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Abstract
In the present work, a novel, simple, and sensitive clozapine (CLZ) sensor was developed based on nickel oxide nanoparticle
(NiO)-decorated graphene quantum dot (GQD)-modified glassy carbon electrode (NiO/GQD/GCE). NiO/GQD/GCE was pre-
pared by simple electrodeposition, the electrochemical behavior of CLZ at the surface of the prepared electrode was studied by
cyclic voltammetry (CV) and differential pulse voltammetry (DPV), and an improved reversibility and increased peak current
with negative shift in the oxidation potential were observed at the proposed electrode. The effect of some experimental param-
eters has been examined, and based on the results, an electron transfer–chemical reaction–electron transfer mechanism has been
proposed for CLZ electrooxidation. The differential pulse voltammetric response of the NiO/GQD/GCE was linear to the
concentration of CLZ in the range of 3 × 10−9 to 1 × 10−6 M, and the detection limit was found to be 0.55 nM (S/N = 3). The
method has been successfully used for the selective determination of the CLZ amount in the pharmaceutical preparations and
human serum samples with good accuracy and precision.
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Introduction

Clozapine, a tricyclic dibenzodiazepine derivative, is an ef-
fective antipsychotic drug that is used to treat schizophrenic
patients with good efficiency [1, 2]. Dose-dependent effects
of CLZ (clozapine) confirm importance of its determination
in biological and pharmaceutical preparation [3, 4]. Several
analytical methods have been reported for the determination
ofCLZ including chromatography,mass spectrometry, spec-
trophotometry, and electrochemical methods [5–12].
Among these, electrochemical methods have attracted high
attention due to excellent characteristics such as simple op-
eration, high sensitivity, and low costs. Several electrochem-
ical studies were performed for the determination of CLZ.
The chemically modified electrodes (CMEs) offer

significant advantages such as low charge transfer resis-
tance, low over potential, high selectivity and sensitivity,
and high stability in the design and development of electro-
chemical sensors. Various bare andmodified electrodes used
for CLZ detection include unmodified glassy carbon elec-
trode and sepiolite-modified carbon paste electrode (CPE)
[12], electrochemically pretreated glassy carbon electrode
[13], CNT-SDS-modified CPE [14], horseradish peroxidase
(HRP)-immobilized CPE [15], PVC membrane electrode
[16], 16-mercaptohexadecanoic acid self-assembled mono-
layer-modified gold electrode [17], TiO2NP-modified CPE
[18], poly(2-hydroxy-5-[(4-sulfophenyl)azo]benzoic acid)
film-modified glassy carbon electrode (GCE) [19], silicate
nanotube-modified electrode [20], and MWCNT/New
Coccine-doped PPY-modified GCE [21].

Carbon nanomaterials such as graphene and graphene
quantum dot attracted considerable attention for sensing ap-
plications due to ideal characteristics such as large surface-to-
volume ratio, good surface grafting, biocompatibility, low tox-
icity, and special electrical property. Some reports are avail-
able about electrochemical application of graphene quantum
dot (GQD)-modified electrodes [22–24].
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Electrocatalytic activity of the GQD-modified electrode
could be improved by compositing a conductive GQD matrix
with transition metal oxide nanoparticles. Transition metal
oxides are an important class of semiconductors applied in
solar cells, electronics, and catalysis and can improve electro-
chemical responses [25–29]. Among the various types of tran-
sition metal oxides, nickel-containing nanoparticles gained
special interest in electrochemistry due to its low cost, high
catalytic activity, and biocompatibility [30–47]. Recently, we
used graphene oxide and graphene quantum dot as an elec-
trode modifier for the construction of sensors and biosensors
[48–50]. To the best of our knowledge, no study has been
reported about application of nickel oxide (NiO)/GQD nano-
particles as an electrode modifier in electrochemical sensors.
In the present study, a rapid, simple, and sensitive electro-
chemical sensor was developed for the determination of
CLZ based on desired characteristics of GQD and nickel ox-
ide nanoparticles. To aim this goal, a glassy carbon electrode
was electrochemically modified with NiO/GQD nanocompos-
ite, and then, the electrochemical behavior of CLZwas studied
on the surface of the prepared NiO/GQD/GCE using a cyclic
voltammetric method. The oxidation current of CLZ at the
surface of NiO/GQD/GCE increased noticeably compared to
that of the bare GCE and GQD-modified GCE indicating that
the composite materials combine electrocatalytic activity of
transition metal oxides with electrical conductivity of GQD.
Furthermore, the modified electrode showed good reproduc-
ibility, high stability, and wide linear range. Additionally for
sensitive determination of CLZ, differential pulse voltamme-
try was used, and after optimization of effective parameters,
this electrode was applied for the determination of CLZ in
pharmaceutical formulations and biological fluids with good
sensitivity and selectivity.

Experiment

Instrumentation and reagents

Electrochemical experiments were carried out using the
AUTOLAB PGSTAT 30 electrochemical analysis system
and GPES 4.9 software package (Eco Chemie, the
Netherlands). A three-electrode system was used, composed
of a modified GCE as the working electrode, a saturated cal-
omel electrode (SCE) as the reference electrode, and a plati-
num wire as the auxiliary electrode.

A digital pH/mV meter (Metrohm, pH Lab 827) was used
for pH measurements, and an ultrasonic bath (KODO model
JAC1002) was used for cleaning the electrode surface.

Clozapine (C18H19ClN4) was purchased from Sigma.
CLZ tablets (25 mg, Tehran Shimi Co., Tehran, Iran) were
purchased from the local pharmacies. For the preparation of
stock solutions of CLZ, certain amount of this drug was

weighed and dissolved in 0.1 mol L−1 HNO3 solution and
protected from light during investigation. Other chemicals
were of analytical grade, purchased from Merck, and their
solutions were prepared by dissolving appropriate amounts of
them in twice-distilled water. Fresh human blood serum sam-
ples were obtained from Azerbaijan hospital (Urmia, Iran).
GQDs were synthesized by pyrolyzing citric acid and dispers-
ing the carbonized products into alkaline solutions [48].

Preparation of the modified electrode

Before modification, the GCE (2 mm in diameter) was
polished with 0.05 mm alumina slurry on a polishing cloth
and thoroughly rinsed with double-distilled water. Then, it
was successively sonicated in double-distilled water for
5 min and was allowed to dry at room temperature. So the
three-electrode systemwas transferred into GQD solution, and
GQD electrodeposited by 60 repetitive cycles in the potential
range from 0.0 to 1.0 V at a scan rate of 100 mV/s. Finally, a
thin film of GQDs was obtained at the surface of GCE. The
GQD/GCE electrode was immersed in 0.1 M acetate buffer
solution with pH 4.0 (AcB) containing 10 mM Ni(NO3)2 and
then a potential of −1.1 V for 210 s under stirring conditions
applied to the electrode. After that, a linear sweep potential
from 0.1 to 0.7 V with a scan rate of 0.1 V s−1 was applied by
CV to the resultant Ni/GQD-modified electrode in 0.1 M
NaOH solution until reproducible scans were obtained. In this
step, electrodissolution of Ni and formation of a passive NiO
layer on the GQD/GCE surface take place and NiO/GQD/
GCE was prepared. The prepared modified electrode was
washed and used daily.

Procedure for real sample preparation

The serum samples were centrifuged, filtered, and diluted at
1:100 with 0.1 M phosphate buffer solution of pH 2 and ap-
plied as real samples. The serum samples were drug free, and
CLZ was not detected in healthy serum samples. For recovery
assessment, serum samples were spiked with known amounts
of CLZ stock solution.

For the determination of CLZ in the pharmaceutical formu-
lation, five tablets each containing 25 mg CLZ were accurate-
ly weighed and powdered. The accurately weighed quantity of
this powder equivalent to 32.68 mg CLZ was dissolved in
100 mL of 0.1 KNO3 by sonication for about 15 min and then
centrifuged. The resulting supernatant was used as the real
sample with a nominal CLZ concentration of 1 mM. Other
dilute solutions of clozapine were prepared using this prepared
sample and PBS (pH 2), so that the CLZ concentration lies in
the range of calibration curve. Then, the sample was trans-
ferred into the voltammetric cell. The accumulation of CLZ
on the surface of the working electrode was performed by
stirring for 300 s, and then, the stripping voltammograms were

2682 J Solid State Electrochem (2018) 22:2681–2689



recorded between 0.3 and 0.7 V (vs. Ag/AgCl). Finally, keep-
ing the dilution factor in consideration, the concentration of
CLZ in the pharmaceutical formulations was determined.

Results and discussion

Morphological analysis

Figure 1 shows the SEM images of GCE before (a) and after
the modification of GQD (b) and NiO/GQD (c). Results pres-
ent the presence of numerous round-shaped prepared GQDs
on the electrode surface (Fig. 1b). The obtained image for
NiO/GQD/GCE (Fig. 1c) illustrates well-dispersed and well-
deposited NiO nanoparticles on the surface of GQD-modified
GCE with the average diameter of about 70–80 nm.

Electrochemical characterization of CLZ on the various
electrodes

The electrochemical behavior of CLZ was studied at the
surface of a bare and GQD- and NiO/GQD-modified glassy
carbon electrode using CV. As shown in Fig. 2a, bare GCE
do not show any obvious peak for CLZ, but GQD/GCE and
NiO/GQD/GCE show one oxidation peak (I) and two reduc-
tion peaks (I′ and II′). As presented, CLZ has a well-defined
anodic peak with weak cathodic peaks observed in the re-
verse scan at the surface of the modified electrodes. The
peak current along with reversibility of the electrochemical
reaction increased at NiO/GQD/GCE compared to other
electrodes. This improvement in the electrochemical behav-
ior at the surface of a NiO/GQD composite-modified elec-
trode was attributed to the fast heterogeneous electron trans-
fer kinetics, larger accessible surface, and numerous active
sites of the surface that get up from the synergic coupling
between the excellent catalytic effect of NiO nanoparticles
and high density of edge plane sites of GQDs.

Fig. 1 SEM image of a bare, b GQD-modified, and c NiO/GQD-
modified GCE

Fig. 2 aCyclic voltammograms of bare (a), GQD-modified (b), andNiO/
GQD-modified (c) GCE in PBS (pH 7) containing 5 μM CLZ. b Two
consecutive CV curves of the NiO/GQD-modified GCE in PBS (pH 2)
containing 4 μM CLZ: first cycle (a) and second cycle (b). Scan rate:
50 mV s−1
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Based on the CV studies, there is a single anodic peak
corresponding to the two-electron oxidation of the cloza-
pine followed by two low current cathodic peaks. This
behavior resembles an electron transfer–chemical reac-
tion–electron transfer (ECE) mechanism in CLZ oxidation
as reported earlier [18, 51] in which the oxidation product

(P1) is chemically transformed to P2 which can be oxidized
easier than the initial one. Theoretically for a reversible
system, the ratio of anodic peak current to the cathodic
peak is unity. When a slow chemical reaction follows the
initial electrochemical oxidation, the current ratio increases
in low scan rates (as seen in Fig. 2). The first reduction
peak (I′) in the reverse scan is related to the reduction of P1,
and the second one (II′) is related to the reduction of the
final oxidation product (CLZox) which is subsequently
reoxidized (peak II) in the second anodic scan (Fig. 2b).
Therefore, appearance of this oxidation peak decreases the
height of the main anodic peak. By increasing the scan
rate, the height of the main oxidation and reduction peaks
(I, I′) increases, but the height of the new observed peaks
does not increase (data not shown). This is due to the slow
chemical rate constant and the decreased voltammogram
recording time which causes a decreased chemical conver-
sion of P1 to P2. These results are well reported in the
similar literature [18, 51].

Effect of pH

The influence of pH value on the electrochemical behavior of
2 μM CLZ at the NiO/GQD/GCE was also investigated with
the phosphate buffer solution at different pH values by cyclic
voltammetry. As seen in Fig. 3a, by decreasing solution pH,
the peak current increases remarkably and reaches to the max-
imum value at pH 2. Moreover, the value of Ipa/Ipc and the
peak-to-peak separation decrease illustrating the increased re-
versibility at lower pH values. So, as the peak current and the
peak shape for CLZ are in the best form in PBS with pH 2,
consequently pH 2 was selected as the optimal condition for
other experiments.

On the other hand, oxidation peak potential of CLZ shifted
linearly to more positive values with decreasing pH which
means that the voltammetric behavior of CLZ is a proton

Fig. 3 a CVs of 2 μM CLZ at the NiO/GQD/GCE in various pHs of
buffer solution. b Dependence of the oxidation peak current (IPa) and
oxidation peak potential (EPa) with the solution pH. Scan rate:
50 mV s−1

Fig. 4 Effect of accumulation
potential and accumulation time
on the DPV response of NiO/
GQD/GCE after immersion in
40 nM CLZ in PBS (pH 2)
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transfer process under experimental conditions. According to
Fig. 3b, over the pH range of 2–7, a linear relationship was
obtained between E and pH, which can be expressed by the
following equation:

EP=V ¼ 0:70 − 0:38 pH

A slope of −0.038 V per pH value is close to the Nernstian
one of −0.03 V per pH and implies that one proton and two
electrons are involved in the oxidation process.

Based on the obtained results, a possible mechanism to
explain the electrochemical oxidation of CLZ on the NiO/
GQD/GCE can be expressed as follows:

CLZ↔P1 þ Hþ þ e− Reversible

P1 �����������→Chemical reaction
P2 Slow

P2 ↔ CLZox þ e− Quasi reversible

Analytical measurements

For the sensitive determination of trace amounts of CLZ, DPV
was used as an electrochemical method. CV studies confirmed
that CLZ oxidation is diffusion controlled, but detailed studies
showed that at lower concentrations of clozapine, the elec-
trode process exhibits adsorptive characteristics and accumu-
lation leads to the enhanced sensitivity. Therefore, in contin-
uation, the effect of experimental parameters on the sensor
results was studied.

Effect of accumulation potential and accumulation
time

For a 5 μM clozapine solution, there is no change in the anodic
peak current with increasing accumulation time, indicating that
the accumulation had no effect and the diffusion controlled the
surface kinetic process. However, at lower concentrations of clo-
zapine (40 nM), by increasing accumulation time up to 5min, the
obtained peak current and hence the sensitivity of the sensor
increase (Fig. 4). Therefore, for achieving a lower detection limit,
5 min was chosen as the accumulation time. Additionally, the
effect of accumulation potential was studied, and results showed
that by decreasing potential to negative values, the oxidation sig-
nal increase may be due to the protonation and positive charge of
CLZ in this experimental condition (the pKa of clozapine was
about 4.5). But, to avoid unwanted signal related to reducible
compounds which may be present in the real samples, −0.1 V
was selected as the best potential for CLZ accumulation (Fig. 4).

Hence, 5 min accumulation at −0.1 V was used as the
optimum condition for analytical measurements.

Fig. 5 DPVs for a mixture of 3 μM UA; 40 μM AA, DP, and GL; and
0.06, 0.2, 0.4, 0.5, and 0.8 μM CLZ at NiO/GQD-modified GCE in the
serum sample

Fig. 6 a Differential pulse voltammograms of NiO/GQD/GCE after
immersion in 3, 10, 30, 60, 100, 200, 300, 400, 500, 650, 800, 850, and
1000 nM CLZ. b Corresponding linear calibration curve of Ip as a
function of CLZ concentration
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Interference study

The determination of clozapine in biological fluids is important
due to the dose-dependent effects of this drug. Some compounds
present in biological matrices, like glucose (GL), uric acid (UA),
ascorbic acid (AA), and dopamine (DP), can oxidize in a suitable
potential. Therefore, developing a selective and sensitive method
is important to the determination of CLZ in the presence of these
compounds. Our studies revealed that no signal related to these
materials was observed in the diluted serum sample in the desired
potential range. This result may be due to the two matters: dif-
ferent oxidation potential of the compound or lower concentra-
tion of that than the sensor’s detection limit. CV studies showed
that only uric acid oxidizes at the CLZ oxidation potential and the
other three compounds oxidize at potentials different from CLZ
oxidation and subsequently have no interference in our detection.
In the case of uric acid, detailed DPV studies showed that for

50 nM CLZ, the presence of 100-fold concentration of uric acid
hardly can cause 5% variation in the resulted signal. Thus, 50-
fold concentration of uric acid in the real samples is permitted.
For other compounds, there is no interference until 700-fold
concentration.

The interference effect of CLZ was also studied in diluted
serum samples. For this, the concentrations of AA, UA, DA,
and GL were kept constant and the concentration of CLZ was
increased (Fig. 5). Results showed that CLZ could be distin-
guished and determined selectively at the surface of the NiO/
GQD-modified electrode in the presence of these interferences
in the real sample.

Linear range and limit of detection

Differential pulse voltammetry was considered a sensitive
technique for CLZ determination. Under the optimized

Table 1 Comparison of the NiO/
GQD-modified GCE with other
modified electrodes as a CLZ
sensor

Electrode Linear range Sensitivity Detection limit References

GCE & sepiolite-modified CPE 0.06–0.33 μg mL−1

0.03–0.26 μg ml−1
26.2 μA/μg mL−1

0.81 μA/μg mL−1
7.1 ng ml−1

34 ng ml−1
12

Oxidized GCE 0.1–1 μM

1–10 μM

10–100 μM

2.313 μA/μM

1.159 μA/μM

0.492 μA/μM

8.0 nM 13

HRP/CPE 1.0–10.0 μM 6.0 μA/μM 0.17 μM 15

MHA/Au electrode 1–50 μM 0.0485 μA/μM 7.0 nM 17

PPY/CNT/GCE 0.01–0.40 μM

0.40–5.00 μM

100.055 μA/μM

24.618 μA/μM

3.00 nM 21

Novel silicate nanotubes 0.3–50 μM 30 nM 20

ISS-CILE 1 × 10−9–1 × 10−7 2.1808 μA/μM 2.26 × 10−10 52

TiO2NP-CPE 0.5–45 μM 0.6594 μA/μM 61.0 nM 18

3.0–1000 nM 42.2 μA/μM 0.55 nM This work

Fig. 7 DPVs for solutions
containing constant amount of
CLZ tablet and various
concentrations of CLZ in the
range of (down to up) 5–80 nM in
0.1 M PBS (pH 2.0); inset:
corresponding linear calibration
curves of peak current vs. CLZ
concentration
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condition, determination of different concentrations of CLZ
was performed (Fig. 6). The results showed that the anodic
peak current increases linearly by increasing CLZ concentra-
tion from 3 to 1000 nM and the regression equation was Ip
(μA) = (0.092 ± 0.008) + (42.2 ± 0.5) C (μM) (R2 = 0.999).
The detection limit for CLZ was calculated to be 0.55 nM.
Table 1 summarizes the comparison of NiO/GQD/GCE re-
sponses for CLZ in terms of linear range, sensitivity, and de-
tection limit with other modified electrodes reported earlier. It
can be seen that NiO/GQD-modified GCE has better analyti-
cal performance than other reported works.

Regeneration and repeatability of electrodes

In order to study the repeatability of the proposed CLZ sensor,
a solution of 50 nM CLZ was evaluated for successive five
times with the same NiO/GQD/GCE under the same condi-
tions. The obtained relative standard deviation (RSD) for the
results was 2.84%. The reproducibility of the method was
studied by five modified electrodes which were prepared at
different days by the same fabrication procedure and used for
the determination of 50 nM CLZ solution The RSD for the
between-electrode peak currents was obtained as 3.93%.
Other results showed that the response of the electrode
retained 94.4% of its initial value after 30 days when the
sensor was stored under ambient condition, which indicates
suitable storage stability of the proposed sensor.

Analysis of real samples

To demonstrate the analytical applicability of the proposed
sensor for drug determination in pharmaceutical preparations,
the prepared NiO/GQD/GCE was applied for the analysis of
CLZ under the optimized condition in pharmaceutical tablets
using the DPV method. After the preparation of pharmaceuti-
cal samples as mentioned in the BProcedure for real sample
preparation^ section, a solution containing approximately
30 nM CLZ prepared by PBS and then CLZ concentration
was analyzed by a standard addition method. The
voltammetric responses and corresponding calibration plots
of peak currents vs. concentrations are shown in Fig. 7.
Using the standard addition method, the clozapine content
was determined to be 99.02 mg with a RSD of 2.53% (n =
3), which is very close to the labeled amount of 100 mg. It is
concluded that the tablet matrix does not have any interfer-
ences in the electrochemical analysis of CLZ. Moreover, for
accuracy studies, the recoveries of the spiked tablet solutions
at concentration levels were evaluated (Table 2). The recovery
results are in the range of 98.6–102.7%, with the relative stan-
dard deviation between 1.89 and 2.11%, which are acceptable
levels according to the US FDA Guidance for industry
(bioanalytical method validation) [53]. The modified elec-
trode was also used to analyze CLZ in human blood serum

samples using the standard addition method. The calculated
recoveries for serum samples were in the range of 99.5–104%,
and the relative standard deviation was between 1.53 and
2.12%. The results indicated high accuracy and selectivity of
the proposed sensor for CLZ analysis in complex matrices.

Conclusion

In the present work, the NiO/GQD nanocomposite-modified
glassy carbon electrode was fabricated by simple electrodepo-
sition and used to study electrochemical behavior and oxida-
tion mechanism of clozapine. The oxidation process obeys an
ECE mechanism and was pH dependent and diffusion con-
trolled. The prepared sensor was applied for the determination
of trace amount of clozapine using the differential pulse
voltammetric method. This prepared sensor showed better an-
alytical applicability compared to other modified electrodes
and was used successfully to determine CLZ in the human
serum samples without any complicated and time-
consuming pretreatments.
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