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Abstract
The antimalarial hydroxychloroquine (HCQ) has considered for the treatment of systemic lupus erythematosus. Moreover,
HCQ has been used as a drug to treat Coronavirus disease (COVID-19). In this work, nitrogen doped porous reduced
graphene oxide (NprGO) has been prepared via environmentally friendly process using Fummaria Parviflora extract. A
catalyst based on ZnO nanoparticles-nitrogen doped porous reduced graphene oxide (ZnO-NprGO) was prepared by
hydrothermal method and characterized. The diameter of ZnO nanoparticles was ~22–37 nm, which were inserted between
the NprGO sheets effectively prevented their aggregation. The ZnO-NprGO hybrid had high surface area and good electro-
catalytic property, suiting for determination of HCQ. The ZnO-NprGO modified carbon paste electrode (CPE)-based sensor
operated in a wide concentration range of 0.07–5.5 μmol L−1 with low limit of detection of 57 nmol L−1 and sensitivity of
14.175 μA μmol−1 L. Remarkably, the ZnO-NprGO/CPE sensor indicated acceptable accuracy, reproducibility, and stability.
In addition, the proposed sensor was applied to detection of HCQ in biological samples and the recoveries were
92.0–102.5%, with relative standard deviations of 1.9–4.3%. The unique physical structure of ZnO-NprGO, as well as its
chemical and electrical properties, make it promising interface for use in sensors and nanoelectronic applications.

Graphical Abstract

1 Introduction

COVID-19 is caused by coronavirus, which is associated to
severe acute respiratory syndrome (SARS) and some com-
mon colds [1]. The COVID-19 caused over 5.8 million
deaths worldwide until February 2022 [2], and to date, no
certain drug has been found for the treatment of human
coronavirus. Hydroxychloroquine (HCQ) has been used as
a potential therapeutic drug for COVID-19 [3]. Also,
hydroxychloroquine and ivermectin are included in
COVID-19 kits as a pre-treatment option. However, no

* Fereshteh Chekin
fchekin@yahoo.com

1 Department of Pharmacy, Ayatollah Amoli Branch, Islamic Azad
University, Amol, Iran

2 Department of Chemistry, Ayatollah Amoli Branch, Islamic Azad
University, Amol, Iran

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-024-06847-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-024-06847-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-024-06847-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-024-06847-2&domain=pdf
http://orcid.org/0000-0001-9477-248X
http://orcid.org/0000-0001-9477-248X
http://orcid.org/0000-0001-9477-248X
http://orcid.org/0000-0001-9477-248X
http://orcid.org/0000-0001-9477-248X
mailto:fchekin@yahoo.com


scientific evidence shows the effectiveness of HCQ to
prevent COVID-19 infection [4, 5].

HCQ (antimalarial drug) is used initially to treat of
Plasmodium parasitic infection. Beyond its antimalarial,
HCQ has been operated in infectious and autoimmune
diseases, and neoplastic and metabolic disorders [6]. HCQ
as the most valuable therapeutic agent in systemic lupus
erythematosus (SLE) shows multiple benefits associated
with the disease itself and its related comorbidities. HCQ is
available, inexpensive, and well-tolerated immunomodula-
tory [7]. All patients with SLE should be given HCQ unless
there are side effects [8]. So, we should operate rapid,
accurate, and selective analytical approach capable of using
small sample volume with no interferences [9].

Recently, electrochemical electrodes due to fast, por-
table, and relatively cheap, and excellent ability to detect the
electro-active species have been reported as powerful tools.
Various conductive and non-conductive mediators such as
reduced graphene oxide–TiO2, ZnO nanoparticles, vana-
dium bisulfide quantum dots and etc. were suggested for
HCQ analysis [10–12].

Graphene oxide (GO) and reduced graphene oxide (rGO)
have a two-dimensional and planar structure with more
available surface area for anchoring catalysts [13, 14]. In
addition, GO and its derivatives have prominent bio-
compatibility, high carrier mobility, and wide potential
window, so that the electron transfer rate is facilitated
between the electrode and the active reaction. Thus, they are
the desired substrates for anchoring catalysts in biosensors.
The doping of nitrogen elements can improve the spin
density, conductivity, active sites, and binding ability of
graphene sheets [15, 16]. The pores in GO can effectively
increase surface area and catalytically active sites for
anchoring NPs, accordingly reducing the agglomeration of
NPs. Moreover, the pore size and porosity fit with more
species, increase the contact between a porous electrode and
electrolyte, and shorten the transmission distance of dif-
ferent ions, thus improving the electro-catalytic activity
[17, 18]. Zinc oxide (ZnO) is usually operated as a catalyst
[19], gas sensor material [20], UV absorber [21], and pig-
ment in cosmetics [22] and paints [23]. ZnO with various
particle sizes and shapes can be synthesized by different
processes [24–26]. ZnO nanoparticles with narrow particle
size distribution and defined particle shape are used in
advanced applications [27, 28]. Therefore, the synthesis and
characterization of nanoscale ZnO have attracted tre-
mendous attention of scientists.

The synthesis condition play a vital role in determining
the features of nanoparticles to achieve the desired appli-
cation. The various techniques such as ball milling,
microemulsion, sol-gel, chemical co-precipitation, hydro-
thermal, and green methods were used for the synthesis of
nanoparticles [29, 30]. The hydrothermal technique is a

promising alternative synthetic method because of the low
process temperature and very easy to control the particle
size. The hydrothermal process has several advantages over
other growth processes such as use of simple equipment,
catalyst-free growth, low cost, large area uniform produc-
tion, environmental friendliness, and less hazardous. This
method has also been successfully employed to prepare
nanoscale ZnO and other luminescent materials. The parti-
cle properties such as morphology and size can be con-
trolled via the hydrothermal process by adjusting the
reaction temperature, time and concentration of precursors
[31].

In the present research, we designed an electrochemical
tool based on ZnO-NprGO/CPE. The potential of ZnO-
NprGO/CPE sensor for HCQ detection was investigated.
This effort will open up new opportunities to develop novel
electrochemical sensors for monitoring drugs.

2 Experimental

2.1 Reagents

The Fummaria Parviflora was prepared from local stores.
Graphene oxide was obtained from Iranian Nano Materials
Pioneers Co. (Mashhad, Iran). The all chemicals, such as
hydroxychloroquine, zinc nitrate, potassium hex-
acyanoferrate (II), phosphoric acid and its salts, hydrogen
peroxide, ammonia, carbon graphite powder were prepared
from Sigma-Aldrich (Hamburg, Germany) and may be
utilized without extra purification. Human plasma and urine
were prepared from a clinical laboratory (Amol, Iran).

2.2 Apparatus

The morphology and topography were analyzed by
MIRATESCAN-XMU scanning electron microscope
(Czech Republic) combined with energy-dispersive X-ray
spectrophotometer. Electrochemical measurments were
carried out using Sama 500-c potentiostat/galvanostat
(Iran). A cell consisting of a working electrode (modified
CPE), a reference electrode (Ag|AgCl|KCl(3M)), and an
auxiliary electrode (platinum wire) was employed. UV-Vis
analysis was carried out by UV-1900 UV-Vis spectro-
photometer (Shimadzu Co., Japan). A Bruker D8-Advance
X-ray diffractometer (Germany) was used for X-ray dif-
fraction measurement. A Takram P50C0R10 Raman spec-
trometer (Teksan, Iran) was applied for Raman analysis.

2.3 Synthesis of ZnO-NprGO

rGO was synthesized according to our previous works
[32, 33]. 10 g of fresh Fummaria Parviflora plant was mixed
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with 100 mL of distilled water and placed in an ultrasound
bath (60 kHz frequency) at 50 °C for 60 min. At least, the
sample was filtered through a Whatman filter paper to
obtain extract and stored at 4 °C. 10 mg GO was added to
50 mL extract and sonicated for 30 min in ultrasound bath.
The mixture was refluxed at 50 0C for 6 h. The product
(rGO) was washed using water, and dried in the oven at
100 °C. The porous rGO (prGO) was prepared based on a
previous work [34]. 5 mg of synthesized rGO was sonicated
in 5 mL of H2O2 (30%) for 30 min and refluxed for 10 h at
60 °C. The product (prGO) was washed with water. The
nitrogen-doped porous reduced graphene oxide (NprGO)
was prepared using ammonia [35, 36]. The prGO and
ammonia (1:30W/V) mixture was sonicated for 30 min.
The mixture was heated for 10 h at 180 °C. The product was
washed with ethanol and water, and dried in an oven at
60 °C overnight.

The zinc nitrate (5 mL, 0.1 M) and 10 mL of NprGO
(1 mg/mL) were mixed and then 10 mL of Fummaria

Parviflora extract was added drop by drop to the mixture at
70 °C for 1 h. The product (ZnO-NprGO) was washed with
water, and heated at 350 °C for 2 h.

2.4 Fabrication of ZnO-NprGO/CPE

The CPE was fabricated according to previous reports [37].
Briefly, the graphite powder and paraffin were thoroughly
hand-mixed and transferred into a glass tube with an
internal radius of 3 mm. A copper wire was used to establish
electrical contact. 1 mg of ZnO-NprGO was dispersed in
ethanol (1 mL) by sonication for 30 min. Then, 5 µL of
ZnO-NprGO was drop-casted onto CPE and dried in an
oven at 50 °C.

2.5 Analysis of plasma and urine

500 μL of plasma or urine was added to 10 mL of buffer
phosphate solution (PBS, pH = 7.0) and analyzed by

Fig. 1 FE-SEM images of
NprGO (A, C) and ZnO-NprGO
(B, D) with different magnitude
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voltammetry method. Also, the samples were analyzed at
the wavelength of 330 nm by UV-Vis spectroscopy with the
addition of 500 μL in 4 mL PBS.

3 Results

3.1 Characterization

Figure 1 shows the FE-SEM images of NprGO and ZnO-
NprGO samples. As seen, the NprGO is wave-shaped cor-
rugated structure and multilayered sheets. In contrast, ZnO-
NprGO depicts the formation of sphere-shaped nano-
particles of ZnO with a nanometer scale (22–37 nm). The
EDS spectrum indicates the existence of C, O, and N ele-
ments in NprGO (Fig. 2A) and C, O, N and Zn elements in
ZnO-NprGO (Fig. 2B) confirming the formation of ZnO-
NprGO nanostructure.

Powder X-ray diffraction (XRD) is an effective analy-
tical technique to study the changes of interlayer and crystal
structures of samples. Figure 3A shows the XRD pattern of
NprGO and ZnO-NprGO. As observed, NprGO indicates
the peaks at 26.6°, and 47.7 related to the (002) and (100)

reflections, while the diffraction peaks at 32.2, 34.6, 36.4,
47.9, 56.7, 63.3, 66.9, 68.1, 69.5, 73.2 and 77.3° could be
indexed to the (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004) and (202) planes of the wurtzite
hexagonal zinc oxide (JCPDS36-1451) [38].

Raman spectra of NprGO and ZnO-NprGO are shown in
Fig. 3B. The NprGO exhibited the D and G bands at
1367 cm−1 and 1598 cm−1, attributed to defects in the gra-
phitic layers and sp2 carbon structure, respectively [39]. The
ZnO-prGO exhibited a decreased intensity ratio (0.95)
between peaks (ID/IG) compared with NprGO (0.99). In
addition, the D and G bands in ZnO-NprGO shifted to
higher frequencies (1388 cm−1 and 1619 cm−1). The peaks
at 329, 428 and 1066 cm−1 are assigned to
E2(High)–E1(low), E2(high) and 2A1(low) modes of ZnO,
respectively [40].

The evidence of formed NprGO and ZnO-NprGO is
investigated by UV-Vis spectra in wavelength range of
200–600 nm (Fig. 4A). An absorption broad peak was
observed at ~260 nm for NprGO. The absorption peaks of
260 and 369 nm in ZnO-NprGO spectrum belong to NprGO
and ZnO nanoparticles respectively, confirming the synth-
esis of ZnO-NprGO hybrid.

Fig. 2 EDS spectra of A NprGO
and B ZnO-NprGO
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The electrical response of bare CPE, NprGO/CPE, and
ZnO-NprGO/CPE was studied in [Fe(CN)6]3-/4- using cyclic
voltammetry (Fig. 4B). The redox peak current increased

significantly on ZnO-NprGO/CPE in comparison with those
recorded for NprGO/CPE and CPE. The architecture of the
ZnO-NprGO hybrid generates a larger electroactive surface
area, resulting in higher current. The good electronic
properties of NprGO, and ZnO facilitating fast electron
transfer, by a porous structure cause the current enhance-
ment. The electroactive surface area of CPE, NprGO/CPE,
and ZnO-NprGO/CPE was calculated from the slope of
plotting the peak current of [Fe(CN)6]

4- (3 mmol L−1) vs.
the square root of the scan rate using Eq. 1 [41]:

A ¼ slope=ð268:6� n3=2 � D1=2 � CÞ ð1Þ

where A, n, D, and C are the electroactive surface area
(cm2), number of transferred electrons (n= 1), diffusion
coefficient, and concentration of [Fe(CN)6]

4-, respectively.
In contrast to CPE (0.07 cm2) and NprGO/CPE (0.14 cm2),
ZnO-NprGO/CPE shows a higher effective surface area
(0.17 cm2), indicating ZnO-NprGO hybrid as electrode
material.

3.2 Voltammetric study of hydroxychloroquine

The cyclic voltammograms of CPE, NprGO/CPE and ZnO-
NprGO/CPE are shown in 0.1 mol L−1 PBS with pH=7.0
containing 15 μmol L−1 HCQ (Fig. 5A). As seen, a small
board oxidation peak of HCQ on surface of CPE is
observed, while oxidation potentials of HCQ at NprGO/
CPE and ZnO-NprGO are shown at 0.836 V and 1.051 V.
The NprGO nanosheets in electronic and synergistic asso-
ciation with ZnO nanoparticles might be due to the high
surface. In addition, the results showed that the ZnO-
NprGO/CPE presents higher conductivity and oxidation
current for HCQ.

The pH of the PBS affects the oxidation current of HCQ.
The voltammetric oxidation of HCQ was examined that

Fig. 3 A XRD patterns and
B Raman spectra of NprGO and
ZnO-NprGO

Fig. 4 A UV-Vis spectra of NprGO and ZnO-NprGO solution (1 mg/
mL). B Cyclic voltammograms of (a) CPE, (b) NprGO/CPE and (c)
ZnO-NprGO/CPE using [Fe(CN)6]

3-/4- (3 mmol L−1)/PBS (0.1 mol L−1)
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peak current increased from 4.0 to 7.0, where it reached a
maximum value (Fig. 5B). Therefore, pH 7.0 was selected
as the suitable pH for further tests. It’s found that the same
number of electrons and protons (Scheme 1) participates in
electro-oxidation of HCQ.

The scan rate effect on electro-oxidation of HCQ in PBS
(0.1 mol L−1, pH 7.0) was studied in range 25–250 mV s−1

(Fig. 6A). The HCQ oxidation current increased with
increasing scan rates, while the oxidation potential shifted

towards positive direction with the increase of the scan rate.
The plot of the oxidation current vs. square root of scan rate
was found a linear relationship (Fig. 6B), indicating an
adsorption-controlled reaction. Further, the adsorption
behavior of HCQ on ZnO-NprGO/CPE makes the
adsorption time (t) crucial parameter for detection. The
oxidation current was also improved with increase in time
up to 90 s (Fig. 6C). So, the electrode surface is saturated at
90 s time.

Fig. 5 A Cyclic voltammograms
of 25 μmol L−1 HCQ at scan rate
of 100mV s−1 at surface of (a)
CPE, (b) NprGo/CPE and (c)
ZnO-NprGO/CPE in 0.1 mol L−1

PBS (pH 7.0). B Plot of peak
current of 15 μmol L−1 HCQ in
0.1 mol L−1 PBS at the surface
of ZnO-NprGO/CPE at various
pH at scan rate of 100mV s−1

Scheme 1 The electrooxidation
mechanism of HCQ.

Fig. 6 A cyclic voltammograms
of 15 μmol L−1 HCQ in
0.1 mol L−1 PBS (pH 7.0) and
0.1 mol L−1 KCl as supporting
electrolyte at the surface of ZnO-
NprGO/CPE at various scan
rates: a 25, b 50, c 75, d 100,
e 150, f 200 and g 250mV s−1;
B Plot of peak currents vs. scan
rates; C Plot of peak current
15 μmol L−1 HCQ in 0.1 mol L−1

PBS at the surface of ZnO-
NprGO/CPE at various
adsorption time at scan rate of
100 mV s−1
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3.3 Validation of ZnO-NprGO/CPE sensor

The measurment of HCQ was launched based on the peak
current vs. HCQ concentration. Square wave voltammo-
grams (SWV) present the increase in peak current vs. HCQ
concentration in the range 0.07–5.5 µmol L−1 at ZnO-
NprGO/CPE (Fig. 7A). Limit of detection (LOD) of HCQ
was estimated from LOD= 3σ /b, where σ is the standard
deviation of the blank and b is the slope of the calibration
curve and was found 57 nmol L−1. The sensitivity was
calculated 14.175 µA µmol−1 L. The LOD, LDR and sen-
sitivity (Table 1) confirmed the precision of ZnO-NprGO/
CPE in comparison with other sensors presented in Table 1
[11, 12, 42–46].

The repeatability and intermediate precision were
investigated by measuring five successive tests for 15
µmol L−1 HCQ. The RSD values were estimated to be 2.7
and 3.3% for one day (intra-assay) and seven days (inter-
assay) respectively, which indicate excellent
repeatability.

Interference studied is a good approach for determining
the selectivity of ZnO-NprGO/CPE to detection HCQ. The
interference tests were carried out by adding some common
interfering species such as cysteine, acetaminophen, lysine,
glucose, Na+, K+, Cl-, ascorbic acid, uric acid and sucrose
as common interferences in biological samples. The assay
of 15 μmol L−1 HCQ was examined by the addition of
75 μmol L−1 interferences. The results obtained showed no
significant change in the HCQ current in the presence of the
mentioned interferents, indicating high selectivity of the
proposed sensor toward HCQ (Fig. 8A).

3.4 Assay of biological samples

To evaluate the applicability and validity of the proposed
sensor, recovery experiments were monitored with HCQ
analysis in known amounts to human plasma and urine. The
mean recoveries and RSD values of HCQ were found to be
92.0–102.0% and 1.9–4.3%, respectively (Table 2). More-
over, HCQ analysis in human plasma and urine was

Fig. 7 A Squar wave
voltammograms obtained ZnO-
NprGO/CPE in the presence of
(a) 0.07, (b) 0.1, (c) 0.3, (d) 1,
(e) 2, (f) 3, (g) 4 and (h)
5.5 μmol L−1 HCQ;
B Calibration curve of peak
currents vs. concentration of
HCQ

Table 1 Analytical parameters
for voltammetric determination
of HCQ at different modified
electrodes

Electrode Method Linear range (µmolL−1) LOD (nmol L−1) Sensitivity (µA μmol L−1) Ref.

ZnO/CPE DPVa 0.8–1000 133 4.52 11

VS2QDsb/GCE DPV 0.84–22.50 2.80 8.93 12

BDDc SWV 0.10–1.9 60 1.24 42

MWCNT/CPE ASDPVd 0.57–100 6 0.37 43

SPEe DPV 0.42–7.50 40 0.31 44

GCEf DPV 0.01–11.90 5 0.21 45

PMDASAMg/GCE DPV 0.09–10.20 5 – 46

ZnO-NprGO/CPE SWV 0.07–5.50 57 14.17 this
work

aDifferential pulse voltammetry
bVanadium disulfiede quantum dots
cBoron doped diamond
dAdsorptive stripping differential pulse voltammetry
eScreen printed electrode
fGlassy carbon electrode
gN,N-bis[(E)-(1-pyridyl)methylidene]-1,3-propanediamine self-assembled monolayer
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performed by UV-Vis spectroscopy (Fig. 8B, C). The data
reported in Table 2 showed that the electrochemical results
don’t significantly differ from UV-Vis spectroscopy. So, the
ZnO-NprGO/CPE is well adapted for sensing of HCQ.

4 Discussion

The current innovation relates to green production ZnO
nanoparticles and ZnO-NprGO nanocomposite employing
Fummaria Parviflora extract as a reducing agent. Because of
graphene oxide and its derivatives remarkable physio-
chemical properties, such as their huge surface area, good
biocompatibility, and low toxicity, graphene nanocompo-
sites have gotten a lot of interest [13]. The graphene

nanocomposites due to their biomedical properties can be
used in various applications, such as sensors and pharma-
ceuticals [14]. As a result, a method of generating metal
oxide and graphene nanocomposites using Fummaria Par-
viflora extract is desired.

The rGO was result of GO conversion using reduction
method or the addition of reducing agents that aim to
eliminate the oxygen functional groups found along the GO
plane [32]. Research carried out has succeeded in reduce
GO using Fummaria Parviflora as a reduction agent. In
green synthesis, various natural materials such leaf extracts,
peels, bio-compounds and microbes is used as reducing
agent [33]. Fummaria Parviflora contains high levels of
phenolic acids and flavonoids, which allow to act as redu-
cing agent as well as stabilizing agent [47].

Recent studies have shown that porous graphene should
also, be very useful as new support because of porous
supports can not only provide high surface area but also
facilitate the diffusion and mass transport of reactants [41].
Substitutional doping of graphene with heteroatoms could
modify the chemical reactivity, electrical conductivity, and
surface activity of graphene material. The results showed
that the doping using nitrogen and sulfur atoms in GO
material was successfully carried out [16]. One of the most
researched inorganic metal oxide, ZnO is known to be bio-
friendly, non-toxic, thermally stable, and electrochemically
active. Various nanostructures with the combination of

Fig. 8 A Detected current of
15 μmol L−1 HCQ by CV at
ZnO-NprGO/CPE in PBS (pH
7.0) upon the addition of
75 μmol L−1 cysteine (Cys),
glucose (Glu), Na+ and ascorbic
acid (AA); B The UV-Vis
spectrum of 100 ppm HCQ in
PBS (pH 7.0); C calibration
curve of HCQ determined by
UV-Vis spectroscopy

Table 2 Determination of HCQ in urine and plasma samples at surface
of ZnO-NprGO/CPE in 0.1 mol L−1 PBS solution (pH 7.0)

Sample Added
(μmol L−1)

Found
(μmol L−1)

Mean recovery (%)
(n= 3)

Proposed
method

UV method

Plasma 5.0 4.6 92.0 ± 1.9 99.7 ± 4.5

Plasma 10.0 9.3 93.0 ± 2.1 97.7 ± 3.6

Urine 5.0 5.1 102.0 ± 2.9 96.9 ± 1.5

Urine 10.0 9.6 96.0 ± 4.3 98.1 ± 3.3
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ZnO, have been widely used in the development of N2H4

sensor, and glucose and H2O2 biosensors [24].
For decades, the prevention and treatment of malaria

have been significantly assisted by the use of the very
efficient anti-malarial medication HCQ [6]. Since there is
presently no specific therapeutic vaccination or antiviral
medication accessible, HCQ can be utilized to treat the new
Corona virus 2019 (Covid-19) infection in these situations
[5]. Assertive negative effects or build-up of intoxication
may also result from long-term HCQ usage [6]. Due to this,
it’s important to medically monitor HCQ plasma levels to
optimize treatment and control negative effects. It is urgent
and necessary to develop a quick, accurate, and user-
friendly analytical technique to detect and quantify HCQ in
pharmaceutical and biological samples. Electro-chemical
sensors might be an excellent option to the detection of
HCQ.

Our research has focused on using ZnO and NprGO
which, represents an important and interesting semi-
conductor due to its electrocatalytic activity for the analysis
of HCQ in electrochemical sensors. This hybrid composite
offer several advantages, including a large surface area,
superior electrical conductivity, and simple preparation. The
evidence of synthesized ZnO-NprGO composite was
investigated by FE-SEM images, EDS, XRD, Raman and
UV-Vis spectra, and cyclic voltammetry (Figs. 1–4). The
ZnO-NprGO depicts the formation of sphere-shape nano-
particles of ZnO with a diameter of 22–37 nm on NprGO
sheets in good agreement with JCPDS89-0510 card. Si et al
have fabricated ZnO/graphene on glassy carbon electrode to
determine ofloxacin [48]. Wang et al have developed ZnO
nanorods and graphene nanosheets on ITO glass for elec-
trochemical sensing of uric acid in the presence of ascorbic
acid [49]. For the electrochemical detection of organopho-
sphorous pesticides, Liu et al have developed ZnO-rGO
nanocomposite based-electrochemical biosensor [50]. Jin
Choi et al have also developed ZnO-rGO nanocomposites
toward NO2 gas detection [51].

ZnO-NprGO demonstrated effective electro-catalytic
activity to detect HCQ, and the oxidation current was sig-
nificantly increased compared to alone ZnO and NprGO
(Fig. 5). It is found that the pH 7.0 is as the suitable pH in
determination of HCQ and the same number of electrons
and protons participated in electro-oxidation of HCQ
(Scheme 1). Also, the scan rate effect on electro-oxidation
of HCQ indicated an adsorption-controlled reaction (Fig.
6A). The LDR, LOD, and sensitivity of HCQ on proposed
sensor were calculated at 0.07–5.5 µmol L−1, 57 nmol L−1

and 14.175 µA µmol−1 L, respectively.
Zhang et al. developed a simply sensitive sensor based

on rGO–TiO2 nanocomposite-modified GCE was devel-
oped for the electrochemical determination of an anti-
malarial drug, HCQ. A linear relationship between the peak

current and the concentration was obtained, ranging from
0.25 to 500 μmol L−1 with the LOD of 12.5 nmol L−1 and
sensitivity of 0.39 µA µmol−1 L [10]. Zoubir et al estab-
lished a simple platform for electrocatalytic detection of
hydroxychloroquine in human urine samples and pharma-
ceutical samples (tablets) using a ZnO@CPE sensor con-
structed by simple and inexpensive hydrothermal methods
using a square wave voltammetry method. Under the opti-
mized experimental conditions, the ZnO@CPE sensor
showed good analytical performance for the determination
of trace amounts of HCQ, a wide linearity range
0.8–1000 µmol L−1 with LOD of 133 nmol L−1 and sen-
sitivity of 4.52 µA µmol−1 L. The calculated recovery and
coefficient of variation for the two samples analyzed are
very satisfactory, ranging from 97.6 to 102% and 1.2 to
2.3% respectively [11]. El-Wekil suggested an innovative
electrochemical sensor based on vanadium disulfide quan-
tum dots and insertion within N, S graphene aerogel and
carbon nanotube nanaostructure for simultaneous voltam-
metric analysis of azithromycin and HCQ. This sensor
showed a dynamic linear range of 0.08–0.30 µmol L−1 for
analysis of HCQ with LOD of 3.0 nmol L−1 and sensitivity
of 8.93 µA µmol−1 L [12].

As presented in Table 1, ZnO-NprGO/CPE shows many
advantages such as simplicity, rapidity, cost effective, low
LOD, and higher sensitivity in comparison with other
works. LODs are however lower as compared to MWCNT/
CPE [43], SPE [44], and PMDASAM/GCE [46]. The ease
and one-step procedure of making ZnO-NprGO/CPE, as
shown in this work, might be however an advantage when it
comes for sensing in clinical samples. Moreover, there is no
proof that a single electrode can work for a long period of
time with almost the same performance, which gives the
ZnO-NprGO/CPE the privilege of being used for routine
work. In addition, the ZnO-NprGO might be functionalized
to selectively determine different kinds of analytes.

The mean recoveries and RSD values of HCQ were
found to be 92.0–102.0% and 1.9–4.3%, respectively, in
human plasma and urine. Based on these results, the pro-
posed electrode suggested for analysis of HCQ is reliable
for quantification of HCQ with robust results. Moreover, the
samples were analyzed by UV-Vis method, and it was
found that no significant difference between the proposed
and UV-Vis methods. Consequently, the proposed sensor is
accurate for HCQ assay in human serum and urine samples
with high accuracy.

5 Conclusion

The stable ZnO-NprGO hybrid was effectively synthesized
via environmentally friendly process using extract. The
high surface area and excellent conductivity were created

Journal of Materials Science: Materials in Medicine            (2025) 36:4 Page 9 of 11     4 



by combining NprGO sheets and ZnO particles. A rapid
and accurate SWV method was operated to measure HCQ
in biological samples. This method presents ZnO-NprGO-
based CPE sensor. The ZnO-NprGO/CPE exhibited fast
and stable response with extremely low LOD, wide LDR,
and high sensitivity values due to ZnO successful adher-
ence to NprGO that causes good electrical conductivity.
Moreover, the ZnO-NprGO/CPE can be useful to detect
HCQ in urine and human serum, suggesting the proposed
method might be effective and reliable for HCQ sensing in
real samples.
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