
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 1

1:
17

:1
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Direct electroche
aNeuroscience Research Center, Kerman Uni
bLeishmaniasis Research Center, Kerman Un

E-mail: tajik-s1365@yahoo.com
cResearch Center for Tropical and Infectious

Sciences, Kerman, Iran
dDepartment of Chemistry, Karaj Branch, Is
eDepartment of Chemistry, Faculty of Scienc

Kerman 76175-133, Iran
fEnvironment Department, Institute of

Environmental Sciences, Graduate Universit
gDepartment of Materials Science and Eng

Materials, Seoul National University, Seo

hwjang@snu.ac.kr; mrsh2@snu.ac.kr

Cite this: RSC Adv., 2020, 10, 13021

Received 25th January 2020
Accepted 16th March 2020

DOI: 10.1039/d0ra00778a

rsc.li/rsc-advances

This journal is © The Royal Society o
mical detection of clozapine by
RuO2 nanoparticles-modified screen-printed
electrode

Mohammad Reza Aflatoonian,ab Somayeh Tajik,*ac Bita Mohtat,d Behnaz Aflatoonian,a

Iran Sheikh Shoaie, e Hadi Beitollahi, f Kaiqiang Zhang,g Ho Won Jang *g

and Mohammadreza Shokouhimehr *g

This study introduces the sensitive electrochemical detection of clozapine with the use of a ruthenium(IV)

oxide nanoparticle (RuO2 NP)-modified screen-printed electrode (RuO2 NPs/SPE). The electrochemical

behaviors of clozapine at RuO2 NP/SPE have been examined via cyclic voltammetry (CV), differential

pulse voltammetry (DPV) and chronoamperometry (CHA). According to the results, the modified

electrode has been accompanied by a decreasing over-potential (ca. 170 mV) and enhancement in the

peak current (3 times) in comparison with the bare SPE. The results indicated that RuO2 NP/SPE

markedly augmented electro-catalytic activities toward clozapine oxidation. In addition, linear responses

have been observed in the range between 0.2 and 500.0 mM with a sensitivity of 0.076 mA mM�1 and

a limitation of detection of 0.07 mM (3s). Moreover, the successful application of RuO2 NP/SPE has been

seen in detecting clozapine in real samples, which showed satisfied recoveries. Therefore, outputs

suggest that RuO2 NP/SPE will be promising for functional utilization.
Introduction

According to the studies, schizophrenia is one of the serious
chronic weakening diseases described by positive signs, such as
hallucination and delusions, negative signs such as a socially
withdrawn behavior and at emotional expression, and cogni-
tive deciencies.1 However, upon the introduction of clozapine
(8-chloro-11-(40-methyl-1 piperazinyl)-5H-dibenzo[b,e]-[1,4]-
diazepine) that is the parent medicine of the so-called
“typical” anti-psychotics, schizophrenia therapy experienced
a good advancement. Clozapine is used to treat the negative and
positive signs of patients with schizophrenia who do not
respond well to the common neuroleptic medicines. Intoxica-
tion was evident at a high serum level of clozapine of 1158 ng
mL�1 during a trial with a dose of 800 mg d�1.2
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With regard to its signicance, researchers utilized multiple
techniques to detect clozapine in the drug and clinical prepara-
tions. The techniques consist of spectrophotometry,3 capillary
zone electrophoresis,4 liquid chromatography-mass spectrometry,5

gas chromatography-mass spectrometry,6 high-performance liquid
chromatography (HPLC),7 liquid chromatography-tandem mass
spectrometry8 and electrochemistry.9–11

Researchers further explored the electrochemical procedures
because of benets such as quicker responses, inexpensive
instruments, easy preparation, cost-effectiveness, higher sensi-
tivity, and good selectivity and stability.12–18

In addition, the screen-printed electrodes (SPEs) enjoy highly
available and disposable electrochemical sensors, simplied
operations and have non-poisonous features. Moreover,
replacing traditional electrochemical cells with the SPEs linked
to miniaturized potentiostats is one of the major trends in
shiing the laboratory electrochemical instrumentations to the
hand-held eld analyzers. Furthermore, these electrodes are
appropriate for operations with micro volumes and decentral-
ized assays (point of care tests), and so forth.19–23

To minimize the oxidation over-potential of numerous
electroactive compounds, researchers designed the electro-
catalytic procedures for exploitation at the modied electrode
surface. Notably, the chemically modied electrodes augment
the transfer rate of electrons by declining the over-potential.24–33

Nanoparticle (NP)-based CMEs have been the spotlight
because of their increased sensitivity, amplied response
signals, and more acceptable reproducibility.34–44
RSC Adv., 2020, 10, 13021–13028 | 13021
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Fig. 1 SEM images of the as-synthesized RuO2NPs.
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In addition, ruthenium oxide (RuO2) NPs have high potential
as one of the electrochemical elements of sensors because of the
respective attractive benets; for example, acceptable electronic
conductivity, very good catalytic capability, and higher chemical
stability.45,46

Accordingly, this study aimed at developing a RuO2 NR/SPE,
lowering the clozapine oxidation potential for its detection with
no considerable effects from the background current. Thus, the
study prepared an electrochemical sensor achieved by the
modication of SPE by RuO2 NPs and its application in
detecting clozapine in the real specimens.
Fig. 2 EDX spectrum of RuO2 NPs.

13022 | RSC Adv., 2020, 10, 13021–13028
Experimental section
Reagents and instrument

We conducted electrochemical tests using an Autolab
potentiostat/galvanostat (PGSTAT 302N, Eco Chemie: the
Netherlands); then, we monitored the system by a general-
purpose electrochemical system soware.

It should be noted that SPE (DropSens: DRP-110, Spain) has
3 traditional electrodes called the graphite counter electrode,
unmodied graphite working electrode, and a silver pseudo-
reference electrode. Moreover, we used a Metrohm 710 pH-
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00778a


Fig. 3 EDX elemental mapping of the (a) O, (b) Ru, and (c) RuO2.
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meter for measuring pH. Milli-Q® IQ7003/05/10/15 water puri-
cation systems were used for preparing deionized water.

Clozapine and all the available reagents were of analytical
grade. We chose Merck (Darmstadt: Germany) for purchasing
the reagents. Thus, in order to procure the buffers, we applied
ortho-phosphoric acid (85%) and respective salts for setting pH
ranges between 2.0 and 9.0.
RuO2 NP synthesis

According to the research design, 80 mL of water and 0.8 g of
starch were blended and placed in a 60 �C water bath in order to
gain a transparent solution. In addition, 1.2 � 10�2 mol of
ruthenium chloride salt (99.9%) was added to the above solu-
tion. Then, pH was adjusted to 10.0 with a 1.0 M of ammonia
solution. Consequently, the solution color changed to be black.
Next, the solution was shaken for two hours and ltered.
Finally, deionized water was used to wash it; therefore, when
a thorough withdrawal of chlorine was ensured, the precipitate
was dried and calcined at 450 �C for two hours.
Fig. 4 XRD pattern of RuO2NPs.

This journal is © The Royal Society of Chemistry 2020
Preparing the electrode

Based on the facile process presented below, the bare SPE was
coated. Then, 1 mg of RuO2 NPs were distributed in a 1 mL of
aqueous solution over a 45 min ultra-sonication interval.
Aerward, 5 mL of the procured suspension was dropped onto
the carbon working electrode surface. Finally, it was le at room
temperature in order to be dried.
Preparing the real samples

Clozapine tablets (Tehran Chemie Pharmaceutical Co., Iran
[labelled value clozapine ¼ 100 mg per tablet]) were purchased.
The clozapine pills were thoroughly powdered and homoge-
nized prior to the preparation of 10 mL of a 0.1 M stock solu-
tion. In fact, we sonicated the solution for assuring an ideal
dissolution. Then, we ltered the solution. Furthermore, we
poured the determined volume of the transparent ltrate into
an electrochemical cell consisting of 10 mL of 0.1 M PBS (pH
7.0) for recording the differential pulse voltammetry (DPV).
RSC Adv., 2020, 10, 13021–13028 | 13023
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Fig. 5 TEM image of RuO2NPs.

Fig. 7 The cyclic voltammogram of (a) bare SPE in 0.1 M PBS (pH ¼
7.0) in the absence of clozapine (b) bare SPE and (c) RuO2 NP/SPE in
0.1 M PBS (pH ¼ 7.0) in the presence of 100.0 mM clozapine at a scan
rate of 50 mV s�1.
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In addition, we kept the urine specimens inside a refrigerator
aer being collected. Then, 10 mL of the specimens were centri-
fuged at 2000 rpm for 15 min. In the next stage, we ltered the
supernatant through a 0.45 mm lter. Aerward, different contents
of the solution were transferred into a 10 mL volumetric ask, and
the solution was diluted to the mark with PBS (pH 7.0). No peak
current was observed for clozapine in the urine samples. Then,
diverse amounts of clozapine were used to spike the diluted urine
specimens. Finally, clozapine contents were examined by our
technique via the standard addition procedure.

In all two samples, an aliquot of 10 mL of the test solution
was placed in the electrochemical cell. The potentials for
differential pulse voltammetry (DPV) were controlled between
0.1 and 0.5 V at the scan rate of 50 mV s�1. Anodic peak current
(Ipa) was measured at the oxidation potential of clozapine.
Results and discussion
RuO2NP characterization

Fig. 1 displays the scanning electron microscopy (SEM) images
of RuO2NPs. The well-arranged NRs further facilitate the
contact of samples with the solution.
Fig. 6 Plot of Ipa vs. pH of 0.1 M PBS (2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and

13024 | RSC Adv., 2020, 10, 13021–13028
The energy dispersive X-ray analysis (EDX) of RuO2 NPs was
performed to qualitatively examine the presence of elements
and chemical composition of the as-synthesized RuO2 NPs. As
seen in Fig. 2, the EDX spectrum reveals the presence of
elemental Ru and O, which approves the higher purity of RuO2

NPs without obvious impurities.
The EDX elemental mapping analysis was performed for

RuO2 NPs to check the distribution of elements present in the
as-synthesized RuO2 NPs (Fig. 3). Thus, there are O and Ru
elements in the as-synthesized RuO2 NPs.

Fig. 4 shows the X-ray diffraction (XRD) patterns of the RuO2-
NPs synthesized in the present study. In addition, the presence of
the miller indices of (110), (101), (200), (211), (220), (002), (310),
(112), (301) and (202) in the 2q range of 28.2, 35.1, 39.7, 54.4, 58.1,
59.4, 65.3, 66.8, 69.1 and 73.8 degree, respectively, conrmed the
9.0) at the surface of RuO2 NPs/SPE with 100.0 mM clozapine.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Linear sweep voltammogram of RuO2 NP/SPE in 0.1 M PBS
(pH ¼ 7.0) consisting of 100.0 mM clozapine at different scan
rates. Numbering 1–8 refer to 10, 25, 50, 75, 100, 300, 500, and
700 mV s�1. Inset shows the variation of anodic peak current vs.
n1/2.

Fig. 9 Chronoamperograms achieved at the RuO2 NP/SPE in 0.1 M PBS (
refer to the 0.1, 0.3, 0.5 and 1.0mM concentrations of clozapine. Insets: (A
plot of straight lines vs. clozapine concentration.

This journal is © The Royal Society of Chemistry 2020
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tetragonal structure for RuO2 NPs (JCPDS 21-1172). The average
size of RuO2NPs is calculated using the Scherrer's equation:47

d ¼ kl/b cos q (1)

where d is the size of NPs; k is the Scherrer's constant; l is the X-
ray wavelength; b is the width of the XRD peak at half height;
and q is the Bragg diffraction angle in degree. The average size
of RuO2NPs is calculated to be 35.74 nm.

Fig. 5 displays the transmission electron microscopy (TEM)
image of RuO2NPs. The NPs have an average size of �20 nm.
Electrochemical behaviour of clozapine on the RuO2 NP/SPE

It is crucial to have an optimal pH-value for studying the elec-
trochemical behaviour of clozapine that is pH-dependent so
that we can reach precise outputs. However, we conducted the
tests by employing the modied electrodes at distinct pH-values
in the range between 2.0 and 9.0 in 0.1 M phosphate buffer
saline (PBS). The results indicated the occurrence of the most
acceptable outputs for clozapine electro-oxidation at pH equal
to 7.0 (Fig. 6).

Fig. 7 shows the cyclic voltammograms in the presence of 100.0
mM clozapine through the bare SPE (curve b) and the RuO2 NP/SPE
pH¼ 7.0) for the different concentrations of clozapine. Numbering 1–4
) I plot vs. t�1/2 achieved from chronoamperograms 1 to 4. (B) The slope

RSC Adv., 2020, 10, 13021–13028 | 13025
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(curve c). As seen from the CV results, the greatest level of cloza-
pine oxidation on the RuO2 NP/SPE occurs at 300mV that is nearly
170 mV more negative in comparison to the unmodied SPE
evidencing the reduced polarization owing to the improved
conductivity. In addition, CV of the RuO2 NP/SPE in the absence of
clozapine shows no peak current (curve a) suggesting the negli-
gible redox activity. Furthermore, there was an increase in the
anodic peak current of clozapine at the surface of the RuO2 NP/SPE
(curve c) compared with that at bare SPE (curve b) because of the
existence of RuO2 NPs at the surface of the electrode, resulting in
a higher surface area and electrical conductivity.
Effects of the scan rate on the outputs

It is notable that the increase in the scan rate causes greater
oxidation peak currents with regard to outputs gained by exam-
ining the effects of potential scan rates on the clozapine oxidation
current (Fig. 8). In addition, we found a linear association between
Ipa and the square root of the potential scan rate (n1/2), indicating
that diffusion controls the clozapine oxidation process.48
Chronoamperometric analysis

The chronoamperometry analysis for clozapine samples was
conducted using the RuO2 NP/SPE at 0.35 V. Fig. 9 shows the
Fig. 10 Differential pulse voltammograms of the RuO2 NP/SPE in the 0.1
Numbering 1–10 refer to 0.2, 2.5, 7.5, 20.0, 50.0, 100.0, 200.0, 300.0, 400
of clozapine concentration ranging between 0.1 and 500.0 mM.

13026 | RSC Adv., 2020, 10, 13021–13028
chronoamperometric results of different concentrations of
clozapine samples in PBS (pH ¼ 7.0). Herein, the Cottrell
equation for the chronoamperometry analysis of the electro-
active moiety under the mass transfer-limited condition is:48

I ¼ nFAD1/2Cbp
�1/2t�1/2 (2)

where D refers to the diffusion coefficient (cm2 s�1). Cb is the
applied bulk concentration (mol cm�3). Fig. 7a depicts the
experimental outputs of I vs. t�1/2 so that the best t has been
obtained for the different concentrations of clozapine. More-
over, Fig. 7b shows the resultant slopes relative to the straight
line in Fig. 7a vs. the clozapine concentration. In addition, the
mean value of D was calculated to be 1.3 � 10�6 cm2 s�1 based
on the Cottrell equation and the nal slope of Fig. 7b. This value
is comparable with the diffusion coefficient value obtained in
a previous research (2.1 � 10�5 cm2 s�1).49
Calibration curve

With regard to the clozapine resultant peak currents at the RuO2

NP/SPE, clozapine was quantitatively analysed in water (Fig. 10).
We also utilized the modied electrode (RuO2 NP/SPE) as the
working electrode within a range of clozapine. DPV, because of
its greater sensitivity and more reasonable functions in the
M PBS (pH ¼ 7.0) consisting of different concentrations of clozapine.
.0, and 500.0 mMof clozapine. Inset: the peak current plot as a function

This journal is © The Royal Society of Chemistry 2020
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Table 1 The application of the RuO2 NP/SPE for the determination of
clozapine in real samples (n ¼ 5). All concentrations are in mM

Sample Spiked Found Recovery (%) R.S.D. (%)

Clozapine tablet 0 4.5 — 0.2
2.5 5.9 98.3 1.7
7.5 12.4 103.3 2.8
12.5 17.2 101.2 2.4
17.5 21.8 99.1 1.9

Urine 0 — — —
5.0 4.9 98.0 1.9
10.0 10.1 101 2.3
15.0 14.9 99.3 2.2
20.0 20.6 103.0 3.5
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analytical utilizations, was used with the following parameters:
initial potential (0.1 V), end potential (0.5 V), step potential (10
mV) and modulation amplitude (25 mV). However, outputs
implied the linear relationship between peak currents and
clozapine concentrations in the concentration range between
0.2 and 500.0 mM, having a correlation coefficient of 0.9991 and
a sensitivity of 0.076 mA. mM�1. Finally, the detection limit at 3s
was determined to be 0.07 mM.

Reproducibility and stability of the RuO2 NP/SPE

In order to test the RuO2 NP/SPE stability, we maintained our
sensor at pH 7.0 in PBS for 14 days and recorded the cyclic
voltammograms of the solution consisting of 30.0 mM of clo-
zapine in order to compare to the cyclic voltammogram ach-
ieved prior to the immersion. Results show no change in the
clozapine oxidation peak. Moreover, the current declined by
approximately 2% in the signals as compared with the initial
responses, implying a reasonable stability of the RuO2 NP/SPE.

We analyzed the antifouling feature of the modied SPE
toward clozapine oxidation and its products via CV for the
modied SPE prior to and following its utilization in the pres-
ence of clozapine. Moreover, we recorded cyclic voltammogram
in the presence of clozapine following the cycling of the
potential een times at a 50 mV s�1. Results showed decline in
the currents by approximately 2% and no alteration in the peak
potentials.

Analysis of real samples

We used clozapine in the clozapine tablet and the urine samples
via the aforementioned procedure in order to assess the
proposed modied electrode utility to detect the real samples.
Therefore, a standard addition procedure was utilized. Table 1
reports the analysis outputs. The test outcomes showed
acceptable recoveries for clozapine. The method reproducibility
was investigated via the relative standard deviation (RSD).

Conclusions

The present study measured the detection of clozapine at
a RuO2 NP/SPE. According to the results, RuO2 NPs have
stability, higher responses, and sensitive detection towards
This journal is © The Royal Society of Chemistry 2020
clozapine in comparison with the unmodied SPE. The RuO2

NP/SPE has higher electro-catalytic activities toward clozapine
oxidation, indicating 0.076 mA mM�1 sensitivity, a low detection
limit of 0.07 mM, and a large linear range of response with the
clozapine concentration of 0.2 to 500.0 mM. At the end, this
technique ability has been shown in the detection of clozapine
in the real specimens with reasonable outputs. Therefore, the
RuO2 NP/SPE showed the potential of being constructed as an
electrochemical sensor to detect clozapine quantitatively.
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