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Abstract

Clozapine (CLZ) is one of the most vital medications for managing schizophrenia, and the timely measurement of CLZ lev-
els has been recognized as an obstacle to the wider use of CLZ. Herein, for the first time, nickel-doped graphene nanotubes
(Ni@GRNT) were used to construct an electrochemical CLZ sensor by drop coating Ni@GRNT suspension on a glassy
carbon electrode. The Ni@GRNT was synthesized and characterized using X-ray diffraction, scanning electron microscopy,
and energy-dispersive X-ray spectroscopy. The electrochemical behavior and influence of different physicochemical factors
of sensing electrodes were investigated by using cyclic voltammetry, EIS technique, and differential pulse voltammetry
techniques. Also, the catalytic rate constant (k) and the transfer coefficient (o) were calculated. The modified electrode
illustrated satisfactory linear range, detection limit (LOD), reusability, and reproducibility results. At optimal experimental
conditions, measurements can be performed at a broad linear dynamic range of 0.3 nmol L™'-60.0 pmol L~! CLZ and with
a LOD of 0.1 nmol L™!. The sensitivity value was estimated to be 3.06 pA pumol L~! cm~2. Ultimately, this platform was
successfully used for CLZ sensing in spiked human blood serum and tablet samples with an accuracy of >93%.
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Graphical abstract

CLZ
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A GCE
modified with
the Ni@QGRNT as
a sensitive
sensor.

CLZ: Clozapine
GCE: Glassy carbon electrode
Ni@GRNT: Nickel-doped graphene nanotubes
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Introduction

Clozapine (CLZ), C,gH,¢CIN,, is a standard antipsychotic
drug and one of the most effective treatments for tenacious
schizophrenia, controlling violent behaviors and suicidal
or similar perturbations. The chemical structure of CLZ is
shown below:
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Studies demonstrate that 30-60% of patients with treat-
ment-resistant schizophrenia may respond to this valu-
able drug. However, despite its widespread use, CLZ also
poses adverse side effects and controlling its dosage value
is therefore crucial [1]. Reliable and accurate techniques

such as chromatography and spectrophotometry have been
universally used for the quantitative analysis of CLZ in
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variant formulations as well as in biological samples [2—4].
However, these methods also have disadvantages, e.g., the
low sensitivity in spectroscopy and the high-cost, tedious
process and often complex sample preparation in high-per-
formance liquid chromatography (HPLC). The use of elec-
trochemical sensors therefore presents an attractive alterna-
tive for the detection and quantification of CLZ. Moreover,
using relatively non-toxic and safe substances, the possibil-
ity of miniaturized in vivo electroanalytical sensors can be
realized to provide rapid, simple, highly sensitive and cost-
effective means for monitoring CLZ levels [5-8]. A number
of electrochemical techniques, such as amperometry and
voltammetry, have already been employed for the deter-
mination of the CLZ level [9, 10]. Nonetheless, some of
them suffer from high detection limits, low sensitivity and
selectivity or low linear concentration range. As regards the
challenge of sustaining serum levels of the CLZ in a secure
therapeutic range (1-3 pM) [11], a reliable and responsive
method for the measurement of this drug is important.
Providing an efficient platform to realize a stable elec-
trochemical response may be a significant element for the
fabrication of an excellent sensitive electrochemical sensor.
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The glassy carbon electrode (GCE) remains to be an appeal-
ing choice due to its simple fabrication, wide potential range,
low residual current and simple surface regeneration. Intro-
ducing nanostructures or nanomaterials on the other hand
can modify and improve the activity of electrochemical sen-
sors. Graphene, for instance, due to its excellent conductiv-
ity and interesting catalytic activity, has been incorporated
into various sensing platforms [12, 13]. However, the slow
direct electron transfer from graphene layers to the unmodi-
fied electrode surface results in a high limit of detection
(LOD) and low sensitivity. Thus, electrode surface modifica-
tion becomes imperative for the production of high-quality
graphene-based electrochemical sensors. Further, extensive
research is being done to look at the application of differ-
ent nanomaterials like metallic nanoparticles, quantum dots
and a few nanocomposites containing carbon nanostructures
in order to enhance the electrochemical sensing properties
[14-16].

Due to their excellent electrical conductivity, mechani-
cal strength, and the enormous specific area, carbon nano-
tubes (CNTs) and graphene have been employed as active
electrodes for supercapacitors. On the other hand, aggregate
formation in CNTs and/or graphene plates mostly resulted in
flexible supercapacitors with a comparatively indistinct per-
formance [17, 18]. Further progress in carbon nanotube-on-
graphene (nanotube @ graphene) hybrids has been achieved
by growing CNTs vertically on graphene sheets [19-23].
The formed nanotube @ graphene hybrids possessed a typi-
cal 3D structure, which may efficiently prevent aggregation
between them, resulting in an increased total surface area
[24, 25]. In addition, the seamlessly connected nanotube @
graphene hybrids exhibited an Ohmic contact at the junction
between the graphene and the nanotubes, resulting in a fast
charge transfer from the graphene to the nanotubes [24, 25].
Thus, owing to their resulting excellent electrical property
and enormous surface area, the seamlessly connected nano-
tube @ graphene hybrids can be used as effective electrodes
for electronic devices, such as high-performance super-
capacitors [24, 25] and electrochemical sensors [26-29].
Metal-nanoparticle composites containing graphene and
carbon nanotubes with high stability and catalytic power
are explored to improve electrocatalytic activity and have a
high active surface area [30-33].

In the present study, we synthesized nickel-doped graphene
nanotubes (Ni@GRNT) to scale back the clustering effect
of nanoparticles and maintain the catalytic activity of such
hybrid materials. Ni@GRNT were then deposited onto GCE
(Ni@GRNT/GCE) and were evaluated for its performance for
the first time as a CLZ sensor in spiked human blood serum
samples, via the electrocatalytic oxidation of CLZ.

The properties and characterization of the modified elec-
trode as a CLZ sensor were studied using electrochemi-
cal and materials characterization techniques. Further,

we demonstrate here that the fabricated Ni@GRNT/GCE
provides a low-cost, portable, rapid and sensing platform
option.

Experimental section
Materials, reagents, samples, and apparatus

CLZ, 3,3,5,5'-tetramethylbenzidine (TMB), oxalic acid,
nickel chloride, melamine, sulfuric acid (H,SO,), chloropla-
tinic acid, sodium borohydride, sodium hydroxide (NaOH),
hydrochloric acid (HCI), and all other materials were pur-
chased from Merck (http://www.merck.com), Sinopharm
Chemical Reagent (http://en.reagent.com.cn/) or Sigma-
Aldrich (http://www.sigmaaldrich.com) companies. Mate-
rials and reagents were of analytical grade and used without
further purification. High-purity water (using Ultrapure
Water System (Smart-2-Pure, TKACo, Germany)) was used
for all experiments in this study. Phosphate buffer solutions
(PBS) and acetate buffer solutions (ABS) were used to adjust
the pH as supporting electrolytes. The cold field emission
scanning electron microscope (FESEM) used was a JSM-
6700F (Japan). The X-ray diffraction (XRD) patterns of the
synthesized nanostructure were obtained using a Philips,
X\'Pert Pro (Netherlands). Electrochemical measurements
were taken using a Palm Sens Em state 3 4+ Potentiostat
(Netherlands). The differential pulse voltammetry (DPV)
experiments were performed at Eg.,=5 mV, E ;. =60 mV,
fouse=0.02 s and with a scan rate of 0.1 V s™!. A redox
probe was prepared using a solution containing 5.0 mM
K;Fe(CN)¢/K,Fe(CN)q and 0.1 M KCI (1:1). An Ag/AgCl/
KCl1 (3.0 M) reference electrode, a Pt wire counter elec-
trode (Azar Electrode, Iran), and a glassy carbon working
electrode (unmodified or modified) (geometric surface
area=0.03 cm?) were used to build a three-electrode system
for the electrochemical experiments. A pH/mV meter (Bel
PHS3-BW (Italy)) was used for pH studies. All experiments
were carried out at ambient temperature.

The CLZ tablets were obtained from the pharmaceuti-
cal company of Tehran Chemistry (http://www.tehrandarou.
com), whereas the human blood serum samples were from
the Blood Transfusion Organization (http://www.tbtc.ir) in
Tehran, Iran.

Preparation of spiked human blood serum samples
and (solution from) CLZ tablet

Spiked human blood serum samples were prepared from
CLZ tablets and human blood serum samples. First, the
serum samples were diluted with 0.1 mol L™! PBS to a ratio
of 1:20 and then set aside. Then, a stock solution of CLZ
was prepared by dissolving powdered 25.0 mg CLZ (~ 10
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tablets) in 0.1 mol L™! HNO; to a final concentration of
0.01 mmol L~! CLZ. To remove undissolved impurities, the
solution was also filtered. The stock solution was then used
to prepare solutions of different CLZ concentrations by fur-
ther dilution with 0.1 mol L™! PBS. These solutions were
then used to spike the diluted human blood serum samples
resulting in serum samples with different concentrations of
CLZ. These CLZ-spiked serum samples were then used for
DPV measurements with the Ni@GRNT.

Scheme 1 Fabrication of
nickel-doped graphene nano-
tubes grafted onto glassy carbon
electrode (Ni@GRNT/GCE) as
an electrochemical sensor for
clozapine (CLZ)

GCE: Glassy carbon electrode
CLZ: Clozapine

Ni@GRNT

Dropping

Ni@GRNT: Nickel-doped graphene nanotubes

T

Preparation of nickel-doped graphene nanotubes
(Ni@GRNT)

The Ni@GRNT was synthesized based on the Bao method
[34]. Briefly, 1.57 g oxalic acid was added into 40.0 mL
of high-purity water. Then, 1.26 g melamine and 10.0 mL
0.25 mol L™! nickel (II) chloride were added to this solu-
tion. To form a homogeneous emulsion, the mixture was
then stirred for 45 min at room temperature and then subse-
quently refluxed at 80 °C for 12 h. During the synthesis, Ni**
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Fig. 1 SEM images of Ni@GRNT (a, b), the recorded EDX spectrum Ni@GRNT (c), and the XRD diffractogram of the prepared Ni@ GRNT
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is homogeneously dispersed via chelation with the oxalic-
acid-treated melamine composites. The emulsion was then
filtered to obtain the filter cake, which was then dried and
powdered. The resulting powder was then heated up at a rate
of 5 °C min~! until it reached 900 °C, at which it was then
held constant for 120 min in N,. The resulting black fluffy
particles were then dispersed in 0.5 mol L™ H,SO, at 80 °C
for 8 h to produce the Ni@GRNT.

Fabrication of the Ni@GRNT/GCE

The GCE was polished using 0.05-pm alumina powder
slurry and then sonicated in deionized (DI) water for
3 min to remove surface contamination. The GCE was
then dried at 25 °C in the air prior to use. Afterward,
1.0 mg of the Ni@GRN was added to 10.0 mL ethanol
and the mixture was sonicated for 45 min. Ni@GRNT/
GCE is produced by dropping 4.0 pL of the mixture onto
the polished GCE and allowing the electrodes to dry in
the air. These electrodes were stored at room temperature
prior to use. The fabrication process of the sensor is also
shown in Scheme 1. These sensor electrodes were then
subjected to various electrochemical measurements to
investigate their electrochemical behavior.

Results and discussion section
Characterization of the Ni@GRNT

The morphology and structure of the synthesized Ni@GRNT
were investigated using a field-emission scanning electron
microscope (FE-SEM). Figure 1a shows the entwined Ni@
GRNT nanostructures, which form a connected conduc-
tive network. At higher magnification (Fig. 1b), the smooth

surface of the Ni@GRNT can be seen. This morphology
composed of irregular lumps from seemingly interwoven
strands of Ni@GRNT, and without forming any agglom-
erates, provides a high-surface area electrode for effective
electrochemical measurements. Furthermore, in Fig. Ic, the
energy-dispersive X-ray (EDX) spectrum confirms the pres-
ence of the elements Ni, O and C in the Ni@GRNT. Addi-
tionally, the crystal structure and phase purity of the Ni@
GRNT are examined by XRD analysis, and the diffraction
peaks are shown at 26°, 44°, 53° and 77° (Fig. 1d).

Electrochemical behavior of the Ni@GRNT as a CLZ
sensor

To investigate the electrochemical behavior of the Ni@
GRNT/GCE, cyclic voltammograms (CVs) of the modi-
fied and bare GCE were recorded in a redox probe contain-
ing 0.1 M PBS, 5.0 mmol L! K;Fe(CN)¢/K Fe(CN)4 and
0.1 mol L™' KCI (1:1) at a scan rate of 100 mV s~! (Fig. 2a).
The higher current of the Ni@GRNT/GCE compared to
that of the unmodified GCE shows that the addition of Ni@
GRNT increases the current signal needed in producing an
effective sensor. This increase in current is likely due to the
Ni@GRNT serving as a bridge to accelerate the electron
transfer between the redox probe and the GCE surface. As
such, we also performed EIS to further characterize the elec-
tron transfer properties of the Ni@GRNT/GCE. The charge
transfer resistance, R, can be used to estimate the kinet-
ics of the redox probe at the (modified) GCE interface and
investigate the probe attachment on the Ni@GRNT/GCE
[16, 17]. Indeed, the Nyquist plots (Fig. 2b) show the smaller
R, of NiI@GRNT/GCE (280 Q), compared to that of the
unmodified GCE (750 Q). This reduction of the R, value can
be attributed to the increased surface area and better conduc-
tivity with the addition of the Ni@GRNT nanostructures.
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Fig.2 The recorded a CV curves and b Nyquist plots for the a bare
GCE and b Ni@GRNT/GCE in 5.0 mmol L™} [Fe(CN)]*~"*~ and
0.1 mol L™! KCI (1:1) as a redox probe at a scan rate of 100 mV s™'.
Inset: An equivalent circuit for the fitted Nyquist plots. ¢ The

recorded CVs in the absent of the CLZ in 0.1 M PBS (pH=7.0) for
a bare GCE and ¢ Ni@GRNT/GCE, and DPVs of 0.2 mmol L™!
CLZ for the b bare GCE and d Ni@ GRNT/GCE in 0.1 mol L™! PBS
(pH=17.0)
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The noticeable increase of the current with the Ni@GRNT/
GCE shows that the Ni@GRNT effectively modified the
GCE. Consequently, both the CV and EIS confirm the suc-
cessful fabrication of the Ni@GRNT as an electrochemical
Sensor.

The electrochemically active surface area (A) of the Ni@
GRNT/GCE and unmodified GCE can also be determined
by performing CV at various scan rates according to the
Randles—Sevcik equation [35]. From the redox peaks in the
CV plots of the bare and modified GCE in the redox probe,
the value of A for Ni@GRNT/GCE and the unmodified GCE
were determined to be 0.54 cm? and 0.06 cm?, respectively.
These findings show the apparent increase in the surface area
of the GCE upon modification with Ni@GRNT.

Improving the modified Ni@GRNT/GCE

To evaluate the performance of the Ni@GRNT/GCE in the
detection and determination of CLZ, its electrocatalytic
behavior against the unmodified GCE, in the presence of
0.2 mmol L™! CLZ in 0.1 mol L~! PBS (pH=7.0), was stud-
ied by DPV (Fig. 2c). Overall, the Ni@GRNT/GCE pro-
duces a larger peak current and a more positive E, value in
comparison with the unmodified GCE. This behavior can
be attributed to the interconnected conductive structure and
larger surface area of the Ni@GRNT/GCE. In the absence
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Fig.3 a The effect of the amount of NI@GRNT on the electrode
modification process based on the measured current response. Here,
we used different volumes of 1 mg/mL Ni@GRNT solutions (1, 2,
3,4, 5 and 6 pL) containing 0.1 mmol L~! CLZ. b The effect of the
adsorption time on current response of the modified electrode from 0
to 350 s. Here, we measured in a solution containing 0.1 mmol L™
CLZ in 0.1 mol L™! PBS at pH=7.0 (Number of replicates =4)
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of the CLZ, the Ni@GRNT/GCE shows an increased capaci-
tive current compared to the bare GCE. To maximize the
signal for the determination of CLZ on the Ni@ GRNT/GCE
surface, several vital analytical parameters were optimized
which are described in the following sections.

Optimization of the Ni@GRNT amount
and accumulation time

The initial amount of the Ni@GRNT deposited onto the
GCE surface can also influence the signals produced. To
investigate the optimal amount of the Ni@GRNT to mod-
ify the GCE, different volumes of 1.0 mg/mL Ni@GRNT
solution were dropped onto the bare GCE surface and the
corresponding DPV curves were recorded. Figure 3a shows
that the maximum DPV current is achieved for the substrate
prepared with 4.0 uL of the Ni@GRNT drop-casted onto
the GCE. Hence, 4.0 puL of the Ni@GRNT was considered
as the optimal amount for the succeeding experiments. The
impact of CLZ adsorption onto the Ni@GRNT/GCE surface
was also studied. Figure 3b shows the peak current versus
adsorption time for 0.1 mmol L™! CLZ in 0.1 mol L™ PBS
at pH="7.0. By increasing the accumulation/adsorption time
from O to 350 s, the peak current was increased substantially.
Also, after a preconcentration of 220 s, the current value
plateaued (and after, declined a bit) due to the surface satu-
ration of the electrode by the CLZ. As such, the optimum
accumulation time is deemed to be at 220 s.

Effect of scan rate and pH

To investigate the kinetics and electrochemical behavior of
the Ni@GRNT/GCE necessary for the CLZ detection, we
also performed cyclic voltammetry with 1.0 pmol L™! CLZ
in PBS (pH=7.0) from 50 to 500 mV s~! (Fig. 4a). With
increasing scan rate, both the 7, and I, values increased
in a linear manner (Fig. 4b) and can be described by the
following equations:

L,(uA) = 0.0304v + 1.8438, R> = 0.9954

I .(pA) = =0.024v — 0.8114, R* = 0.995

These results show the adsorption process that could
influence the electrochemical oxidation of CLZ. A linear
behavior was also observed for the log I, versus log v with
a slope of 0.7, providing the adsorption-controlled oxida-
tion of the CLZ onto the Ni@ GRNT/GCE [1, 35]. Also,
by increasing the potential sweep rate, the peak potential
(E,,) value moved to more positive values, posing a kinetic
limitation to the CLZ oxidation reaction. As can be seen
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Scheme 2 The proposed mechanism for the electrochemical oxida-
tion of CLZ on the Ni@GRNT/GCE surface

in Fig. 4c, a good linearity between the E},, and log v can
be seen:

E, (V) = 0.035 log v + 03841, R* = 0.9978

E, (V) = —0.0195 log v + 0.4381, k> = 0.992

The Tafel slope (b) was obtained from the slope of the
equation [13, 35]:

b
E, = 5 log v + constant

GCE in 0.1 mol L' PBS at different pH values (4.0, 6.0, 6.5, 7.0,
and 7.5). e the correlation of the current value versus pH value and
f peak potential vs. pH value corresponding to the CV (Number of
replicates =4)

The slope of the Tafel plot was calculated to be 0.07, and
considering the 2e™ oxidation of the CLZ on the Ni@GRNT/
GCE surface, we obtained a transfer coefficient () value of
0.57, using the equation [16, 35]:

_ 2.303/RT
" (1 —a)nF

where R is the ideal gas constant, T is temperature, # is
the number of electrons (2 in a 2e™ reaction/process) and F'
is Faraday’s constant (96,485.3365 C mol ™).

From these results and using the Laviron equation:

LogK,=alog(l—a) + (1 - a)log «
— log (RT /nFv)—a(l —a)
(nFAE,/23RT)

We calculated the catalytic rate constant (k) [1, 35] to
be 2.05 s™!. This k,, value points to the ability of the Ni@
GRNT to promote the electron transfer between the CLZ and
GCE surface effectively.

Additionally, the influence of pH on the electrochemical
behavior of CLZ adsorbed on Ni@GRNT/GCE was also

investigated. This was done in the range of 4.0-7.5 and in the
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presence of 1.0 pmol L~! CLZ (Fig. 4d). The maximum peak
current signal was obtained at pH="7.0 (Fig. 4e). Plotting the
E,, versus pH gives a linear relation between the oxidation
peak potential and pH (Fig. 4f). The equations for the peak
potential versus pH linear relations are given below:

E,(V) = —0.0521 pH + 0.7888, R* = 0.9988

E, (V) = —0.0502 pH + 0.7303, R* = 0.9989

The decrease in E|, with increasing pH demonstrates the
contribution of proton transfer in the oxidation reaction of
CLZ. The slope is then equal to the Nernst slope, suggesting
that the CLZ on the modified electrode surface in the pH
range of 4.0-7.5 involves a two electron-two proton process,
as postulated in Scheme 2 [1, 5 and 6].

Determination of the CLZ by Ni@GRNT/GCE

The DPV signals for several concentrations of the CLZ
(from 0.3 to 60.0 umol L™!) were also measured to evaluate
the ability of the Ni@GRNT/GCE in detecting and deter-
mining the CLZ level. The currents increase with increasing
CLZ concentrations (Fig. 5a). The plot of the peak current
against the CLZ concentration is linear within the measured
concentration range:

L,(uA) = 44473 log C (umol L") + 17.232, R* = 98.78

The detection limit (LOD) of the method based on a
signal-to-noise ratio of 3 (S/N=3) was calculated to be
0.1 nmol L~!. In addition, sensitivity was also evaluated for
an effective and easy means of comparing our sensor with
those of other platforms, especially since this factor depends
on the actual active surface area of the working electrode.
We determined a value of 3.06 pA pumol L™ cm ™2 (Fig. 5b)
for the sensitivity of our sensor.

Our results show that our simple, cost-effective, non-toxic
and stable (in terms of signal response) platform for detect-
ing CLZ and determining its concentration is comparable or
even better than the other methods reported for CLZ detec-
tion (Table 1). These satisfactory results can be attributed
to (i) the preparation of the active sites onto the modified
GCE surface which led to an effective oxidation of CLZ;
(ii) using the Ni@GRNT and taking advantage of its better
conductivity and higher surface area; and (iii) the structure
of Ni@GRNT tubes which allow them to be easily function-
alized with other active materials simultaneously on both
outer and inner tube surfaces to increase the electrochemical
performance.

Table 1 Comparison of Ni@GRNT/GCE with other sensor electrodes for the detection of CLZ

Modified electrode Technique pH  Linear range (nmol L™') LOD Potential (mV)  Real samples References
(nmol
LY
BiCl,/GCE DPV 50  LOx107-1.0x10%* 6.1 320 Tablet [36]
uFSE Amperometry  — 1.0x10*2-1.0x 10™ 24.0 - Blood [37]
TiO,NP/CPE DPV 9.0 5x10*245x10%3 61.0 370 Tablet [5]
MWWTd/NCe/PPYf/GCE LSV 544 1.0x107-5x 10" 3.0 500 Blood [6]
MWWT/GCE SWV 70 1.0x1072-2.0%x10%3 30 462 Urine and blood ~ [38]
CIL and ISS-CIL Electrodesa DPV 35 1.0-1.0x10%2 0.20 570 Blood [39]
Rug-TiO,/CPE SWV 104  9.0x10"4.0x10* 0.43 210 Tablet and urine ~ [40]
TiO,NP@CuO/CPE DPV 50  1.0x107°-1.0x10%* 0.01 500 Blood and tablet  [1]
RuTiO,/MWCNTs-CPE SWV 5.0 10.0-70.0 0.05 480 Tablet and urine [10]
NiO/GQD/GCE DPV 20 3.0-1.0x10" 0.55 ~650 Blood and tablet  [41]
Ni@GRNT/GCE DPV 70 0.3-6.0x10" 0.1 410 Blood and tablet This work
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Fig.6 a A histogram of the tolerance limit of the different interfer-
ents. The tolerance limit of the interferents added to 1.0 pmol L™
CLZ was ~200 times for K* and fructose, ~150 times for Ca>*, Mg>*
and glucose, ~60 times for urea, ascorbic acid, and valine, ~40 times
for cysteine, caffeine, and dopamine, and ~20 times for uric acid. b
The current ratio (//1,) for the different interferents (/ and /, represent
the peak current responses of CLZ in the presence and absence of

Investigation of the selectivity

The impacts of several organic and inorganic species on
CLZ measurement as probabilistic interferences were esti-
mated to assess the applicability of the sensor for real sample
analysis. The tolerance limit was defined as the concentra-
tion ratio of the CLZ in the presence of interferences which
causes a relative error of < +5.0%. The results depicted that
various interfering species did not interfere with the detec-
tion of 1.0 umol L™! CLZ. A histogram of the change of con-
centration versus several probable interferents against CLZ
(Fig. 6a) indicates that 200 pmol L™ of K* and fructose,
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interference, respectively). ¢ The recorded DPVs of the Ni@GRNT/
GCE containing 20.0 pmol L™' CLZ solution in PBS 0.1 mol L™! in
pH=6.5 for six days and signals were recorded every day d record-
ing five replicate DPVs in PBS, pH 6.5 containing 5.0 pmol L™! CLZ
(number of replicates =3). DPVs for CLZ in the real samples e for
CLZ tablets and f for human blood serum samples (Number of repli-
cates=4)

150 pmol L™! of Ca*, Mg?*, and glucose, 60 pmol L™! of
urea, vitamin C, and valine, 40 pmol L' of cysteine, caf-
feine, and dopamine, and 20 pmol L™" of uric acid (which
are typical values of these species in human blood serum)
did not significantly interfere with 1.0 pmol L~! CLZ. Fur-
thermore, a histogram of the current ratio (/1) versus the
interference (I and I, represent peak current responses of
the CLZ in the presence and absence of interferents, respec-
tively) was also plotted (Fig. 6b) to ensure that losses in the
current response of the sensor due to the presence of inter-
ferents are acceptable.

Table 2 Determination of CLZ

. | W . Sample  No As-prepared CLZ con-  Derived CLZ concentration Recovery (%)  Error (%)
in tablet andl u?:}im blood ¢ centration (mol L™ *  from measurements (mol L)
serum samples (the mean o .
four replicates)
Tablet 1 1.00x 1077 1.06x 107 106.20 6.20
2 1.00x 107 0.95x 107 95.10 4.90
3 1.00x 107 0.97x107° 97.24 2.76
Serum 1 1.00x 1077 0.93x 1077 93.43 6.57
2 1.00x 107 0.96x 107 96.27 3.73
3 1.00x107° 0.98x107° 98.18 1.82

*Concentration value determined from the quantitative preparation of the sample (volumetric and gravi-

metric quantities)

**Concentration calculated and derived from DPV measurements
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Long-term stability and repeatability of the sensor

Another important factor to consider in fabricating CLZ
sensors is its stability. For this, we recorded the DPV peak
current in 20.0 pmol L~! CLZ every day for 6 days (Fig. 6¢).
The peak current responses of the Ni@GRNT/GCE on the
last days were 91.0+3.5% of the original peak current (day
1), indicating a standard deviation of 5.0%, which reflects an
acceptable long lifetime of the sensor platform. The repeat-
ability of the Ni@GRNT/GCE results was calculated by
recording five replicate DPVs in PBS, pH 6.5 containing
5.0 pmol L™! CLZ (Fig. 6d). The relative standard devia-
tion (RSD) was estimated to be 2.1%, a satisfactory result
showing the compatibility of the Ni@GRNT/GCE for CLZ
sensing and further confirming that the sensor is extremely
stable and can be used to obtain repeatable measurements.

Analytical application to measure CLZ in tablet
and spiked human blood serum samples

The CLZ sensing in the spiked serum samples and tablet
were performed to assess the reliability of the sensor in
measuring CLZ concentrations in real samples. The DPVs
were recorded in samples prepared via the standard addition
method (Fig. 6e and f). The accuracy of the measurement
was determined by comparing the concentrations derived
from the DPV measurements with the added (known) con-
centrations based on the sample preparation. The good RSD
and accuracy calculated from three replicate measurements
at some nominal concentrations using the prepared sensor
can be seen in Table 2. These results show the reliability of
the method used and of the fabricated sensor, which can be
used for the analysis of real samples giving adequate and
satisfactory results for CLZ sensing.

Conclusion

Here, an electrochemical sensor based on the Ni@GRNT/
GCE was used for CLZ measurement. The results show
that the interesting physicochemical properties, good elec-
trocatalytic activity, and high electrochemically active sur-
face area of Ni@GRNT provide effective active sites for
the fabrication of functionalized sensor for CLZ sensing.
Moreover, the applicability of the fabricated sensor for real-
sample CLZ sensing was investigated using CLZ tablets and
spiked human blood serum samples. The results show the
great potential of using Ni@GRNT/GCE in the fabricating
electrochemical platforms for clinical use and quality con-
trol measurements, which can be extended to other target
analytes.
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