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Abstract: Electrochemical sensor was fabricated based on carbon paste electrode modified with an
ionic liquid crystal ILC (2-chloro-1,3-dimethyl-imidazolidinium hexafluorophosphate) in presence of
sodium dodecyl sulfate for the selective electrochemical determination of Terazosin (TZ) in presence
of common interference compounds. The electrode performance was compared in presence of
other ionic liquids ILs (1-Butyl-4-methyl pyridinium tetrafluoroborate) and (1-n-Hexyl-3-methyl
imidazolium tetrafluoroborate). Ultrasensitive determination of Terazosin HCl at the ILC modified
electrode in the linear dynamic ranges of 0.002 to 0.09 µmol·L−1 and 0.2 to 30 µmol·L−1 with
correlation coefficients 0.996 and 0.995 and LODs 1.69 × 10−11 mol·L−1 and 6.43 × 10−9 mol·L−1,
respectively, were obtained. Selective determination of TZ in presence of uric acid and ascorbic
acid and simultaneous determination of binary mixtures of TZ/dopamine, TZ/paracetamol and
TZ/Morphine were also determined successfully using the modified sensor.
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1. Introduction

Terazosin hydrochloride (TZ), 2-[4-(2-tetrahydrofuranyl) carbonyl]-1-piperazinyl-6,7-di-methoxy-
4-quinazolinamine monohydro-chloride dehydrate, an alpha-1-selective adrenoceptor blocking agent,
is a quinazoline derivative which is used to treat hypertension (high blood pressure) [1,2] and for the
treatment of symptoms of an enlarged prostate [3,4]. Several methods for determination of this drug
have been reported in the literature, including high performance liquid chromatography [5–16],
capillary zone electrophoresis [17], spectrofluorimetry [18,19], X-ray fluorescence spectrometry
based on the formation of ion-pair associates with zinc thiocyanate [20] and voltammetric
methods [19,20]. Electrochemical methods have received considerable interest due to their higher
selectivity, lower detection limit, lower cost and faster operation than other reported methods [21,22].
Since the innovation of carbon paste electrodes (CPEs) by Adams, they have been widely used in many
fields such as voltammetry, amperometry and potentiometry [23].

Carbon paste electrode (CPE) is of particular importance. The ease and speed of preparation and
of obtaining a new reproducible surface, low residual current, porous surface, and low cost of carbon
paste are some advantages of CPE over all other carbon electrodes [23–26].

Ionic liquid crystals (ILCs) are liquid crystals composed of salts of cations and their counterpart
anions [27]. These materials possess the properties of ionic liquids (ILs) [28–31] and liquid crystals
(LCs). One of the most promising features of ILCs is ionic conductivity. They are a new class
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of solvent, and are ionic compounds with relatively low melting points. Liquid crystals are soft
materials which are considered as the fourth state of matter between solid and liquid. The modified
carbon paste ionic liquid electrodes (CPILEs) shows high conductivity and electron transfer rate, wide
electrochemical window and low over potentials [32–35] and very good electro-catalytic activities
towards determination of many probes in electrochemistry [36], gas and liquid chromatography [37],
mass spectrometry [38], capillary electrophoresis [39] and sensors [40–47]. Ionic liquid crystals also
display uncommon mesophases such as the nematic columnar phase. Worldwide intense research
activity in the field of ionic liquids is presently ongoing [48–55]. Aligned samples of ionic liquid crystals
show pronounced anisotropic ion conduction and are of interest as low-dimensional ion-conductive
materials [56]. Atta and co-workers constructed electrochemical sensors based on ionic liquid crystal
modified carbon paste electrode for the sensitive determination of enoxacin antibacterial drug [57],
benazepril hydrochloride antihypertensive drug [58] and neurotransmitters [59].

On the other hand, surfactants modified electrodes exhibited high impact in electrochemistry by
improving the electrode/solution interface properties [60–63]. Surfactants are amphiphilic molecules
that contained hydrophilic head on one side and a hydrophobic tail. Furthermore, surfactants can
enhance the electrochemical signal of the electroactive species in electroanalysis and electrochemical
sensing [64,65] via different approaches such as acting as masking agent [66], Aggregation at the
electrode/solution interface forming supramolecules structure [67,68], solubility of organic compounds
via micelles formation, providing definite orientation of the molecules at the electrode surface and
enhancing the preconcentration/accumulation of the analyte at the electrode surface [68]. Therefore,
the addition of surfactants resulted in improvement of the electrode/solution interface properties,
enhancement of current response, sensitivity and selectivity and affecting greatly the redox potential
and diffusion and charge transfer coefficients of the electrode processes [65–67,69]. Various modified
electrodes for drug determination in presence of surfactants were presented in the literature [62–72].

This study presents for the first time a sensitive sensor based on carbon paste electrode
in situ modified with ILC(2-chloro-1,3-dimethyl-imidazolidinium hexafluorophosphate) for the
electrochemical determination of TZ in the presence of surface active agent. This work combined
the effect of ILC in enhancing the conductivity with the effect of sodium dodecyl sulfate (SDS) to
facilitate the preconcentartion/accumulation of TZ drug at the electrode surface. As a result, greater
electro-catalytic activity, higher sensitivity and better selectivity were achieved at the proposed sensor
for TZ determination compared to other electrodes. In addition, other ionic liquids were investigated
for the electro-catalytic determination of TZ. Higher conductivity and greater electro-catalytic
activity were obtained in case of ILC modified electrode compared to the other ionic liquids
modified electrodes namely (1-butyl-4-methyl pyridinium tetrafluoroborate) and (1-n-hexyl-3-methyl
imidazolium tetrafluoroborate). Simultaneous determinations of TZ with morphine (MO), paracetamol
(APAP) and dopamine (DA) in binary mixtures were achieved with good separation. On the other
hand, this sensor shows anti-interference ability; it can simultaneously determine TZ with good current
response in presence of large amount of ascorbic acid and uric acid. In addition, the determination
of TZ in spiked urine samples is achieved with good reproducibility and excellent recovery results
demonstrating the validity of this method for real sample analysis at the proposed electrode.

2. Experimental

2.1. Materials and Reagents

Terazosin hydrochloride (TZ) was obtained from Forensic Chemistry Laboratory. Graphite
powder (<20 µm, synthetic), paraffin oil, ionic liquid crystal (2-chloro-1,3-dimethyl-imidazolidinium
hexafluorophosphate), ionic liquids (1-Butyl-4-methyl pyridinium tetrafluoroborate),
(1-n-Hexyl-3-methyl imidazolium tetrafluoroborate), sodium dodecyl sulfate (SDS), uric acid
(UA), dopamine (DA), ascorbic acid (AA), paracetamol (APAP), potassium phosphate (mono, di-basic
salt), potassium hydroxide (KOH) were purchased from Sigma-Aldrich Chemicals Co. (Milwaukee,
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WI, USA). Morphine sulfate (MO) was supplied from Forensic Chemistry Laboratory, Medico Legal
Department, Ministry of Justice, Cairo, Egypt. Phosphate buffer solution PBS (1.0 mol·L−1 K2HPO4

and 1.0 mol·L−1 KH2PO4) of pH 7–11 was used as the supporting electrolyte. The pH was adjusted
using suitable amounts of 0.1 mol·L−1 H3PO4 and 0.1 mol·L−1 KOH.

2.2. Electrochemical Cell and Equipment

Electrochemical studies were carried out using a three-electrode/one compartment glass cell.
The working electrode was modified CPE. The auxiliary electrode was a 10 cm long/2.0 mm diameter
Pt wire. All the potentials in the electrochemical studies were referenced to Ag/AgCl (4 mol·L−1

KCl saturated with AgCl) electrode. Prior to immersion in the cell, the electrode surface was
thoroughly rinsed with distilled water and dried. All experiments were performed at 25 ◦C ± 0.2 ◦C.
The electrochemical characterization of electrodes was performed using a BAS-100B electrochemical
analyzer (Bioanalytical Systems, BAS, West Lafayette, IN, USA). The electrochemical impedance
spectroscopy was performed using a Volta lab PGZ 301 (Radiometer, Neuilly-Plaisance, France).
The data analysis software was supplied with the instrument and applied non-linear least-squares
fitting with a Levenberg–Marquardt algorithm. All impedance experiments were recorded between
0.1 Hz and 100 kHz with an excitation signal of 10 mV amplitude. The measurements were performed
under potentiostatic control at certain potential value which was decided from the recorded cyclic
voltammograms (874 mV for TZ). Quanta FEG 250 instrument (FEI, Hillsboro, OR, USA) was used to
obtain the scanning electron micrographs of the different films (accelerating voltage was 20 keV).

2.3. Preparation of Carbon Paste Electrode (CPE)

The electrode was prepared by mixing graphite powder (0.5 g) with paraffin oil (0.3 mL) in a
glass mortar. The carbon paste was packed into the hole of the electrode body and smoothed on a filter
paper until its shiny appearance.

2.4. Preparation of Working Electrode (ILCCPE)

Modification of carbon paste electrode with ionic liquid crystal (2-cloro-1,3-dimethyl
imidazolidinium hexafluorophosphate) was prepared by mixing 0.5 g ILC, 1.5 g of graphite powder,
with 0.5 mL of paraffin oil in a mortar with a pestle to form a homogeneous paste (ILCCPE). Then, the
resulting paste was packed firmly in the hole of the electrode body, and the electrode was rinsed with
water to remove any unadsorbed modifier and dried in air at room temperature. The two other ionic
liquid modified carbon paste electrodes, (IL1CPE) and (IL2CPE), were prepared by the same way, by
mixing Ionic liquids (ILs) (1-n-hexyl-3-methyl imidazolium tetrafluoroborate) or (1-Butyl-4-methyl
pyridinium tetrafluoroborate) to graphite powder/with a ratio of 1% (w/w). The modification of the
surface of the electrode was achieved by the addition of increments of 10 µL from a stock of SDS
(0.1 mol·L−1).

2.5. Analysis of Urine

The utilization of the proposed method in real sample analysis was also investigated by direct
analysis of human urine samples spiked with (TZ). Urine sample used for detection was diluted
400 times with 0.1 mol·L−1 PBS/pH 7.4 to reduce the matrix effect of real samples. TZ was dissolved in
0.1 mol·L−1 PBS/pH 7.40 to make a stock solution with 1 mmol·L−1 concentration. Standard additions
were carried out from the TZ stock solution in 15 mL of diluted urine.

3. Results and Discussion

3.1. Morphology Study

The surface morphology of the proposed sensor affected greatly the effectiveness and the catalytic
performance toward TZ oxidation. Figure 1A–C shows the SEM of CPE, ILCCPE and ILCCPE. . . SDS,
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respectively. The SEM of bare CPE showed separated irregular graphite flakes (Figure 1A). Upon
modification with ILC, blurry shape with greater surface area was obtained (Figure 1B). The moderate
viscosity and good conductivity of the ILC facilitated its distribution into the void spaces between the
graphite flakes and enhanced its dispersion with the graphite powder paste [58,59]. The penetration of
the highly conductive ILC between the graphite flakes affected greatly the conductivity of the paste
and also resulted in more ordered films inside the paste due to the solid state structure of ILC and its
molecular orientation ordering characteristic [27,73,74]. Therefore, the ILC showed two main roles as a
binder and a bridge or ions carrier between the graphite flakes enhancing the conductivity of the film.
In the presence of SDS, spongy films of SDS were assembled on the surface of the electrode (Figure 1C).
These films resulted in the facilitation of the preconcentration/accumulation of TZ drug on the surface
and mediation of electron transfer kinetics.
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Figure 1. SEM micrographs of: (A) CPE; (B) ILCCPE; and (C) ILCCPE. . . SDS.

3.2. Comparison between Different Modified Electrodes

The electrochemistry of 1 mmol·L−1 TZ/0.1 mol·L−1 PBS/pH 7.4 was investigated at different
modified electrodes; CPE, CPE. . . SDS, IL1CPE. . . SDS, IL2CPE. . . SDS, ILCCPE and ILCCPE. . . SDS
at scan rate 50 mV·s−1 using cyclic voltammetry in potential window 500 to 1000 mV (Figure 2A,B).
The anodic peak currents for electrochemical oxidation of TZ at CPE and CPE...SDS were 86 µA and
120 µA, respectively, at oxidation potentials 850 mV and 863 mV, respectively. The higher anodic peak
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current at CPE. . . SDS was noticed due to the presence of SDS which has a great effect for enhancing
the preconcentration of TZ species in the ionic form at the surface. This causes an improvement in the
electron transfer process and enhancement in the electrochemical oxidation reaction of TZ. To illustrate
the effect of different types of ionic liquids in presence of SDS, electrochemical oxidation of TZ was
examined using cyclic voltammetry at IL1CPE. . . SDS and IL2CPE. . . SDS; the oxidation peak currents
were 319 µA and 290 µA at 842 mV and 839 mV, respectively (Table 1). For ILCCPE. . . SDS, the anodic
peak current was 707 µA at 874 mV. The oxidation peak current increased at the modified electrode
ILCCPE. . . SDS; the shift in oxidation potential results from the “ohmic” drop due to SDS adsorption
on the surface.
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Figure 2. (A) CVs of 1 mmol·L−1 TZ/0.1 mol·L−1 PBS/pH 7.40 at CPE (black line), CPE. . . SDS
(red line) ILCCPE (green line) and ILCCPE. . . SDS (violet line). (Blue line) Represents the CV of
ILCCPE. . . SDS in the absence of TZ, scan rate 50 mV·s−1. (B) CVs of 1 mmol·L−1 TZ/0.1 mol·L−1

PBS/pH 7.40 at ILCCPE. . . SDS (black line), IL1CPE. . . SDS (red line) and IL2CPE. . . SDS (green line).
Scan rate 50 mV·s−1.

Table 1. Summary of CV results obtained at CPE, CPE. . . SDS, ILCCPE, ILCCPE. . . SDS, IL1CPE. . . SDS
and IL2CPE. . . SDS for 1 mmol·L−1 of TZ in 0.1 mol·L−1 PBS/pH 7.40, scan rate 50 mV·s−1.

Electrode Epa (mV) Ipa (µA) Dapp × 10−5 (cm2/s)

CPE 850 86 0.424
CPE. . . SDS 863 120 0.827

ILCCPE 828 285 4.64
ILCCPE. . . SDS 874 707 28.7
IL1CPE. . . SDS 842 319 5.85
IL2CPE. . . SDS 839 290 4.83

Epa, the anodic peak potential; Ipa, the anodic peak current; Dapp, the apparent diffusion coefficient.

Certain ionic materials are also known to form amphitropic liquid crystals, where the positive
charge is localized on the nitrogen atom of imidazolidinium salts, which lead to wider electrochemical
potential window than for imidazolium and pyridinium salts at which the positive charge is delocalized
over the aromatic ring, and the solid state structure of the ionic liquid crystal helps in the formation
of ordered films [75,76]. Furthermore, the pKa of TZ is 7.1, therefore it is positively charged at the
working pH (7.40) [23]. SDS can be adsorbed on the electrode surface forming a layer with highly dense
negatively charged ends pointed outside the electrode. As a result, electrostatic interactions between
the positively charged TZ drug and the anionic SDS facilitated the preconcentration/aggregation of the
drug at the electrode surface and enhanced the current signal of TZ at the proposed sensor. Therefore,
a synergistic effect was explored by the presence of high ionic conductive and polarizable ILC with
the surface active agent SDS. All these catalytic modifiers combined with each other to facilitate the
electron transfer rate of TZ drug at the proposed sensor.
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3.3. Electrochemical Impedance Spectroscopy

EIS is an effective tool for studying the interface properties of surface modified electrodes. EIS data
were obtained at CPE and ILCCPE. . . SDS surfaces in 1 mmol·L−1 TZ/0.1 mol·L−1 PBS/pH 7.4 at ac
frequency varying between 0.1 Hz and 100 kHz with an applied potential in the region corresponding
to the electrolytic oxidation of TZ in PBS buffer pH 7.4. Figure 3 shows a typical impedance spectrum
presented in the form of Nyquist plot of TZ at the two electrodes. From this comparison, it is clear that
the impedance of TZ responses show a great difference in the presence of ionic liquid crystal compared
to CPE. In the case of ILCCPE. . . SDS, the charge transfer resistance of electro-oxidation of TZ decreases
noticeably and the charge transfer rate is enhanced indicating the catalytic properties of the proposed
sensor. The Nyquist plot is characterized by two time constants: the first at the high frequency range is
represented by an incomplete quasi-semicircle; the second represents resistive characteristics of the
film components interfaces and a diffusional element. It is established that the semicircle diameter in
the impedance spectrum equals to electron transfer resistance Rct, this resistance controls the electron
transfer kinetics of drug at the electrode interface. Therefore, Rct can be used to describe the interface
properties of the electrode. To obtain detailed information from the impedance spectroscopy, a simple
equivalent circuit model in Figure 3 inset was used to fit the results. The average error of the fits
for the mean error of modulus was χ2 = 1.77 × 10−3 and average weighed sum of squares equal to
0.302. The experimental data are compared to an “equivalent circuit” given in the inset of Figure 3.
In this circuit, Rs is the solution resistance, Rct is the charge transfer resistance, Cdl is the double layer
capacitance, Yo1 is a constant phase element that represents the surface roughness at the interface
while n is its corresponding exponent, Rf and Cf is the internal film resistance and its capacitance, and
W is the impedance created due to diffusion.
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Table 2 lists the best fitting values calculated from the equivalent circuit for the impedance data.
ILCCPE. . . SDS electrode shows enhanced values of the interfacial capacitance component with respect
to Yo1. This is attributed to more conducting character of the surface due to ionic adsorption at the
electrode surface and the faster charge transfer process. The decrease in the interfacial electron transfer
resistance Rct is attributed to the selective interaction between modified sensor and the drug and the
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good ionic conductivity of the ILC that resulted in the observed increase in the current signal for
the electro-oxidation.

Table 2. Electrochemical impedance spectroscopy fitting data corresponding to Figure 3.

Electrode Rs
(Ω·cm2)

Rct
(×10−3

Ω·cm2)

Cdl
(×103

F·cm−2)

Yo1
(×10−4

F·cm−2)
n

Cf

(×104

F·cm−2)

Rf

(×10−3

Ω·cm2)

W
(×10−3

Ω·s−1/2)

CPE 183 3.23 0.0199 1.09 0.980 2.94 1.11 1.13
ILCCPE 148 1.59 1.21 2.04 0.910 7.32 0.848 1.10

ILCCPE. . . SDS 80.9 0.739 1.48 53.0 0.933 4.49 0.366 0.552

3.4. Effect of Scan Rate

One of the most important factors affecting the performance of the proposed sensor is its
response under the effect of different scan rates. Figure 4 shows the cyclic voltammetry studies
of 1 mmol·L−1 TZ/0.1 mol·L−1 PBS/pH 7.4 at ILCCPE. . . SDS at different scan rates from 10 to
100 mV·s−1. By increasing the scan rate, the oxidation peak current of TZ increased and the oxidation
potential was shifted to more positive value. For irreversible processes, the rate of electron transfer is
smaller than the rate of mass transport at all potentials, and the peak potential will increase with the
scan rate. Peak potential is also related to other parameters such as symmetry factor (α) that describes
the difference between charge transfer kinetics for forward and reverse processes; this is described
according to the following equation:

Ep = E0 − RT
αnaF

[
0.78 + `n

(
D1/2

k0

)
+ `n

(
αnaFν

RT

)1/2
]

(1)
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scan rate (mV·s−1)1/2, the inset, CVs of 1 mmol·L−1 TZ/0.1 mol·L−1 PBS/pH 7.40 at ILCCPE. . . SDS
at different scan rates (10–100 mV·s−1).

Moreover, the inset of Figure 4 shows the linear relation between the anodic peak current (Ipa, A)
and the square root of the scan rate proving that the electro-oxidation of TZ in the studied scan rate
range was diffusion-controlled process. Moreover, this relation was represented via Randles Sevcik
Equation (1) which can be used to estimate the “apparent” diffusion coefficient (Dapp, cm2·s−1) of TZ.

Ipa = (2.99 × 105)·n·(na·α)1/2·A·C0·D1/2·υ1/2 (2)
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In this equation, n is the total number of electrons exchanged in the oxidation and na is the
number of electrons in the rate determining step at T = 298 K, A is the electroactive area = 0.312 cm2,
C0 is the analyte concentration (1 × 10−6 mol·cm−3) and υ is the scan rate V·s−1. Dapp values were
0.424 × 10−5, 0.827 × 10−5, 4.64 × 10−5 cm2·s−1 and 28.7 × 10−5 cm2·s−1 at CPE, CPE. . . SDS,
ILCCPE and ILCCPE. . . SDS, respectively. This indicated the quick mass transfer of the analyte
molecules towards ILCCPE. . . SDS surface from bulk solution and/or fast electron transfer process of
electrochemical oxidation of the TZ molecule at the electrode-solution interface.

3.5. pH Effect

The pH effect of the PBS, supporting electrolyte, on the voltammetry response of ILCCPE. . . SDS
toward TZ drug was investigated. The reported pKa value of terazosin is 7.1 [76]. The pH effect was
studied for TZ at ILCCPE. . . SDS electrode in the pH range (2–11) as shown in Figure 5. The results
indicated that no observed peak of TZ oxidation was achieved above pH 9 indicating that changing
the pH of the supporting electrolyte affected remarkably the oxidation process. Because protons take
part in the electrochemical oxidation of TZ, the peak current and peak potential are affected by the
pH of the working solution. The anodic peak current of TZ decreased as pH increased. The higher
oxidation peak current for TZ was observed in acidic medium at pH 2, where the TZ drug attracted
to the negatively charged surface of the modified electrode, but pH 7.4 was selected throughout the
experiments because it is a biological fluid pH.
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rate 50 mV·s−1, the inset, CVs of 1 mmol·L−1 TZ/0.1 mol·L−1 PBS with different pH values (2–9) at
ILCCPE. . . SDS.

Our results showed that TZ adsorbed readily on ILCCPE. . . SDS in acidic medium. First, this is
related to the differences in the surface properties of the electrode in absence and presence of SDS
and the adsorption interactions between TZ and the modified electrode surface. Second, the variation
of electrostatic interaction between TZ and the anionic SDS at different pH values could also be
responsible for this phenomenon. As shown in Figure 5, with increasing pH, the oxidation potential
for TZ became more negative, indicating that the electro-catalytic oxidation of TZ at the proposed
sensor is a pH dependent reaction and protonation/deprotenation is taking part in the charge transfer
process. The relationship between the potential and pH was linear, and the regression equation was
as follows:

Epa (V) = 1.247 − 0.048pH (3)
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With a correlation coefficient of r2 = 0.996, the slope was found to be −48 mV/pH units, which
is not close to the anticipated Nernstian theoretical value of −59 mV for an electrochemical process
involving the same number of protons and electrons. These conclusions are in accordance with the
suggested mechanism of the TZ electrochemical reaction Scheme 1 reported in the literature [77].Crystals 2017, 7, 27  9 of 18 
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3.6. Stability, Repeatability and Reproducibility of the Proposed Sensor

One of the factors affecting the performance of the proposed sensor is the repeated cycle
stability. Figure 6 shows the repeated cycle stability of ILCCPE. . . SDS in 1 mmol·L−1 TZ/0.1 mol·L−1

PBS/pH 7.40 up to 25 cycles. Very stable response was obtained with a slight decrease in
the anodic peak currents demonstrating that the proposed sensor was free from fouling by the
oxidation products. In addition, three similarly prepared modified electrodes of ILCCPE. . . SDS
were utilized independently for determination of TZ. Low relative standard deviation of 0.91% was
obtained. This result demonstrated that good reproducibility and stable response was obtained at the
modified electrode.
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4. Determination of TZ in Real Samples

4.1. Determination of TZ in Urine

It is very important to check the validity of the sensor in the real sample analysis. On the other
hand, TZ is toxic in excess or when abused; therefore, it is necessary to detect its concentration in
blood or urine samples. Figure 7 (inset) shows the differential pulse voltammograms (DPVs) of
standard additions of 1 mmol·L−1 TZ/0.1 mol·L−1 PBS/pH 7.40 to 15 mL of diluted urine/pH 7.40 at
ILCCPE. . . SDS which indicated that by increasing the concentration of TZ, the anodic peak current
increases. Figure 7 shows the calibration curve of the anodic peak current values in urine in the linear
range of 0.002 to 0.09 µmol·L−1 with a correlation coefficient (r2) = 0.966 and a detection limit of
1.69 × 10−11 mol·L−1 and the regression equation for TZ is Ip (µA) = 105.3 c + 6.212 (µmol·L−1).
The second inset of Figure 7 shows the calibration curve of TZ in urine at ILCCPE. . . SDS in the linear
range of 0.2 to 30 µmol·L−1. A detection limit of 6.43 × 10−9 mol·L−1 and the regression equation
for TZ is Ip (µA) = 2.695 c (µmol·L−1) + 18.64 with a correlation coefficient of 0.995 was obtained.
The detection limit (DL) was calculated from the following Equation (3):

DL = 3·(s/b) (4)

where s is the standard deviation and b is the slope of the calibration curve. The results indicated that
the present procedures are free from interferences of the urine sample matrix and strongly proved that
TZ can be sensitively determined at ILCCPE. . . SDS in urine sample with low detection limit. Table 3
shows the comparison for the determination of TZ at ILCCPE. . . SDS with various modified electrodes
based in literature reports. Relatively higher sensitivity and lower detection limit for TZ was achieved
at the proposed sensor. On the other hand, four different concentrations on the calibration curve are
chosen to be repeated five times to evaluate the accuracy and precision of the proposed method which
is represented in Table 4.
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to 30 µmol·L−1); and (B) calibration curve for TZ in the linear range (0.2 µmol·L−1–30 µmol·L−1) at
ILCCPE. . . SDS.
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Table 3. Comparison of TZ determination at various modified electrodes-based literature reports.

Sample [TZ] Added
(µmol·L−1)

[TZ] Found
(µmol·L−1) a

Recovery
(%)

Standard Deviation Standard Error b

/10−8 /10−8

1 0.002 0.0019 99.94 0.57735 0.3333
2 0.01 0.0099 99.86 1 0.5774
3 2 1.968 98.4 57.735 33.33
4 20 20.03 100.13 10 5.774

a Average of five determinations; b Standard error = Standard deviation/n1/2.

4.2. Interference Study

Determination of TZ may be interfering with co-existing biological compounds in the human
fluid such as ascorbic acid, uric acid [78,79], dopamine [79] and paracetamol [79,80]. Paracetamol or
acetaminophen (APAP) and morphine are two analgesic drugs widely used for the treatment of pain
and fever. However, over dosage results in liver and kidney damage and may lead to death [79,80].
Therefore, it is necessary to investigate the simultaneous separation of these compounds with TZ at
the modified electrode.

Figure 8A and the inset show the DPVs of 1 mM TZ and 1 mM DA/0.1 M PBS/pH 7.4 at
ILCCPE. . . SDS and CPE. . . SDS. Two well-defined sharp peaks were obtained at ILCCPE. . . SDS at
156 mV and 820 mV with current values 249 µA and 301 µA for DA and TZ, respectively, compared to
the case of CPE. . . SDS, where the two peaks were obtained at 168 mV and 804 mV with lower current
response values 36 µA and 170 µA, respectively.

Similar behavior was obtained in other binary mixtures of TZ/MO and TZ/APAP. Figure 8B
and the inset show the electrochemical behaviors of 1 mM TZ, and 1 mM MO/0.1 M PBS/pH 7.4 at
ILCCPE. . . SDS and CPE. . . SDS. Two well-resolved oxidation peaks with higher current values were
obtained at ILCCPE. . . SDS at 396 mV and 808 mV and current values 44 µA and 62 µA for MO and
TZ, respectively, compared to the MO and TZ oxidation peaks, which were obtained at CPE. . . SDS at
392 mV and 808 mV with current values 10 µA and 49 µA, respectively.

Furthermore Figure 8C and the inset show the electrochemical behaviors of 1 mM TZ, and 1 mM
APAP/0.1 M PBS/pH 7.4 at ILCCPE. . . SDS and CPE. . . SDS, respectively. Two well-resolved oxidation
peaks of APAP and TZ at 392 mV and 836 mV with higher current values 97 µA and 130 µA were
obtained at ILCCPE. . . SDS compared to APAP and TZ oxidation peaks were obtained at CPE. . . SDS
at 448 mV and 792 mV with current values 27 µA and 74 µA, respectively.

Thus, we conclude that the proposed sensor can be used for determination of the drug with good
resolution and potential peak separation in presence of other interferences in the human body.

On the other hand, the oxidation of some biomolecules such as ascorbic acid and uric acid may
compete with that of TZ, thus it is very important to selectively determine TZ in presence of these
interfering species. Therefore, the determination of TZ in the presence of AA and UA is very crucial
from the clinical point of view. Thus, we examined these organic acids: AA and UA using ILCCPE and
ILCCPE. . . SDS to determine their possible interference effects on the TZ sensing (Figure 9).

Figure 9A shows the DPVs of 0.1 mM AA in 0.1 M PBS/pH 7.4 at ILCCPE and ILCCPE. . . SDS. AA
oxidation peak current observed at ILCCPE at 16 mV and it disappeared at ILCCPE. . . SDS. Figure 9B
shows the DPVs of 0.01 mM of UA in 0.1 M PBS/pH 7.4 at the ILCCPE and ILCCPE. . . SDS. UA
oxidation peak current at ILCCPE electrode obtained at 366 mV with current 17 µA and it decreased
at ILCCPE. . . SDS to 10 µA at 350 mV. The adsorption of the anionic surfactant SDS may lead to
electrostatic repulsion between the anionic film and anionic species (AA and UA) at the electrode
surface, thus decreasing their electron transfer [81].
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Figure 8. (A) DPV of 1 mmol·L−1 TZ in the presence of 1 mmol·L−1 DA at ILCCPE. . . SDS, the inset,
the DPV of 1 mmol·L−1 TZ in presence of 1 mmol·L−1 DA at CPE. . . SDS; (B) DPV of 1 mmol·L−1 TZ
in the presence of 1 mmol·L−1 MO at ILCCPE. . . SDS, the inset, DPV of 1 mmol·L−1 TZ in presence of
1 mmol·L−1 MO at CPE. . . SDS; and (C) DPV of 1 mmol·L−1 TZ in presence of 1 mmol·L−1 APAP at
ILCCPE. . . SDS, the inset, the DPV of 1 mmol·L−1 TZ in presence of 1 mmol·L−1 APAP at CPE. . . SDS.

Table 4. Evaluation of the accuracy and precision of the proposed method for the determination of TZ
in urine samples.

Electrode LDR Sensitivity (µA/µM) LOD Reference

GNMCPE (urine) 0.2 µM–30 µM - 0.28 (nM) [82]
GC/SDS (buffer) 0.04 µM–2.4 µM - 4.58 (nM) [20]

HPLC (buffer) 2 µg/mL–500 µg/mL - 0.065 µg/mL [83]
(TRZ.PMA) cp 1 µM–10 mM - 800 (nM) [84]
ILCCPE. . . SDS

(urine)
0.002 µM–0.09 µM 105 0.0169 (nM)

This work0.2 µM–30 µM 2.695 6.43 (nM)

GNMCPE: Gold nanoparticles modified CP electrode; GC: glassy carbon; HPLC: High pressure liquid
chromatography; (PMA) cp: potentiometric titration with phosphomolybdic acid CP electrode.

The ability of ILCCPE. . . SDS modified electrode to realize the voltammetric separation of 0.1 mM
TZ, 0.01 mM UA and 0.1 mM AA in their mixture solution was investigated. The electrochemical
behaviors of TZ, UA and AA in 0.1 M PBS/pH 7.4 were studied at ILCCPE and ILCCPE. . . SDS
(Figure 9C and the inset). The values of pKa of TZ, AA and UA are 7.1, 4.10 and 5.4, respectively. Three
well-resolved peaks at 768 mV, 320 mV and 80 mV for TZ, UA and AA respectively obtained at ILCCP
(the inset). Using the ILCCPE. . . SDS, only two peaks were obtained, one sharp peak with higher
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current response for TZ at 779 mV and another broad peak with lower current response for UA. This
showed the ability to determine selectively TZ in the presence of these species at ILCCPE . . . SDS.

Selective determination of TZ in presence of AA and UA mixture was also investigated when
the concentration of TZ changed, whereas the others were kept constant. Figure 9D shows that the
oxidation peak current of TZ increased with an increase in TZ concentration (10→ 100 µmol·L−1)
while the concentrations of AA and UA were kept constant at 0.1 mmol·L−1 and 0.01 mmol·L−1,
respectively. The regression equation for the calibration curve of TZ (inset) is Ip (µA) = 0.4227 C
(µmol·L−1) + 2.414 (with a correlation coefficient of r2 = 0.995).

The previous results revealed the validity of the proposed sensor for the selective determination
of TZ in presence of interfering species with high sensitivity.
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0.1 mmol·L−1 AA at ILCCPE. . . SDS for concentration range (10 µmol·L−1–100 µmol·L−1) (inset:
calibration curve for TZ in the linear range (10 µmol·L−1–100 µmol·L−1) at ILCCPE. . . SDS).

5. Conclusions

In the present work, Ionic liquid crystal modified carbon paste electrode in presence of SDS
(ILCCPE. . . SDS) was successfully fabricated and optimized for the electrochemical determination of
TZ. Simultaneous determinations of TZ with dopamine, APAP and morphine in 0.1 M PBS/pH 7.4
binary mixtures were achieved with good separation. On the other hand, this sensor shows
anti-interference ability; it can selectively determine TZ with high current response in presence
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of large amount of ascorbic acid and uric acid and the method was simple, sensitive and successfully
applied for determination of TZ in human urine. High conductivity and inherent catalytic ability
resulted in increasing electron transfer rate of the electro-oxidation of TZ using ILCCPE compared
to the other modified electrodes, IL1CPE and IL2CPE in presence of SDS. Under the optimum
conditions, calibration plots for TZ were linear in the ranges of 0.002 to 0.09 µmol·L−1 and 0.2 to
30 µmol·L−1 with correlation coefficients of 0.996 and 0.995 and detection limits 1.6 × 10−11 mol·L−1

and 6.43 × 10−9 mol·L−1, respectively. The good properties of this modified electrode will expand its
application in electrochemical field for the determination of other drugs in biological fluids without
any interference.
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