PP catalysts

Article

2D Graphene Sheets as a Sensing Material for the
Electroanalysis of Zileuton

Yogesh M. Shanbhag !, Mahesh M. Shanbhag 2, Shweta J. Malode !, S. Dhanalakshmi 19, Kunal Mondal 3*

and Nagaraj P. Shetti '*

check for
updates

Citation: Shanbhag, Y.M.; Shanbhag,
M.M.; Malode, S.J.; Dhanalakshmi, S.;
Mondal, K.; Shetti, N.P. 2D Graphene
Sheets as a Sensing Material for the
Electroanalysis of Zileuton. Catalysts
2022, 12, 867. https://doi.org/
10.3390/ catal12080867

Academic Editors: Vera

Bogdanovskaya and Inna Vernigor

Received: 7 July 2022
Accepted: 2 August 2022
Published: 6 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Chemistry, School of Advanced Sciences, KLE Technological University, Vidyanagar,
Hubballi 580 031, Karnataka, India

2 Department of Chemistry, K.L.E. Institute of Technology, Hubballi 580 027, Karnataka, India

3 Idaho National Laboratory, Idaho Falls, ID 83415, USA

Correspondence: kunal. mondal@inl.gov (K.M.); npshetti@kletech.ac.in (N.P.S.)

Abstract: Zileuton (ZLT) is an active oral inhibitor of enzyme 5-lipoxygenase, and long-term intake
and overdose of ZLT cause adverse effects, leading to critical conditions in patients. This is a well-
recognized issue that necessitates a better approach for ZLT sensing. Given the increasing interest in
ZLT sensing and the limitations of previous techniques, there is a need for a highly sensitive, robust,
and fast operation method that is inexpensive and easy to use. Thus, for the sensitive detection and
determination of ZLT, an electrochemical sensor based on graphene was fabricated. Graphene has
excellent properties, such as high surface area, low toxicity, conductivity, and electroactive conjugation
with biomolecules, making it suitable for sensing. The electrocatalytic property of graphene promotes
the redox-coupled reaction of ZLT. Electrochemical investigation of the modifier was carried out
by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). An optimization
and analysis of the influence of different parameters on the electrochemical behavior of ZLT were
carried out using the CV approach. The scan rate study aided in exploring the physicochemical
properties of the electrode process, and two electrons with two protons were found to be involved in
the electrooxidation of ZLT. The fabricated sensor showed a wide range of linearity with ZLT, from
0.3 uM to 100.0 pM, and the detection limit was evaluated as 0.03 pM under optimized conditions.
The analysis of spiked urine samples, with good recovery values for percent RSD, provided support
for the efficiency and applicability of the developed electrode.
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1. Introduction

Zileuton (ZLT) is an aromatic heterocyclic compound that belongs to the 1-
benzothiophene class of organic compounds. ZLT is chemically known as (+)-1-(1-
Benzo[b]thien-2-ylethyl)-l-hydroxyurea (Figure 1) and was formerly known as A-64077. It
was the first drug approved for human use, acting as an active oral inhibitor of the enzyme
5-lipoxygenase [1], and was used to treat chronic asthma.
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Figure 1. Molecular structure of ZLT.

Leukotrienes are metabolic by-products of arachidonic acid in different kinds of cells.
Leukotrienes act as lipid mediators capable of producing bronchoconstriction, bronchial
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hyper-responsiveness, and airway inflammation in asthma. ZLT is a potent and selective
inhibitor of 5-lipoxygenase, an enzyme involved in the arachidonic acid metabolic pathway
that constrains the production of cysteinyl LTs and LTB4. As a result, ZLT represents
therapeutic options for asthma treatment [2,3].

When taken orally, ZLT is absorbed with a mean time to peak blood serum concen-
tration of 1.7 h and an apparent volume of distribution of 4.9 ug/mL. The most severe
side effects are increased liver enzymes, white blood cell count change, and neuropsychi-
atric events, such as sleeping disorders and behavioral changes, in patients prescribed
ZLT [4,5]. Furthermore, efficient trace level monitoring of ZLT must be developed to track
the minimal level of permissible plasma concentration that aids in the control of unwanted
overdose effects.

Electrochemical approaches have recently been widely explored in pharmacy, food,
textiles, ecology, agriculture, and healthcare [6-14]. Electrochemical analysis has sev-
eral benefits, including high sensitivity and selectivity, user-friendliness, comparative
inexpensiveness, and fast analysis times [15-17]. The use of bare electrodes has several
disadvantages, including inadequate electron transport, electrode fouling, etc. Modifier
intercalation is critical for resolving difficulties associated with bare electrodes. Nanocrys-
tals, nanomaterials, and dyes are often-used modifiers that reduce the excess potential
required for efficient electron propagation, increasing electrode selectivity and sensitiv-
ity [18-21]. Carbon paste electrodes have attracted much attention as working electrodes
and have been used as viral sensors on account of their simple and rapid manufacturing
method. They offer a wide range of potential with low background current [21]. As a
result, this investigation used a carbon paste electrode as the working electrode for the
analyte determination.

Graphene belongs to the monolayer carbon atom family; with a honeycomb structure,
it is completely packed in a 2D network with the thickness of an atom. In graphite-based
materials, it is a fundamental structural block [22,23]. Due to multiple features, such as
large surface area, strong conductance, high intrinsic mobility, thermal conductivity, and
optical transmittance, it is the most actively investigated carbon allotrope in basic science,
technology, and engineering [24]. Nanomaterials made of graphene include graphene
oxide (GO), reduced graphene oxide (rGO), and graphene quantum dots (GQDs), all
of which are used in nanodevices [25]. Graphene nanomaterials are widely used in the
production of biosensors for monitoring food and environmental conservation, biomedical
symptoms, and ecological complications [26-30]; they also have energy applications [31].
Due to their high surface area, conductivity, optical properties, and unparalleled ability to
establish bonds with biomolecules, graphene nanomaterials offer a significant advantage
in creating electrochemical sensors and biosensors. Modifications can be easily achieved by
interactions with high-density biomolecules via non-covalent or covalent bonds. They can
be employed in in vivo biosensing owing to their low toxicity and biodocility [32].

No previous study has demonstrated graphene as a sensor material for ZLT determi-
nation, as is reported here. In addition, since the developed sensor is fast, inexpensive,
and easy to fabricate, this constitutes a well-controlled electrochemical study of ZLT. The
findings described herein regarding the physicochemical parameters of the electrode pro-
cess have not previously been reported. This work aimed to develop an electrochemical
sensor with good selectivity and sensitivity to detect traces of ZLT and to use the fabricated
sensor to analyze ZLT in real samples to understand the applicability of the electrode in
real-time applications.

2. Results and Discussion
2.1. Characterization of the Sensing Material

The sensing material is vital in electrochemical analysis, as it conjugates with the
analyte under the influence of potential, which leads to the production of signals. Thus, the
surface morphologies of sensing materials need to be examined in order to evaluate the
surface properties which would be helpful in electroanalysis. Here, the surface analysis
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was performed using SEM; the SEM images of the carbon matrix and graphene-modified
carbon matrix are displayed in Figure 2A,B and show the difference in morphology after
graphene modification. The carbon matrix can be seen to have a homogenous and uniform
distribution of flake structures, while in the modified matrix, graphene flakes are of uniform
size and uniformly distributed. Exfoliation of the graphene sheets can be seen. Moreover,
the sheets are thin and randomly linked together. This leads to an increase in the surface
area of the electrode, exposing and therefore helping it to sense trace levels of ZLT.

Linz fit 23.4nm
Lin= fit 7.62nm
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Figure 2. SEM images of (A) the carbon matrix and (B) the graphene-modified carbon matrix.
(C) AFM image of bare CPE. (D) AFM image of G/CPE.

The AFM technique was used to examine the topography of the sensing material.
The AFM images of bare CPE and G/CPE are shown in Figure 2C,D. The average surface
roughness (Ra) was determined and was found to be 224.34 pm and 1495.9 pm for the
CPE and G/CPE, respectively. The details of other surface characteristics are given in the
Supplementary Materials, Table S1. The Ra value supports the effective surface modification
of the electrode.

2.2. Electrochemical Characterization of the Fabricated Electrodes

The surface properties play a critical role in the functional performance of the material
in the analytical setting. Moreover, the total surface area of the electrode will not be involved
in the analyte sensing. Thus, the electroactive surface area (A°) of the working electrode
was determined as that reported in the literature, using K3[Fe(CN)¢] as the target solution
in KCl electrolyte (0.1 M), and A° was calculated using the Randles-Sevcik Equation (1) [33].
The A° value was 0.040 cm? and 0.064 cm? for CPE and G/CPE, respectively.

I, = (269 x 10°) n*2D,1/2C*A°v1/2 1)

In Equation (1), n represents the number of electrons transferred during the elec-
trochemical reaction of 1.0 mM concentrated (C*) K3[Fe(CN)g]. The CV was recorded at
different scan rates (v) within the range of 0.1 Vs~! to 0.35 Vs~ in the fixed potential
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window, and respective peak currents (I,) were evaluated. The K3[Fe(CN)¢] system has a
fixed diffusion coefficient (D,) value of 7.6 x 107° cm?-s~1.

Electrochemical Impedance Spectroscopy (EIS) was employed in the investigation as
an electrode characterization method in order to understand the electrode-analyte solution
interface properties. By employing 0.01 mM ZLT in PBS (pH 6.0), EIS was recorded in
the 1 Hz to 10° Hz (0.005 V amplitude) frequency range at the anodic peak potential (Ep,)
of ZLT. A Nyquist plot is presented in the Supplementary Materials, Figure S1, and the
plot is fitted with a Randles equivalent circuit. The circuit contains the solution resistance
(Rs), charge transfer resistance (Rct), and capacitance of the double layer (Cq), as shown
in the inset of Supplementary Figure S1. The R value for CPE was 158.3 x 103 Q, which
was reduced to 91.92 x 103Q) for G/CPE. Since low resistance was observed in G/CPE,
this indicates the easy and fast transfer of charges at the electrode (G/CPE)-solution (ZLT)
interface, with higher conductivity. At the same time, CPE exhibited a sluggish and poor
charge transfer.

2.3. Cyclic Voltammetric Investigation of ZLT

The electrochemical behavior of the ZLT (0.01 mM) was investigated using the CV
technique as it allows the study of analyte redox properties under applied potentials. The
voltammograms for both bare and modified CPE are presented in Figure 3. For the buffer
solution, no peaks were observed, while the analyte solution yielded two peaks. The
forward scan displayed one peak with an anodic current (Ipa) of 0.34 LA at a potential (Epa)
of 0.4494 V, and another peak was detected in the reverse scan with a cathodic current (Ip.)
of 0.13 A at a potential (Ep) of 0.3634 V for bare CPE. Similarly, for G/CPE, one peak
was observed in the forward scan with an I, of 0.99 pA at an Ep, of 0.4484 'V, and in the
reverse scan, a peak was recorded at an Ep¢ of 0.3665 V with an I,c of 0.42 pA. Even though
the voltammogram displayed two peaks, the current ratio was deflected from the unity,
suggesting quasi-reversibility. The voltammogram showed that the peak current at the
G/CPE was three-fold higher than the bare CPE, indicating the sensing analyte’s effective
modification and the easy transfer of electrons. Thus, a newly fabricated and modified
electrode was optimized and employed in the remaining investigations.
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Figure 3. Cyclic voltammetric responses for 0.01 mM ZLT solution at CPE and G/CPE in PBS
of pH 6.0.

2.4. Impact of the Immersion Time

In the absence of applied voltage, analytes migrate from the bulk solution to the
electrode surface due to a diffusion gradient. This conveys that the electrode—solution
interface has a significant role in the electroanalysis, as the analyte concentration in the
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electrode vicinity can influence the electrochemical parameter. Consequently, the influence
of vicinity concentration was examined in the present study by recording voltammograms
at various time intervals and named immersion times (tjmm). The impact of timm was
evaluated in the time range of 0-100 s, and analyte saturation was seen to be accomplished
at 0 s, since it yielded the highest peak current (Supplementary Materials, Figure S2). This
optimized tjmm was selected in the further investigations.

2.5. Effect of PBS

The impact of supporting electrolytes was explored in a pH range of 3.0 to 10.4 of 0.2 M
PBS using the CV technique (Figure 4A). The recorded voltammograms suggested that
the redox-coupled reaction of ZLT was pH-dependent, and the electrochemical response
was at a maximum at pH 6.0. The shift in peak potential as pH changed from lower to
higher values was observed in a plot of Ep vs. pH (Figure 4B,C), which revealed the proton-
coupled electrode process [17]. The dependence of peak potential on pH was explored,
and the regression relationship between them was achieved. The obtained equations are as
follows: Ep, = 0.7847 — 0.053 pH; R? = 0.99 and Epc = 0.6275 — 0.045 pH; R? = 0.97. The Ep,
and Ep. vs. pH slopes were compared with the Nernstian value and found to be nearer
to it, revealing the involvement of an equal number of electrons and protons [34]. The
electrochemical behavior and transfer of electrons were more prominent at pH 6.0, as the
ZLT response was highest (Figure 4D).
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Figure 4. Impact of electrolyte solution. (A) Cyclic voltammograms of 0.01 mM ZLT at different pH
levels (0.2 M PBS). Effect of pH on (B) Epa, (C) Epc, and (D) peak currents (Ipa and Ic).

2.6. Impact of Scan Rate Variation

Scan rate (v) is an essential variable in a voltammetric analysis since it assists in
determining the physicochemical parameters of the electrode process. The influence of scan
rate on the electrochemical behavior of ZLT was investigated using the CV technique. In
this investigation, the scan rate varied from 0.01 to 0.35 Vs~!; the recorded voltammograms
are displayed in the Supplementary Materials, Figure S3. The magnitudes of I, and Ipc
were enhanced with increased scan rate (SI Figure S3A), indicating a linear relationship
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between them, and a slight positive shift in peak potential favored quasi-reversibility. The
dependence of I, and I,c on (v) was plotted, and the obtained graphs are presented in the
Supplementary Materials, Figure S3. The regression coefficient value (R? = 0.95 for Ip vs. v
and 0.99 for Ip vs. v1/2) suggested the diffusion process in the electrode mechanism [35].

Further, the linear relationship between log (Ipa) and log(Ipc) vs. the log(v) was
studied (Supplementary Figure S3C), and the regression equation obtained was as follows:
log(Ipa) = 0.5314 log(v) — 0.4228; R? =0.99 and log(Ipc) = 0.6135 log(v) + 0.1053; R? =0.98.
The slopes of the plots were closer to 0.5, indicating that the mechanism path was governed
by diffusion control [36].

The correlation between Ep, and Epe with log(v) (Supplementary Figure S3D) was de-
termined to evaluate various physicochemical parameters of the electrode mechanism. The
regression equation obtained was: Ep, = 04638 — 0.022 log(v); R*> = 0.96 and
Epe =0.3070 — 0.051 log(v); R? = 0.98.

The numbers of electrons involved in the electrooxidation (ECo,) and electroreduction
(ECReq) processes were determined by comparing the slope values of regression equations
with Laviron’s Equations (2) and (3) [37,38]. The number of electrons was two in both the
ECox and ECgeq processes. The charge transfer coefficient (x) lay between 0.30 and 0.70
for a quasi-reversible process and was determined to be 0.34 for the forward reaction and
0.56 for the reverse reaction. The heterogeneous rate constant (ks) was calculated using
Equation (4) [39] and was found to be 7.12 s~1. The rate of the process for the forward scan
(k¢) and backward scan (k;,) was also evaluated using Equations (5) and (6) [33]; the values

of k¢ and k, were 2.25 cm-s~! and 5.02 cm-s 1.

Epa =E° + (RT/(1 — onF)-In((1 — o)nF/RTks) + (RT/(1 — x)nF)-Inv 2)

Epc = E° + (RT/onF)-In(RTks / anF) — (RT/ anF)-Inv 3)

log(ks) = cclog(l — o) + (1 — a)-loga — log(RT/nF) — (1 — a)[anFAE,, /2.303RT]  (4)
ki = ks.e(foan(E — E°)/RT) (5)

ky =ks-e [(1 — )nF(E — E°)/RT] (6)

Ip = (2.99 x 10°)-n-(any)'/2-A-DV/2.C*v1/2 7)

The diffusion coefficients for the ECyx reaction (Do) and the ECgqq reaction (Dr) were
evaluated using the slopes of the I, and Ipc vs. v1/2 plots, along with Equation (7) [40,41].
The values of Do and Di were found to be 1.39 x 10710 cm?.s™! and
3.81 x 10712 cm?-s71, respectively.

2.7. The Probable Electrochemical Sensing and Reaction Mechanism
2.7.1. Electrode Sensing Mechanism

From the scan rate influence study, it was noticed that the surface mediate mechanism
of the redox-coupled quasi-reversible mechanism was governed by diffusion. Inducement
of G/CPE in the test solution developed a concentration gradient for ZLT, leading to the
diffusion of ZLT towards the electrode surface. The concentration of ZLT around the
electrode further migrated towards the surface under the influence of the applied potential,
leading to the electrode reaction.

Nanotechnology frequently employs graphene nanomaterials because of their optical,
mechanical, physical, and chemical properties. In graphene, the carbon atoms are arranged
in a honeycomb structure, leading to a large surface area. The hexagonal rings of graphene
are formed with sp? hybridization and thus show metallic characteristics [42]. Consequently,
the surface could expose the adsorbing or conjugating sites for the electron-donating
functional group/molecule. ZLT has two electron-donating groups, hydroxyl (-OH) and
amine (-NH;) groups. The amine group is a robust electron-donating group that forms
a semi-ionic bond with the sp? hybridized carbon (-N:—C=C-) [39]. This intermolecular
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interaction seizes the analyte in the subsurface; this momentary coupling of ZLT and
graphene assists the electrode reaction (Scheme 1A).

ZLT in bulk Protonated ZLT ZLT

solution ©3_< CiS)—{HS
o V4 P

g NH2 HO NH2
: ) —< Semi-ionic
coupling

S CH3 ® S CH3
® O
Vi PoH -2H -2e Y/ 0
2 N‘{ 2 N
/ ©) © /
H—O /N—H +2H +2e H—O N—H
H H
Protonated ZLT ZLT

Scheme 1. (A) Probable electrochemical conjugation of ZLT with G/CPE. (B) Electrochemical reaction
mechanism at the electrode.

2.7.2. Probable Electrochemical Reaction Mechanism

In ZLT, the carbonyl group tends to be protonated, which suggests that the protonated
form of ZLT could be prominent in an acidic medium [43]. The protonated carbonyl
group undergoes oxidation and reduction under the influence of applied potential. The
CV behavior of ZLT shows one peak in the forward scan and another in the reverse scan
defining the redox-coupled reaction for the G/CPE. However, the peak difference between
Epa and Ep, suggesting the quasi-reversible electrode process and its other criteria, was
confirmed by the study of scan rates. Furthermore, the number of electrons was two and
two for electrooxidation and electroreduction, respectively. Therefore, using these data, we
can determine the number of protons involved in the mechanism by employing the Nernst
Equation (8) [44].

Ep = E° +(0.0591/n) log [(ox)a/(R)b] — (0.0591-m/n) pH (8)

The terminal part of the above equation correlates with the slope of E, vs. pH;
comparing and substituting known parameters in the above equation, the calculated
protons were found to be two and two. Based on the above findings, the probable reaction
mechanism for the quasi-reversible process is presented in Scheme 1B.
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2.8. Quantification of ZLT

To check the sensitivity of the developed electrode, a low concentration level of ZLT
was investigated. The sensing of ZLT was carried out for various concentration levels
ranging from 0.3 uM to 112.0 uM. SWV is known for its sensitivity; thus, it was employed
to quantify ZLT; the obtained voltammograms are shown in Figure 5A. Linearity between
peak current and concentration was noticed (Figure 5B) and confirmed from the linear
equation, as Ip, = 0.131 (ZLT) + 0.0869; R? =0.99.
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Figure 5. Influence of concentration of ZLT. (A) SWYV responses of ZLT at different concentrations.
(B) Plot of I, versus concentration of ZLT.

Using this equation, the limits of detection (Lp) and quantification (LQ) were deter-
mined and found to be 0.03 uM and 0.12 uM, respectively. The linearity of the developed
electrode was confined to the range from 0.3 uM to 100.0 uM. The detailed characteris-
tics of the quantification study are given in the Supplementary Materials, Table S2. The
novelty of the sensing electrode was justified by comparing the Lp with earlier reported
methods [45-47] and electrodes [48,49] (Table 1).

Table 1. A comparison of the proposed method with previously reported methods.

Methods/Sensors Utilized Lp (M) Reference
UV-AUC analysis 1.8 x 107° [45]
Amperometry technique—TiO, /CILE 1.8 x 107° [48]
RP-HPLC 9.2 x 1077 [46]
o DPV technique—MIP/CPE 8.0 x 1077 [49]

Det t f ZLT
elermination o HPLTC 1.0 x 1077 [45]
HPLC-MS 1.8 x 1078 [47]
DPV technique—TiO, /CILE 8.3 x 10~° [48]
SWV technique—G/CPE 33 x 1078 Present work

2.9. ZLT Determination in Spiked Urine Samples

The G/CPE was employed to sense ZLT in spiked urine samples to determine the
potential for real-time application. This investigation supported the validation of the
efficiency of the sensing material with respect to the detection of ZLT. The formulated urine
samples were spiked with different concentrations of ZLT and analyzed using the standard
addition method. The obtained results were then used to find the percentage recovery, RSD,
and percentage of RSD by contrast with the pure sample response. The detailed data are
given in Table 2. The recovery rate was found to be 88.41 to 93.20%, with 2.67% RSD.
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Table 2. Finding of spiked urine sample analysis.
. . Spiked Detected * % Y%
Drug Spiked Urine Samples (10-6 M) (10-6 M) Recovery RSD RSD
Sample 1 1.0 0.932 93.20 0.026 2.61
71T Sample 2 5.0 4.579 91.58 0.027 2.66
Sample 3 8.0 7.073 88.41 0.028 2.75

* Average of five determinations.

2.10. Study of Interference

Excipients are additives used in tablet formulations to improve a drug’s bulkiness,
disintegration, dissolution rate, and bioavailability. Moreover, many of them are electroac-
tive and so could deflect the electrochemical behavior of ZLT. In the present study, the
impacts of cellulose (1.0 mM), citric acid (1.0 mM), dextrose (1.0 mM), glycine (1.0 mM),
starch (1.0 mM), and titanium oxide (1.0 mM) were analyzed to test the efficiency of the
developed electrode for the qualitative analysis of ZLT (0.01 mM). Cellulose and starch
are mainly used in tablet formulations as binders; starch is also inserted as a filler and
diluent. Glycine is used as an emulsifier, while dextrose and titanium oxide are employed
as coating agents, and dextrose is mixed as a disintegrant. Citric acid is used as an antiox-
idant in formulations. Hence, the interference of these molecules with ZLT response in
the selected window was investigated. A graphical representation of the percentage of
signal change versus excipients (Supplementary Materials, Figure S4A) reveals that the
tested excipients did not interfere with ZLT, signifying the efficiency and selectivity of the
developed electrode.

Similarly, the effects of different metal ions were tested; since human beings contain
trace levels of metal ions as micronutrients, there could be a chance of interference due to
complex formation. Thus, common metal salt solutions with a concentration of 1.0 mM
were added and tested for interference. The obtained results (Supplementary Figure S4B)
show that the deflection in the peak potential was within £5%, indicating that the metal
ions did not interfere in the analysis to a greater extent, which supports the selectivity of
the electrode. The details of the interference study are given in Table 3. The main result of
the investigations is that the percent signal change shows the uninterrupted ZLT responses
about their detection potential. This indicates that the prepared electrode is qualitatively
selective with respect to ZLT.

Table 3. Findings about the influence of interferents on the electrochemical response of 0.01 mM ZLT.

Interferent Detected Ep, (V) Standard Ep, (V) Change in % Epa
Excipients
Cellulose 0.412 0.424 —2.830
Citric acid 0.420 0.424 —0.943
Dextrose 0.420 0.424 —0.943
Glycine 0.416 0.424 —1.887
Starch 0.416 0.424 —1.887
TiO, 0.432 0.424 1.887
Metal Ions
CuSOy 0.420 0.424 —0.943
FeSOy 0.416 0.424 —1.887
KC1 0.420 0.424 —0.943
KNO3 0.428 0.424 0.943
MgCl, 0.428 0.424 0.943
NaCl 0.428 0.424 0.943

(ZLT) =1 x 1072 M, (Excipient) = 1 x 1073 M, (Metal Tons) =1 x 1073 M
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2.11. Stability of the Electrode

The determination of the stability of the electrode material in the sensing process
was necessary to evaluate its capacity and capability for electrochemical analysis. The
repeatability and reproducibility of the G/CPE were tested by observing its response to
ZLT within the set time. The electrode matrix was stored in an air-tight container for two
weeks, then used to fabricate the electrode, and ZLT (0.01 mM) response was recorded.
The voltammograms were compared with the previously obtained response and a 98%
retention of the original peak and potential was found. This demonstrates the repeatability
of the sensing material.

Similarly, the response for ZLT (0.01 mM) was recorded within a day with a set
time interval. The voltammograms displayed a similar behavior with the same current
magnitude at the desired potential, with 2.14% of RSD (three replicates). This indicates
the high reproducibility of the electrode. The details about the stability are presented in
Table 4.

Table 4. Details about the stability of the electrode.

Repeatability
Detected Response Original Response Response o
CV Responses (LA) (uA) Retention % RSD % RSD
At 1st day 0.983 0.983 100.00 0.0183 1.83
At 7th day 0.965 0.983 98.17 0.0187 1.87
At 14th day 0.947 0.983 96.34 0.0190 1.90
% Retention: 96.34-100.0; Average % retention: 98.16; % RSD: 1.86
Reproducibility

AtOh 0.983 0.983 100.00 0.0219 2.19
After 12 h 1.025 0.983 104.27 0.0210 2.10
After24 h 0.996 0.983 101.32 0.0216 2.16

% Retention:100.0-104.27; Average % retention: 101.89; % RSD: 2.14

3. Materials and Methods
3.1. Used Chemicals

ZLT (ZLT, >98%) was procured from Sigma-Aldrich for the analysis. ZLT working
standard solutions were prepared in ethanol of HPLC grade (assay > 95%). A series
of phosphate-buffered solutions (PBSs) were prepared for electrochemical investigation
within a pH range from 3.0 to 9.2, with an ionic strength (I) of 0.2 M. AR-grade phosphate
buffers were used as electrolytes. H3POy4 (>98%), Na,HPO, (>97%), NagPOy (>98%), and
KH,POy4 (>99.5%) were employed as phosphate buffer components. Carbon paste was
prepared from graphite powder with purity >99.5% and paraffin oil. Every reagent used
in this study was of AR grade (purity > 98.5%), and double-distilled water was utilized for
the electrochemical investigations.

3.2. Equipment and Instruments Used

An electrochemical study used a potentiostat model D630 (CHI business, Omaha, NE
68164, USA) with a three-electrode assembly installed in a voltammetric cell. The WE was
a graphene-revised CPE (G/CPE) with a bare electrode as the CPE. In this study, the silver
chloride electrode was the functional electrode or reference electrode (RE) for measuring
potential changes. A counter-electrode platinum wire was utilized to complete the circuit
(CE). A pH meter (model pH-1100) from the HORIBA company, Japan, was used to check
the pH of the produced PBS. The material was characterized using a scanning electron
microscope (JSM-IT500, JEOL) and an atomic force microscope (AFM) (Nanosurf AG-easy
Scan AFM, Liestal, Switzerland).
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3.3. Construction of the Working Sensor

In a mortar, 7.0 g of graphite powder with 3.0 mL of paraffin oil (mineral oil) were
mixed to make a carbon paste. A smooth paste was obtained by mixing the ingredients
homogeneously, after which it was placed in a polytetrafluoroethylene (PTFE) tube fixed
with copper wire at one end. For the modified sensor preparation, 0.05 g of graphene was
mixed in a mortar with 6.95 g of graphite powder, and 3.0 mL of paraffin oil was blended
into the mixture until it became homogeneous. Once the mixture became homogeneous, it
was packed in the PTFE tube and taken as G/CPE. In order to achieve a working electrode,
to get an even surface and remove the carbon paste excessively adhered on the surface
of the electrode, the electrode was smoothened. The electrode was then cleaned with
double-distilled water and wiped out for the elimination of particles stuck on the outer
surface of the electrode. An electrolyte of pH 6.0 (PBS) was used to actuate the surface
of the electrode. Twenty segments were scanned at a scan rate of 0.5 Vs~!, followed by
two segment scans at 0.1 Vs~! within a fixed potential window of 0.10 V to 0.90 V. After
each analysis, the electrode surface was regenerated by removing the packed sensor matrix.
Then, the hollow PTFE tube was cleaned with ethanol and then with double-distilled water.
The matrix was then packed again to obtain a new sensor surface.

3.4. Method of Analysis

The ZLT working standard solution was prepared with a 1.0 mM concentration by
dissolving a required quantity of ZLT in ethanol. The activated electrode was placed
into the experimental cell with 9.9 mL PBS (pH 6.0) and 0.1 mL of 1.0 mM ZLT. With the
predetermined parameters, CVs were perceived and recorded at 0.1 Vs~!. The influence
of several parameters on ZLT electrochemical behavior was studied by CV and SWV. All
experimental analyses were performed at 25 (£2) °C.

3.5. Test Solution for Real Sample and Interference Analysis

We evaluated the efficiency of the electrode developed in this work by performing a
urine sample analysis. The drug-free samples collected for the investigation were stored in
cold conditions for further aliquot preparation. An electrochemical study was performed
using the standard addition method by spiking ZLT at different concentrations.

To assure the selectivity of the modified sensor for detecting ZLT, it was necessary
to examine the effects of excipients and metal ions. This experimental investigation used
common excipients, such as cellulose, citric acid, dextrose, glycine, starch, and titanium
dioxide powder. To obtain 1.0 mM of excipient test solution, an appropriate amount
of excipient was dissolved in double-distilled water and sonicated for 10 min. In the
experimental cell, a required amount of excipient solution was added along with the ZLT
standard solution to study the electrode’s specificity /selectivity. A similar methodology
was applied to study metal ion interference with the selective analysis of ZLT. The SWV
method was employed for this experimentation, and voltammograms were recorded in the
potential window of 0.1 V to 0.9 V.

4. Conclusions

The carbon-based nanomaterial graphene was successfully intercalated in a carbon
matrix to fabricate a sensing electrode. SEM and AFM analysis examined the surface char-
acterization. The SEM image displayed the layered, exfoliated, and interlinked structure
of G/CPE, while the AFM study revealed the surface roughness of CPE (100.12 pm?) and
G/CPE (100.89 pmz). Electrochemical methods, such as CV and EIS studies, were carried
out to optimize the electrode for ZLT sensing.

The electroanalysis of ZLT (0.01 mM) was carried out using different voltammetric
techniques, such as CV and SWV. A scan rate investigation suggested the quasi-reversible
reaction mechanism of ZLT, with two protons and two electrons in the electrooxidation
reaction and one proton and one electron in the electroreduction reaction mechanism.
G/CPE showed a wide range of linearity with ZLT from 0.3 uM to 100.0 uM, and the
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limit of detection was evaluated to be 0.03 pM. The spiked urine sample analysis showed
good recovery values, with percent RSD indicating the efficiency and applicability of the
developed electrode. The developed electrode demonstrated good selectivity, stability,
sensitivity, and capability for the detection of ZLT.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12080867/s1, Figure S1: Nyquist plots for CPE and G/CPE
in 0.01 mM ZLT, Figure S2: Influence of immersion time on the electrochemical behavior of ZLT,
Figure S3: Impact of scan rate on the electrochemical behavior of 0.01mM ZLT at tj, of Os in pH 6.0
(A) CV responses of 0.1 mM ZLT at different scan rates in pH 6.0 at G/CPE; Inset (a) Dependency and
relationship of Ipa and Ie with v (B) Dependency and relationship of I,a and I with v1/2; (C) Plot
of log Ipa and log I, versus log v; (D) Plot of Epa and Ep. versus log v, Figure 54: Study of influence
and interference of (A) Excipients; (C) Metal ions; % signal change of ZLT under the influence of (B)
Excipients; (D) Metal ions, Table S1: AFM characteristics of CPE and G/CPE, Table S2: Characteristics
of the plot of peak current versus concentration.
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