrich and used
without any additional treatment. The two-dimensional (2D) tungsten
disulfide (WS,) was synthesized using bulk WS, powder by ultrasound-
assisted liquid phase exfoliation in n-methyl-2-pyrrolidone (NMP) sol-
vent. The WS, was dispersed in NMP solvent with 2 mg mL™ concen-
tration and subsequently exfoliated using ultrasound for 4 h. The
sonication was carried out in an ice-cooled water bath system keeping
the temperature below to 10 °C. The solution containing the dispersed
WS,—NMP was transferred to a centrifuge to separate the bulk aggre-
gates at 5000 rpm. The supernatant liquid (from the centrifuged solu-
tion) was collected carefully and transferred to a flask, which was
completed to 200 mL with deionized water. In sequence, 100 mg of
CNTs was added to 200 mL WS,-deionized water solution and stirred for
30 min. Further, WS,-deionized water-CNT mixed solution was exfoli-
ated for one more hour. The obtained solution was filtered using a 0.22
um microporous membrane, and subsequently, the solid portion was
washed with deionized water several times and dried at 80 °C for 12 h
for applications.

2.3. Preparation of the WS2/CNTs/GC modified electrode

5 mg of WS,/CNTs was added in 5 mL of ethanol and this solution
was sonicated for 30 min to form a suspension. A volume of 5 pL of this
suspension was drop-casted onto a polished glassy carbon electrode and
the ethanol was evaporated using a mild heat from a heat blower. This
procedure was done twice. Scheme 1 illustrates the process.

2.4. Electrochemical measurements

All electrochemical measurements (cyclic voltammetry - CV and
differential pulse voltammetry - DPV) were carried out in a three-
electrode standard cell coupled to a PGSTAT128N potentiostat/galva-
nostat from Autolab (Eco Chemie, Utrecht, The Netherlands) controlled
by a laptop running NOVA 2.1.3 software. Cyclic voltammetric mea-
surements were carried out using standard solutions containing 1.0 mM
of ferri/ferrocyanide redox couple, hexaammineruthenium (III) chlo-
ride, hydroquinone, and isoniazid, in supporting electrolyte 0.1 M KCl,
except for hydroquinone (HCIO4 0.1 M). CV conditions: scan rate of 100
mV s ~ ! and step potential of 5 mV. DPV was used to register calibra-
tions curves for this drug after optimizing parameters (modulation
amplitude 60 mV, step potential 6 mV, and modulation time 60 ms).
Baseline-correction was applied for all DPV data for better viewing of
the peaks and the treatment was performed using the “moving average”
algorithm, with window size set to 2, available in the software NOVA
(version 2.1.3). All experiments were carried out at laboratory temper-
ature (25 + 2 °C) without oxygen removal. An Ag/AgCl/KClgy, a plat-
inum wire, and a pristine and modified glassy carbon (& = 3 mm) were
used as reference, counter, and working electrodes, respectively. Elec-
trochemical impedance spectroscopic (EIS) measurements were ac-
quired from a PGSTAT 128 N potentiostat/galvanostat containing the
FRA2 module controlled by a laptop running NOVA 1.11.0 software,
which was also used for data acquisition.
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2.5. Characterization

WS,/CNT were characterized by Raman spectroscopy using a Witec
300R Alpha confocal spectrometer (Germany) equipped with objective
lens (Olympus) with 20x magnification, 532 nm Ar laser, and the power
and integration time set to 0.37 mW and 8 s. The scanning electron
microscopy (SEM) images were registered using a JEOL JSM-7401F
microscope (Jeol Ltd, Tokyo, Japan), with the samples prepared on
copper supports using carbon tape. Elemental mapping was recorded by
energy-dispersive X-ray spectroscopy (EDS) using a 20 mm? silicon drift
detector (SDD). The composite was also characterized by X-ray diffrac-
tometry (XRD) in a Bruker D2 Phaser equipment (Germany) with a Cu
Ka source (A = 1.5418 f\, 30 kV, 15 mA, step = 0.05°) in the 26 range
from 5 to 80°.

3. Results and discussion
3.1. Physical and chemical characterizations of the WS2/CNTs

The SEM images of WSy/CNT depict microplates of WSy inter-
connected by CNTs network, which were acting as conducting wires and
turning the composite electrically connected [26] (Fig. 1A-1B). In fact,
the WS,/CNT heterogeneous composites can be characterized as layered
WS, microplates of various sizes and thicknesses in the range of a few
wrapped with CNTs. The chemical analysis of the WSo/CNT composites
enabled by SEM-EDS elemental mapping typical results are shown in
Fig. 1D-1F. As expected, it can be clearly seen by comparing the
elemental mappings that there is a correlation between the position of W
and S in some regions of the image, it corresponds exactly to WSy po-
sitions in the electronic image, while the presence of carbon is more
distributed throughout the composite, which are consistent with the
SEM observations depicted in Fig. 1C.

The XRD of powdered WS,/CNT composites (Fig. 2A) exhibited a
predominant diffraction peak at 20 = 14.43° (6.18 A), typical of the
(002) reflection planes of WSy, indicating the predominance of these
crystal planes in the sample [27,28]. Other minor diffractions peaks
from (004), (100), (101), (103), (006), (105), (106), (008), (112), (114),
(200), (203) and (216) planes were also observed, matching with highly
crystalline hexagonal structure (JCPDS 08-0237, P63/ mmc space
group, 2H-WS5) [27,28]. On the other hand, it was not possible to obtain
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information from CNTs by XRD, possibly due to their low crystallinity.

Additional information related to the presence of CNTs was obtained
by Raman spectroscopy. As shown in Fig. 2B, peaks at 1335 cm ™! and
1580 cm™! are well-defined for the D and G band respectively in the
Raman spectra of WS,/CNT composite. It is to be noted that the sp®
disordered carbon is represented by the D band and the sp? graphitic
carbon is represented by the G band [29]. In addition, the Raman
spectrum shows other bands that are attributed to the presence of WS; in
the composite material [30,31], confirming the presence of both mate-
rials in the hybrid constitution.

3.2. Electrochemical characterization

To evaluate the performance of the modified WS2/CNT electrodes
cyclic voltammetry was the technique chosen. The first experiments
involved the reversible couple ferri/ferrocyanide, hexaamminer-
uthenium (III) chloride, hydroquinone and isoniazid. The typical results
are presented in Fig. 3.

According to the figure, it is possible to see that there was a signif-
icant difference in electrochemical behavior for all evaluated analytes
regarding peak current (I,), peak definition, and peak-to-peak separa-
tion (AE,), comparing the bare and the modified electrode. In the case of
the ferro/ferricyanide analysis (Fig. 3A), the bare GC electrode provided
lower I, when compared to the modified surface. For instance, the
response of the glassy carbon electrode (GCE) after the modification
with WS,/CNT increased around 2-fold in both I, and Ip.. No major
changes in AE, for hexaammineruthenium (III) chloride was observed
(Fig. 3B), however an increase around four times in current was ach-
ieved. Significant changes were acquired for the electrochemical
behavior of the hydroquinone (Fig. 3C), being able to notice that the
modification of the GCE was able to provide an increase in the anodic
current around 5 times, a significant reduction in the AE, and in addi-
tion to well-defined and sharp peaks. Regarding isoniazid detection
(Fig. 3D), it is possible to note that the bare surface provides a low-
intensity electrochemical signal. On the other hand, on the modified
electrode, a well-defined peak around 0.45 V was acquired. Table 1
summarizes the data obtained from Fig. 3 regarding peak potential (Ep),
Ip, and AE, before (BM) and after (AM) electrode modification. Thus,
based on the aforementioned, it is possible to conclude that the GCE
modification with the WS,/CNT favored the electron transfer processes

Kt

Fig. 1. (A-B) SEM images of WS,/CNT composites. The images magnifications increase from left to right, 5000 x (A), and 10,000 x (B and C), respectively. EDS
elemental mapping of the WS,/CNT composites: (C) SEM image and corresponding elemental mapping of (D) carbon, (E) tungsten and (F) sulfur.
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clarity. In Fig. 2(B), the region from 1000 to 4000 was enhanced to show clearly the peaks corresponding to the D and G bands of the CNTs.
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Fig. 3. Cyclic voltammetric recordings in the presence (1.0 mM) (solid lines) and absence (dashed lines) of (A) ferri/ferrocyanide redox couple, (B) hex-
aammineruthenium (III) chloride, (C) hydroquinone, and (D) isoniazid, before (blue line) and after (red lines) GCE modification. Supporting electrolyte: 0.1 M KCI,
except for hydroquinone (HCIOs 0.1 M). CV conditions: scan rate of 100 mV s ~ ! and step potential of 5 mV.

Table 1

Data obtained from Fig. 3 regarding Ey, I, and AE, before (BM) and after (AM)

modification of the GC electrode with WS,/CNT.

Analyte Epa (V) Epe (V) ILa(pA) I (pA)  AE, (V)
[Fe(CN)613/4~  BM 0.24 0.15 29.5 —46.6 0.09
AM 0.24 0.16 49.7 —-29.0 0.08
[Ru(NH3)6]**  BM -0.11 -0.18 15.8 -18.4 0.07
AM -0.11 -0.19 34.4 —40.1 0.08
Hydroquinone BM 0.48 0.34 50.48 —34.5 0.14
AM 0.47 0.38 230.4 —~175.0 0.09
Isoniazid BM 0.91 - 49.4 - -
AM 0.46 - 184.0 - -

enhancing its electrochemical performance. The improvement of elec-
trochemical activity can be directly attributed to its large surface area,
high electron conductivity, and synergic effects obtained by combining
the catalytic sites from WS, and the known electrical conductivity of the
CNTs [32].

In addition, EIS measurements were used to evaluate the charge
transfer resistance (Rcr) in both GCE and WS,/CNT/CGE in 1.0 mM [Fe
(CN)]®7*~ solution, using 0.1 mol L™' KCI solution as supporting
electrolyte. Fig. 4A shows the Nyquist plots (and respective fits) and
equivalent circuits of bare GCE (Fig. 4B) and WS,/CNT modified CGE
(Fig. 4C). The Nyquist plot for bare GCE shows a semicircle in the high-
frequency region and an inclined straight line in the low-frequency
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R.E.

Fig. 4. (A) Nyquist plot of GCE and WS,/CNT/CGE. The EIS measurements were carried out in 1.0 m M [Fe(CN)q]3*/4~ solution in 0.1 M KCl solution 5 5GP potential, and
superimposed AC signal with 10 mV, in the 0.01 to 10,000 Hz range. Rs = electrolyte resistance, Rct = charge transfer resistance, Rgg; = solid electrode interphase

resistance, C,; = constant phase elements, C,; =
region, characterized by a Randles circuit with a charge transfer resis-
tance (Rct) value of 140 Q. On the other hand, the WS,/CNT/CGE shows
a more complex equivalent circuit, containing other elements such as
the Rggr and Cu2 attributed respectively to the solid electrode interphase
resistance and the constant phase elements, as already reported for other
composites containing WSy [33]. The Rcr (9 Q) of WSo/CNT/CGE is
smaller than that of the bare GCE (Rcr = 140 Q), indicating that
WS,/CNT can effectively enhance the electrode kinetics and electro-
catalytic activity of GCE.

To evaluate the response of the modified electrode, a series of cyclic
voltammograms was carried out increasing the scan rate in the range

constant phase elements that represent the double-layer capacitor, Z,, stands for the diffusion resistance.

between 0.005 Vs ~ ! and 0.2 Vs ~ ! in the presence of 1.0 mM ferri/
ferrocyanide redox couple (Fig. 5A) and 1.0 mM isoniazid (Fig. 5C).
Fig. 5B and 5C display the relation of I, and I, versus the square root of
scan rate (v0'5) for ferri/ferrocyanide redox couple and isoniazid,
respectively. In both cases, a linear response (R% = 0.999) was observed,
indicating that the mass transport of the ferri/ferrocyanide redox couple
and isoniazid was controlled by diffusion. Scheme 2 shows the mech-
anism for electrochemical oxidation of isoniazid. [34].
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Fig. 5. Cyclic voltammograms recorded in the presence of 1.0 mM ferri/ferrocyanide redox couple (A) and in the presence of 1.0 mM isoniazid (C), both in 0.1 M KCl
solution (background electrolyte) at different scan rates (5 to 200 mV s ~ 1. (B and D) Relation of anodic () and cathodic (I) peak currents versus the square root of

the scan rate (v°).
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3.3. Optimization and analytical features

The proposed electrode was developed and applied in the sensing of
isoniazid. Two different electrochemical techniques (square-wave vol-
tammetry — SWV and differential-pulse voltammetry - DPV) were
initially tested for this purpose. DPV technique showed to be highly
promising for such detection, and its results will be shown in the
sequence. Thus, in order to perform the analysis of low concentrations of
isoniazid, the parameters that affect the DPV technique, such as mod-
ulation time, step potential and modulation amplitude, were carefully
optimized towards the detection of 10 pM isoniazid. The effect of the
step potential on the analytical signal was evaluated in the interval
between 1 and 10 mVwhile the modulation amplitude and modulation
time parameters were optimized in the range between 30 mV and 90 mV
and 20 ms and 100 ms, respectively. Well-defined and sharp peaks,
lower deviation, and higher peak currents were acquired when 6 mV, 60
mV, and 60 ms were used as step potential, modulation amplitude, and
modulation time, respectively. Therefore, these values were selected for
further experiments.

Under the optimized conditions, a linear response for isoniazid
ranging from 10 pM to 80 pM with a coefficient of determination (R2) of
0.990 was observed (Fig. 6A). The relation between peak current and
the drug concentration can be described by the equation Y= 0.91 + 0.33
Cisoniazid (UM) (Fig. 6B). Also to assess the repeatability and reproduc-
ibility of the modified electrode preparation, different measurements
were taken with the same modification and with different modifications.
Table 2 and 3 show the values obtained with the respective errors. For
measurements with the same modification, a relative standard deviation
(RSD) of 1.97% was calculated, which reflects a good repeatability, and
for measurements with different modifications, the calculated RSD was
3.61%. The detection and quantification limits of the new isoniazid
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sensor were estimated respectively as 0.24 uM (99.7% confidence level)
and 0.79 pM, following: 3Sp/m and 10Sp/m where S, and m were the
standard deviation for ten consecutive measurements of the baseline
noise and the slope of the analytical curve, respectively [35]. Experi-
mentally LOD values were determined by adding concentrations from
1.0 pM, it is noted that around 1.0 pM it is possible to verify the dif-
ference between the analyte signal and the noise. The proposed modified
electrode provided excellent features (wide linear range and low
detection limit) for the analyte determination, being able to monitor
concentrations of this compound at trace levels.

After the evaluation of the analytical features, the developed method
was employed for isoniazid determination in three samples of synthetic
urine. The samples were diluted ten times in 0.10 M KCl (background
electrolyte). Posteriorly, the samples were spiked with a low isoniazid
concentration (10 pM). Satisfactory recoveries ranging from 96.9 to
104.5% were achieved, showing suitable accuracy of the method
developed, especially taking into account the low concentration
employed for the experiments. Standard addition curves provided good
linearity (R? > 0.99) and the results are displayed in Fig. 6C-6D.

Table 4 provides an overview regarding different modified elec-
trodes utilized for isoniazid analysis. The analysis of this table demon-
strates that the developed sensor presented performance comparable
and even better in comparison with others found in the literature
regarding detection limit and linear range. For instance, the detection
limit reached in the proposed protocol (0.24 uM) was 14- and 6-fold
lower than that achieved by Aguirre-Araque et al. [1] and Liang and
colleagues [36], respectively. On the other hand, Chokkareddy and co-
workers [37] developed a composite electrode based on multiwalled
carbon nanotubes, HRP, and TiO, nanoparticles, which attained LOD
value of 0.0335 pM (7-fold lower than that estimated in this work);
however, such electrodes achieved a lower linear range (between 0.5
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Fig. 6. (A) DPV recordings for increasing isoniazid concentrations (10 to 80 pM, injected on a pure electrolyte) and the following curves correspond to the con-
centrations indicated inside the figure, using the WS,/CNT/GC electrode; (B) Respective analytical curve.; (C) Analysis of synthetic urine followed by injections of
increasing concentrations (10 to 80 pM) of the analyte; (D) plot of peak current in function of isoniazid concentrations. Experimental conditions: DPV modulation
amplitude: 60 mV; modulation time: 60 ms; step: 6 mV. Background electrolyte: 0.1 M KCL.
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Scheme 1. WS,/CNTs/GC modified electrode manufacturing process.
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Scheme 2. Mechanism for electrochemical oxidation of isoniazid.

Table 2
Data obtained from measurement with the same modification.
Cisoniazid (M) I, (pA) 1 I, (pA) 2 AL, (pA) Average RSD%

10 1.00 1.05 0.05 1.02 3.22
20 2.36 2.30 0.05 2.33 1.66
30 3.64 3.53 0.12 3.58 2.32
40 5.14 4.87 0.26 5.00 3.74
50 6.21 6.25 0.04 6.23 0.44
60 7.60 7.35 0.25 7.47 2.38
70 8.63 8.46 0.17 8.54 1.42
80 9.75 9.66 0.08 9.71 0.59

Table 3

Data obtained from measurement with the different modifications.

Cisoniazid (M) I, (pA) 1 I, (pA) 2 AL, (pA) Average RSD%

10 1.12 0.96 0.16 1.04 11.02
20 2.42 2.41 0.01 241 0.25
30 3.85 3.89 0.04 3.87 0.72
40 5.43 5.24 0.19 5.33 2.50
50 7.04 6.65 0.38 6.85 3.96
60 8.41 8.08 0.32 8.25 2.76
70 9.93 9.29 0.64 9.61 4.73
80 10.88 10.43 0.45 10.66 2.99

and 5 pM). In addition, their sensor requires a more laborious
manufacturing process, utilizes enzymes, which increases the cost and
significantly reduces the electrode shelf life. Therefore, it is possible to
conclude that the WS,/CNT/GCE electrode manufactured in this work

Table 4
Comparison of the performance of different modified electrodes towards
oxidative quantification of isoniazid.

Electrode Technique LOD Linear Reference
(pM) Range (M)

WS,/CNT/GCE DPV 0.24 10 - 80 This work

CoTRP(dcbpy)2]-Ni/ BIA 35 100 - 1000 [1]
GO
f-MWCNT/GCE cv 0.27 1-70 [38]
MWCNT-TiO,NPs- DPV 0.0335 05-5 [37]
HRP-GCE
Mo,C@BMZIFs/GCE DPV 1.5 10 - 3500 [36]
MWNT-CPE DPV 0.5 1-1000 [17]
Nafion-OMC/GCE cv/ 0.08 0.1-370 [39]
Amperometric

provides an attractive alternative to the others present in the literature
regarding isoniazid sensing

The selectivity of the new electrode proposed in this work was
evaluated for potential interfering species commonly present in urine.
The interference produced by ammonium, sulfate, phosphate, uric acid,
ascorbic acid, urea and glucose were tested by DPV. These chemical
species were selected based on other studies that evaluated interferers
for isoniazid [36,37,40]. The species mentioned above were assessed at
two different ratios: 1:1 and 1:10 (fixed 10 umol L ~ ! of the analyte: 10

Table 5
Selectivity study on the DPV signal of 10 uM isoniazid.

Interferents Interfering ratio Current signal variation
(Isoniazid:interferent) (%)

NH, " 1:1 —5,62
1:10 —-6,70
S04~ 1:1 —4,30
1:10 -7,43
PO,3~ 1:1 -2,22
1:10 -8,31
Uric Acid 1:1 —5,25
1:10 —15,25
Ascorbic Acid 1:1 —4,30
1:10 —2,55
Glucose 1:1 -3,13
1:10 —4,96
Ureia 1:1 -6,19
1:10 —9,16
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and 100 pmol L ~ ! interfering species). The results obtained are shown
in Table 5. As can be seen, the proposed electrode is almost immune to
interfering species. The slightly smaller current values observed in this
table were attributed to the decrease of the isoniazid signal in the
presence of these species. These decreases were very small and probably
are the product of variations of viscosity of the medium. Ammonium,
sulfate, phosphate, ascorbic acid, urea and glucose do not interfere in the
detection of the analyte in all proportions. Uric acid is an interferent in a
1:10 ratio. However, the interference of this species can be bypassed
using the standard addition method.

4. Conclusion

In this work, an electrochemical sensor based on a WS,/CNT modi-
fied GC electrode for isoniazid detection has been successfully devel-
oped. The morphological and structural characterization of as-prepared
WS2/CNT composite was performed using SEM, EDS elemental map-
ping, XRD, and Raman spectroscopy. The electrochemical performance
was evaluated by CV and DPV, where the WSy/CNT/GCE sensor
exhibited an LOD of 0.24 pM with a linear range from 10 to 80 uM for
isoniazid detection. It was verified that an intense current signal origi-
nated from the oxidation of this antibiotic drug, attributed to the high
conductivity/electrocatalysis proportionated by the carbon nanotubes
associated with the WSy nanomaterial. The results of recovery experi-
ments ranged from 96.9 to 104.5%, indicating satisfactory accuracy of
the method developed. The improvement of electrochemical activity
was assigned to synergic effects obtained by combining the catalytic
sites from WS; and the known electrical conductivity and large surface
area of the CNTs. This proposed electrochemical sensor has promising
potential for isoniazid determination in biological samples.
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