
Citation: Abd-Elsabour, M.;

Abou-Krisha, M.M.; Kenawy, S.H.;

Yousef, T.A. A Novel Electrochemical

Sensor Based on an Environmentally

Friendly Synthesis of Magnetic

Chitosan Nanocomposite Carbon

Paste Electrode for the Determination

of Diclofenac to Control

Inflammation. Nanomaterials 2023, 13,

1079. https://doi.org/10.3390/

nano13061079

Academic Editor: Chih-Chia Huang

Received: 6 February 2023

Revised: 25 February 2023

Accepted: 28 February 2023

Published: 16 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

A Novel Electrochemical Sensor Based on an Environmentally
Friendly Synthesis of Magnetic Chitosan Nanocomposite
Carbon Paste Electrode for the Determination of Diclofenac to
Control Inflammation
Mohamed Abd-Elsabour 1, Mortaga M. Abou-Krisha 1,2 , Sayed H. Kenawy 2,3,* and Tarek A. Yousef 2,4

1 Chemistry Department, Faculty of Science, South Valley University, Qena 83523, Egypt
2 Chemistry Department, College of Science, Imam Mohammad Ibn Saud Islamic University (IMSIU),

Riyadh 11623, Saudi Arabia
3 Refractories, Ceramics and Building Materials Department, National Research Centre, El-Buhouth St., Dokki,

Giza 12622, Egypt
4 Mansoura Laboratory, Toxic and Narcotic Drug, Forensic Medicine Department, Medicolegal Organization,

Ministry of Justice, Cairo 11435, Egypt
* Correspondence: skibrahim@imamu.edu.sa

Abstract: A simple and eco-friendly electrochemical sensor for the anti-inflammatory diclofenac
(DIC) was developed in a chitosan nanocomposite carbon paste electrode (M-Chs NC/CPE). The
M-Chs NC/CPE was characterized with FTIR, XRD, SEM, and TEM for the size, surface area, and
morphology. The produced electrode showed a high electrocatalytic activity to use the DIC in 0.1 M of
the BR buffer (pH 3.0). The effect of scanning speed and pH on the DIC oxidation peak suggests that
the DIC electrode process has a typical diffusion characteristic with two electrons and two protons.
Furthermore, the peak current linearly proportional to the DIC concentration ranged from 0.025 M to
4.0 M with the correlation coefficient (r2). The sensitivity, limit of detection (LOD; 3σ), and the limit
of quantification (LOQ; 10σ) were 0.993, 9.6 µA/µM cm2, 0.007 µM, and 0.024 µM, respectively. In
the end, the proposed sensor enables the reliable and sensitive detection of DIC in biological and
pharmaceutical samples.

Keywords: magnetic chitosan nanocomposite; diclofenac; cyclic voltammetry; differential pulse
voltammetry; chronoamperometry

1. Introduction

Diclofenac sodium (DIC) is an anti-inflammatory non-steroidal agent with analgesic
and anti-pyretic properties [1]. DIC is used to treat many severe inflammatory and painful
diseases such as rheumatoid arthritis, osteoarthritis, soft tissue disorders, renal ulcers, acute
gout, diabetes, and migraine [2,3]. Research shows that DIC is the most effective and most
assertive NSAID. Additionally, various studies on the use of DIC have proved it efficacy
with fewer side effects in terms of quality assurance compared to most other NSAIDs [1–3].
On the other hand, DIC can cause life-threatening problems such as heart attacks and
stroke. Furthermore, it can harm people and cause aplastic anemia, gastrointestinal prob-
lems, agranulocytosis, and abnormal renal function [3]. Thus, the determination of the
DIC trace levels in the biological and pharmaceutical samples is crucial for development
and treatment. To date, a wide range of methods have been employed to detect DIC in
different kinds of materials such as spectrophotometry [4,5], fluorimetry [6], HPLC [7,8],
GCMS [9,10], LCMS [11] electrokinetic chromatography [12], TLC [13], and electrochemical
methods [14–23]. Among these numerous analytical techniques, the electrochemical ap-
proaches might be thought of as the best ones for DIC measurement in solutions since they
are sensitive, selective, cheap, and simple to use.
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Carbon paste electrodes (CPEs) are used in various electrochemistry applications for
their ease of preparation, speed, response stability, porous surface, renewal, low cost, low
ohmic resistance, and lack of internal solutions [24]. Recently, the use of nanocomposites
based on biopolymers to improve the efficiency, sensitivity, and electrocatalytic activity
of various electrochemical sensors due to the presence of several active sites such as the
hydroxyl, carboxyl, and amino groups included in biopolymer, which may interact with
different analytes via the formation of electrostatic forces or hydrogen bonds [25]. Moreover,
the nanoscale size of the composites revealed a clear impact on the increase in the surface
area of the electrode [26].

Chitosan (Chs) is considered the second most prevalent naturally occurring biopoly-
mer in the world. It can be produced from the deacetylation process of chitin obtained
from natural wastes such as shellfish and crustaceans [27]. Chs has a variety of intriguing
applications including organo catalysis [28], supramolecular polymer networks [29], drug
delivery systems [30], treatment of water [31], and biosensors [32] due to its various advan-
tages such as the ability to be extracted from waste sources with low cost, nontoxic, and
possesses attractive properties involving biocompatibility, biodegradability, hydrophilic,
and basic moieties [33].

Subsequently, a simple, eco-friendly, and cheap protocol was used for the synthesis
of magnetic chitosan nanocomposite (M-Chs NC) through the extraction of nano-chitosan
from natural waste sources (shrimp shell) followed by its hybridization with magnetite
depending on the coprecipitation method. The obtained nanocomposite possesses versa-
tile properties such as compatibility, low-cost, and superparamagnetic behavior, which
provides a strong motive for its exploitation in the design of a stable interface, rapid, and
sensitive modified CPE for the detection of DIC for the first time. The fabricated electrode
showed high performance toward DIC in real biological and pharmaceutical samples.

2. Experimental Procedures
2.1. Materials

All chemicals used were of an analytical quality and used without further purifica-
tion; HCl (36.0%), NaOH (≥98.0%, pellets (anhydrous)), acetone (≥99.8%), NaOCl (avail-
able chlorine 10–15%), Tri polyphosphate (TPP) (85.0%), acetic acid (95.0%), FeSO4·7H2O
(≥99.0%), FeCl3·6H2O (≥99.0%), NH4OH (25.0%), and DIC (≥98.0% purity) were supplied
from Sigma–Aldrich Co., Mumbai, Maharashtra, India. A DIC stock solution was prepared
by dissolving the calculated amount in 100 mL double distilled water and then diluting the
DIC concentration required. The prepared stock solutions were stored in the refrigerator
until they were used in the laboratory. Several freshly prepared electrolytes (El Nasr Pharm.
Chem. Co., Cairo, Egypt) such as KCl, acetate buffer solution (ABS), phosphate buffer
solution (PBS), BR buffer, and borate buffer solution (BBS) were used. Double distilled
water was employed to prepare aqueous solutions at room temperature.

2.2. Instruments

FTIR has been employed as a quick and accurate method to provide information about
the chemical composition of the prepared samples and confirm the interaction between
Chs and magnetite NPs. Thus, the KBr pellet method was employed to examine the FTIR
spectra of the prepared samples in the range of 400–4000 cm−1 by using a Nicolet 5700
infrared spectrometer (Nicolet, MA, USA). A powder X-ray diffractometer (Brucker D8
Advance, Karlsruhe, Germany with a Cu Kα radiation source, λ = 1.5406 Å, in the range
of 2θ = 10–80◦ using a step size of 0.02/min) was used to record the X-ray diffraction
spectra of the prepared samples for the investigation of the chemical composition and
phase structure of the samples. The Scherrer equation (D = 0.9λ/(βcos θ)), where D is the
average crystallite size (nm), λ is the X-ray wavelength used, θ is the diffraction angle, and
β is the full width at half the maximum of the diffraction peak in radians, was used to
calculate the average crystalline size of the prepared sample. To examine the topographical,
morphological, and compositional features of the produced samples, SEM (Jeol, JSM-IT200,
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Shinagawa Seaside, Tokyo, Japan) and TEM (Jeol Jem-1230 Shinagawa Seaside, Tokyo,
Japan) operating at an accelerating voltage of 30–200 kV was used. A Potentiostat 263 (EG
G PARC) from the Princeton Applied Research Corporation, manufactured in the United
States (Oak Ridge, TN, USA), was connected to the PC by 352 corrosion software and used
to quantity the electrochemical measurements. The electrochemical cell used (MODEL
K0264 MICRO-CELL) consisted of three electrodes: an auxiliary platinum wire electrode
(Model K0266) and an Ag/AgCl electrode saturated with a 3 M KCl reference electrode
(Model K0265). In addition, M-Chs NC modified CPE was used as a working electrode.

2.3. Preparation of Chs NPs

Shrimp shell waste was collected from a local fish market and used as a cheap source to
extract chitosan. The collected shrimp shells were thoroughly washed with distilled water
to remove all soluble organic and inorganic materials, then the cleaned shells were heated
for about 20 min at 90–100 ◦C to inactivate the endogenous enzymes. The shells were dried
and ground into a fine powder followed by the demineralization of the shrimp shell powder,
which primarily involves the removal of calcium carbonate along with other elements, and
was carried out through stirring the shell powder with a HCl solution (1N) with ratio of
1:30 (w/v) for 75 min at room temperature, then filtering, washing with distilled water to
neutrality and drying. Deproteinization was used to remove adhering protein from the
demineralized shrimp shell powder by combining it with NaOH solution (3N) for 75 min at
room temperature, then filtering, washing with distilled water to neutrality, and drying to
provide chitin. The obtained product was treated with acetone and sodium hypochlorite to
remove pigments such as carotenoids and melanin. This was followed by the deacetylation
step of bleaching chitin in which chitosan was obtained by the alkaline hydrolysis treatment
of 1 g of chitin with 50 mL of sodium hydroxide (50%) for about 50 min at 90 ◦C. The product
was filtered, thoroughly washed with distilled water and then treated with ethanol followed
by drying for 24 h at 80 ◦C. Finally, the extracted Chs was treated with acetic acid solution (2%)
for 30 min, followed by the addition of 40 mL of tripolyphosphate to 100 mL of extracted Chs
solution, and stirring for 2 h to obtain Chs nanoparticles that were separated by centrifugation,
then rinsed with distilled H2O and dried (see Figure 1) [34–36].
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2.4. Synthesis of M-Chs NC

Using the co-precipitation approach, M-Chs NC was prepared (Figure 2). First, 1 g of the
extracted Chs was stirred magnetically with 100 mL of Fe2+/Fe3+ solution (molar ratio 1:2,
respectively) for 3 h at 50 ◦C. Subsequently, the resulting mixture was ultrasonicated for
30 min at 100 ◦C. The formation of magnetite was accomplished by the dropwise addition
of an equivalent amount of 25% ammonia solution. After the completion of the reaction, the
obtained black precipitate was separated by a permanent magnet and washed with doubly
distilled water several times until neutralization. Finally, the obtained sample was dried in an
electric oven at 80 ◦C overnight.
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2.5. Preparation of Pharmaceutical Samples

VoltarenTM (100 mg) was used as the DIC pharmaceutical samples. Five tablets were
taken and ground into a fine powder using a mortar and pestle. The required amount of
DIC was dissolved in a suitable volume of BR (pH 3.0) to obtain a specific concentration of
DIC. Then, the resulting mixture was sonicated for 10 min followed by filtration to obtain
the pure solution and then stored in the refrigerator for the next use.

2.6. Preparation of Human Serum Samples

Blood from healthy volunteers was collected in order to produce the serum sample.
The serum was extracted from the samples by centrifuging them at 5000 rpm for 10 min.
Then, to precipitate any protein that might be present in the sample, 2 mL of the resulting
serum was added to another tube that contained 4 mL of acetonitrile. The tube was vortexed
for 10 min before being centrifuged at 5000 rpm for 20 min. The electrochemical cell received
the supernatant without delay. The last step involved adding aliquots of DIC and diluting
them with BR buffer (pH = 3.0) until the desired DIC concentrations were prepared.

3. Results and Discussion
3.1. Characterization of Extracted Chs NPs and M-Chs NC
3.1.1. Structural Analysis

The present research revealed that M-Chs NC was synthesized using an in situ co-
precipitation method. The FTIR spectra of Chs NPs and M-Chs NC were performed to
explore the interaction between Chs NPs and Fe3O4 NPs in the prepared NC (Figure 3a).
The FTIR spectrum of the pure extracted Chs exhibited several transmitted bands. The
stretching vibrations of the OH and NH2 groups were related to the strong broad band at
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3421 cm−1. The absorption bands at 2926 and 2876 cm−1 were characteristic of the asym-
metric and symmetric C–H aliphatic stretching vibrations. C=O stretching vibration and
N–H bending vibration were attributed to the bands at 1640 and 1552 cm−1, respectively.
The bands at 1385 and 1073 cm−1 were assigned to the bending vibration of C–N and the
stretching vibration C–O groups, respectively [37]. On the other hand, the FTIR spectrum
of M-Chs NC showed a match in the same absorption bands as those of the pure Chs with
little change in both the band position and intensity. The bands at 3421, 2926, 1640, 1385,
and 1073 cm−1 shifted to 3412, 3140, 1630, 1398, and 1114 cm−1, respectively. These results
demonstrate the complexation of Fe3+ with the included amino and hydroxyl groups on
Chs NPs. Moreover, the appearance of two strong characteristic adsorption bands at 606
and 426 cm−1 were due to the stretching vibrations of Fe–O of Fe3O4, which indicates the
in situ co-precipitation of Fe3O4 on Chs NPs [38].
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Figure 3. FTIR spectra (a) and (b) XRD spectra of the extracted Chs NPs and M-Chs NC.

The crystal structure and crystallite size of the produced samples were characterized
using the XRD technique. At room temperature, the XRD spectra of the prepared samples
were recorded in the range of 10◦ to 70◦. The semi-crystalline nature of the extracted Chs
NPs was revealed by the presence of a characteristic peak at 2θ = 20.01◦ in its XRD pattern
(Figure 3b). The XRD study revealed the crystallinity of chitosan from shrimp shells as well
as the appearance of a significant chitosan peak at high intensity [39]. Furthermore, the
absence of any other diffraction peaks related to contaminants demonstrated their purity.
Otherwise, the peak corresponding to the extracted Chs was shifted to approximately 21.2◦

and became wider in the XRD pattern of as-prepared M-Chs (Figure 3b). Furthermore, the
M-Ch NC XRD pattern exhibited six characteristic diffraction peaks of cubic Fe3O4 NPs at
2θ = 30.2◦, 35.5◦, 43.2◦, 53.7◦, 57.2◦, and 62.8◦ corresponding to Miller indices of (220), (311),
(400), (422), (511), and (440), respectively. Each of the diffraction peaks were observed in a
similar position to those of magnetite (JCPDS File No. 19-0629) [40]. The high purity of the
prepared magnetite was confirmed by the absence of any other peaks of any other phases
in the XRD pattern. Moreover, the strong diffraction peaks indicate the high crystalline
nature of the prepared sample. Using the Debye–Scherrer formula and the analysis of the
XRD data of (311) and (511), it was determined that the average crystalline size of Fe3O4
NPs was around 17 nm.
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3.1.2. Morphological Analysis

The microstructure as well as the particle size of the prepared samples were investi-
gated using SEM at a magnification of X60000 and TEM. Figure 4a,b shows that the SEM
micrographs of the shrimp shell Chs NPs had spherical and smooth surface nanoparticles
with a uniform diameter of approximately 80 nm. The higher surface area of Chs NPs was
confirmed by its spherical shape, which allowed for a successful loading of Fe3O4 on its
surface [41]. The SEM of M-Chs NC (Figure 4b) showed small, agglomerated particles,
which is like that of Chs NPs, with slight differences in the particle size. These particles
had a quasi-spherical shape with a rough and irregular surface, which is characteristic
for typical hybrid materials. The extracted Chs NPs were well-dispersed quasi-spherical
and had a diameter around 50 nm, as seen in Figure 4c. Based on the obtained results,
the authors designed a feasible, low-cost method for producing Chs NPs that were less
than 100 nm in size, in contrast to other methods. The TEM image of M-Chs NC shows the
core-shell structure of Fe3O4 NPs (Figure 4d). The pictures showed the core of the Fe3O4
NPs, which was dark in color. These differed from the Chs, which appeared as the grey
coating surrounding it. The average size of the nanocomposites was greater than 80 nm.
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3.2. Electroactive Surface Area Measurements

In the bare CPE, Chs NPs/CPE and M-Chs NC/CPE with a scan rate of 50 mV/s, the
cyclic voltammograms (CVs) of 1.0 mM of [Fe(CN)6]3−/4− in the presence of KCl (0.1 M) as
a supporting electrolyte are shown in Figure 5. According to the [Fe(CN)6]3−/4− findings,
a reversible redox reaction with separation peak potentials (∆Ep) of 560 mV, 280 mV, and
130 mV for the bare CPE, Chs NPs/CPE, and M-Chs NC/CPE, respectively, took place
at the surface of all applied electrodes. Additionally, the anodic peck current at M-Chs
NPs/CPE was enhanced by 100 A and 400 A, respectively, compared to the bare CPE at
Chs NPs/CPE and M-Chs NC/CPE. This result suggests that the M-Chs NPs enhanced the
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electrochemical signal at the modified electrodes and decreased the charge-transfer resis-
tance to boost the CPE’s electrochemical response. The M-Chs NC/CPE’s electrocatalytic
activity findings show that it may be used for suitable analytical applications. The active
surface area (A) for the fabricated electrodes was calculated using the Randles–Sevcik
formula (Ip = (26.9 × 104) n1.5 A DR

0.5 υ0.5 Co), wherever DR is the diffusion coefficient
(for [Fe(CN)6]3−/4− DR = 7.6 × 10−6 cm2 s−1)), Ip denotes the maximum current, and n is
the number of transferred electrons involved in the electrochemical process (n = 1) [41].
The value of A was found to be 0.008 cm2, 0.012 cm2, and 0.035 cm2 for unmodified CPE,
Chs NPs/CPE, and M-Chs NC/CPE, respectively, indicating the significant increase in the
electroactive surface area of M-Chs NC/CPE with CPE.
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Figure 5. CVs of KCl (0.1 M) contains 1.0 mM of [Fe(CN)6]3−/4− at (a) unmodified CPE, (b) Chs
NPs/CPE, and (c) M-Chs NC/CPE with a sweep rate of 50 mV/s.

3.3. Electrochemical Behavior of DIC

CV was applied to study the electrochemical performance of 0.5 µM DIC at the surface
of different applied working electrodes in 0.1 M of BR buffer (pH 3.0) in the potential
range of 0.2–1.1 V at a scan rate of 50 mV s−1. As shown in Figure 6a, a low redox signal
of DIC was attained in the bare CPE (curve a). Meanwhile, in the case of Chs NPs/CPE
(curve b) and M-Chs NC/CPE (curve c), the anodic peak current signal increased by 2.04
and 4.0 times compared with that obtained at the surface of the unmodified CPE. It was
also found that the potential value decreased by around 0.088 V, which shows that the
applied modifier promoted the electrochemical process and markedly accelerated the rate
of electron transfer. The electrocatalytic efficiency of the modified electrode can be clarified
by the high excellent adsorption capability and catalytic action of M-Chs NC. Therefore,
M-Chs NC was anticipated to increase the accumulation of DIC particles on the altered
electrode surface and increase the active surface area of the CPE [37]. To examine the
impact of the adsorption of DIC oxidation product on the voltammetric response of DIC
at the M-Chs NC/CPE surface, two continuous scan cycles were recorded. According to
Figure 6b, the first cycle had a clearly defined oxidation peak at about 0.81 V, which in the
reverse scan developed into a cathodic peak at about 0.56 V. The second cycle, however,
revealed the appearance of a new oxidation peak at 0.58 V that coupled reversibly with
the cathodic peak at 0.3 V. The redox characteristic of the oxidation product of DIC caused
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the reversible pair to develop at less positive potentials. Additionally, a decrease in the
anodic peak current of DIC was observed in the second cycle because of the high adsorption
capacity of the oxidation products of DIC at the M-Chs NC/CPE surface, which blocks the
electroactive sites at the electrode surface. According to previously published data, DIC is
irreversibly oxidized and the donation increases to an oxidation peak at 0.81 V when the
potential sweep is started in the positive direction at the surface of M-Chs NC/CPE [1,2].
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7a. The current signal also grew as the scan speeds increased. The derived linear relation-
ship between Ip and Ʋ0.5 (Equation (1)) (inset Figure 7a) shows that the DIC oxidation pro-
cess is diffusion-based [42]. Additionally, charting the relationship between log Ip and the 
log Ʋ, as shown in Figure 7b, revealed that the diffusion nature of DIC’s oxidation process 
resulted in a straight line that followed Equation (2). The calculated slope of 0.6 was ex-
tremely close to the calculated electron transfer coefficient (α), which was assumed to be 
equal to 0.5 [43] for the diffusion-controlled process. 

The total number of electrons involved in the DIC oxidation process (n) was calcu-
lated using Laviron equation, Equation (3). The value (αn) was calculated from the slope 
of the relationship between Ep and log Ʋ, as shown in Figure 7c. (4). The DIC oxidation 
process therefore involves two electrons, and the predicted mechanism can be expressed 
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Figure 6. (A) CVs of 0.5 µM of DIC in 0.1 M of BR buffer (pH 3.0) at a scan rate 50 mV/s (a)
unmodified CPE, (b) Chs NPs/CPE, and (c) M-Chs NC/CPE. (B) Two continuous cyclic voltametric
scans of 0.5 µM of DIC solution in 0.1 BR buffer (pH 3.0) at scan rate 50 mV/s at M-Chs NC/CPE.

3.4. Effect of Scan Rate

The scan rate was used to study the influence of the potential on the nature of the
electro-oxidation process of DIC at M-Chs NC/CPE, and linear sweep voltammetry (LSV)
for 0.5 µM of DIC was applied at various scan rates (
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3.4. Effect of Scan Rate 
The scan rate was used to study the influence of the potential on the nature of the 

electro-oxidation process of DIC at M-Chs NC/CPE, and linear sweep voltammetry 
(LSV) for 0.5 µM of DIC was  Ʋ in 0.1 M of BR buffer (pH = 3.0). According to the 
computed results, increasing the scan rate from 0.01 to 0.75 V/s caused the anodic peak 
potentials of the DIC to shift toward positive values, as shown in Figure 7a. The current 
signal also grew as the scan speeds increased. The derived linear relation-ship between 
Ip and Ʋ0.5 (Equation (1)) (inset Figure 7a) shows that the DIC oxidation pro-cess is 
diffusion-based [42]. Additionally, charting the relationship between log Ip and the log Ʋ, as shown in Figure 7b, revealed that the diffusion nature of DIC’s oxidation process 
resulted in a straight line that followed Equation (2). The calculated slope of 0.6 was ex-
tremely close to the calculated electron transfer coefficient (α), which was assumed to be 
equal to 0.5 [43] for the diffusion-controlled process. 

The total number of electrons involved in the DIC oxidation process (n) was calcu-
lated using Laviron equation, Equation (3). The value (αn) was calculated from the slope 
of the relationship between Ep and log Ʋ, as shown in Figure 7c. (4). The DIC oxidation 
process therefore involves two electrons, and the predicted mechanism can be expressed 
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) in 0.1 M of BR buffer (pH = 3.0).
According to the computed results, increasing the scan rate from 0.01 to 0.75 V/s caused
the anodic peak potentials of the DIC to shift toward positive values, as shown in Figure 7a.
The current signal also grew as the scan speeds increased. The derived linear relationship
between Ip and
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3.4. Effect of Scan Rate 
The scan rate was used to study the influence of the potential on the nature of the 

electro-oxidation process of DIC at M-Chs NC/CPE, and linear sweep voltammetry 
(LSV) for 0.5 µM of DIC was  Ʋ in 0.1 M of BR buffer (pH = 3.0). According to the 
computed results, increasing the scan rate from 0.01 to 0.75 V/s caused the anodic peak 
potentials of the DIC to shift toward positive values, as shown in Figure 7a. The current 
signal also grew as the scan speeds increased. The derived linear relation-ship between 
Ip and Ʋ0.5 (Equation (1)) (inset Figure 7a) shows that the DIC oxidation pro-cess is 
diffusion-based [42]. Additionally, charting the relationship between log Ip and the log Ʋ, as shown in Figure 7b, revealed that the diffusion nature of DIC’s oxidation process 
resulted in a straight line that followed Equation (2). The calculated slope of 0.6 was ex-
tremely close to the calculated electron transfer coefficient (α), which was assumed to be 
equal to 0.5 [43] for the diffusion-controlled process. 

The total number of electrons involved in the DIC oxidation process (n) was calcu-
lated using Laviron equation, Equation (3). The value (αn) was calculated from the slope 
of the relationship between Ep and log Ʋ, as shown in Figure 7c. (4). The DIC oxidation 
process therefore involves two electrons, and the predicted mechanism can be expressed 
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0.5 (Equation (1)) (inset Figure 7a) shows that the DIC oxidation process is
diffusion-based [42]. Additionally, charting the relationship between log Ip and the log
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3.4. Effect of Scan Rate 
The scan rate was used to study the influence of the potential on the nature of the 

electro-oxidation process of DIC at M-Chs NC/CPE, and linear sweep voltammetry 
(LSV) for 0.5 µM of DIC was  Ʋ in 0.1 M of BR buffer (pH = 3.0). According to the 
computed results, increasing the scan rate from 0.01 to 0.75 V/s caused the anodic peak 
potentials of the DIC to shift toward positive values, as shown in Figure 7a. The current 
signal also grew as the scan speeds increased. The derived linear relation-ship between 
Ip and Ʋ0.5 (Equation (1)) (inset Figure 7a) shows that the DIC oxidation pro-cess is 
diffusion-based [42]. Additionally, charting the relationship between log Ip and the log Ʋ, as shown in Figure 7b, revealed that the diffusion nature of DIC’s oxidation process 
resulted in a straight line that followed Equation (2). The calculated slope of 0.6 was ex-
tremely close to the calculated electron transfer coefficient (α), which was assumed to be 
equal to 0.5 [43] for the diffusion-controlled process. 

The total number of electrons involved in the DIC oxidation process (n) was calcu-
lated using Laviron equation, Equation (3). The value (αn) was calculated from the slope 
of the relationship between Ep and log Ʋ, as shown in Figure 7c. (4). The DIC oxidation 
process therefore involves two electrons, and the predicted mechanism can be expressed 
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, as
shown in Figure 7b, revealed that the diffusion nature of DIC’s oxidation process resulted in a
straight line that followed Equation (2). The calculated slope of 0.6 was extremely close to the
calculated electron transfer coefficient (α), which was assumed to be equal to 0.5 [43] for the
diffusion-controlled process.

The total number of electrons involved in the DIC oxidation process (n) was calculated
using Laviron equation, Equation (3). The value (αn) was calculated from the slope of
the relationship between Ep and log
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3.4. Effect of Scan Rate 
The scan rate was used to study the influence of the potential on the nature of the 

electro-oxidation process of DIC at M-Chs NC/CPE, and linear sweep voltammetry 
(LSV) for 0.5 µM of DIC was  Ʋ in 0.1 M of BR buffer (pH = 3.0). According to the 
computed results, increasing the scan rate from 0.01 to 0.75 V/s caused the anodic peak 
potentials of the DIC to shift toward positive values, as shown in Figure 7a. The current 
signal also grew as the scan speeds increased. The derived linear relation-ship between 
Ip and Ʋ0.5 (Equation (1)) (inset Figure 7a) shows that the DIC oxidation pro-cess is 
diffusion-based [42]. Additionally, charting the relationship between log Ip and the log Ʋ, as shown in Figure 7b, revealed that the diffusion nature of DIC’s oxidation process 
resulted in a straight line that followed Equation (2). The calculated slope of 0.6 was ex-
tremely close to the calculated electron transfer coefficient (α), which was assumed to be 
equal to 0.5 [43] for the diffusion-controlled process. 

The total number of electrons involved in the DIC oxidation process (n) was calcu-
lated using Laviron equation, Equation (3). The value (αn) was calculated from the slope 
of the relationship between Ep and log Ʋ, as shown in Figure 7c. (4). The DIC oxidation 
process therefore involves two electrons, and the predicted mechanism can be expressed 
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, as shown in Figure 7c and Equation (4). The DIC
oxidation process therefore involves two electrons, and the predicted mechanism can be
expressed as shown in (Scheme 1) [2,3].

Ip (µA) = −2.98 + 48.96
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3.4. Effect of Scan Rate 
The scan rate was used to study the influence of the potential on the nature of the 

electro-oxidation process of DIC at M-Chs NC/CPE, and linear sweep voltammetry 
(LSV) for 0.5 µM of DIC was  Ʋ in 0.1 M of BR buffer (pH = 3.0). According to the 
computed results, increasing the scan rate from 0.01 to 0.75 V/s caused the anodic peak 
potentials of the DIC to shift toward positive values, as shown in Figure 7a. The current 
signal also grew as the scan speeds increased. The derived linear relation-ship between 
Ip and Ʋ0.5 (Equation (1)) (inset Figure 7a) shows that the DIC oxidation pro-cess is 
diffusion-based [42]. Additionally, charting the relationship between log Ip and the log Ʋ, as shown in Figure 7b, revealed that the diffusion nature of DIC’s oxidation process 
resulted in a straight line that followed Equation (2). The calculated slope of 0.6 was ex-
tremely close to the calculated electron transfer coefficient (α), which was assumed to be 
equal to 0.5 [43] for the diffusion-controlled process. 

The total number of electrons involved in the DIC oxidation process (n) was calcu-
lated using Laviron equation, Equation (3). The value (αn) was calculated from the slope 
of the relationship between Ep and log Ʋ, as shown in Figure 7c. (4). The DIC oxidation 
process therefore involves two electrons, and the predicted mechanism can be expressed 
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0.5
(V/s)0.5 r2 = 0.997 (1)

log Ip (µA) = 1.67 + 0.60 log
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3.4. Effect of Scan Rate 
The scan rate was used to study the influence of the potential on the nature of the 

electro-oxidation process of DIC at M-Chs NC/CPE, and linear sweep voltammetry 
(LSV) for 0.5 µM of DIC was  Ʋ in 0.1 M of BR buffer (pH = 3.0). According to the 
computed results, increasing the scan rate from 0.01 to 0.75 V/s caused the anodic peak 
potentials of the DIC to shift toward positive values, as shown in Figure 7a. The current 
signal also grew as the scan speeds increased. The derived linear relation-ship between 
Ip and Ʋ0.5 (Equation (1)) (inset Figure 7a) shows that the DIC oxidation pro-cess is 
diffusion-based [42]. Additionally, charting the relationship between log Ip and the log Ʋ, as shown in Figure 7b, revealed that the diffusion nature of DIC’s oxidation process 
resulted in a straight line that followed Equation (2). The calculated slope of 0.6 was ex-
tremely close to the calculated electron transfer coefficient (α), which was assumed to be 
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The total number of electrons involved in the DIC oxidation process (n) was calcu-
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3.4. Effect of Scan Rate 
The scan rate was used to study the influence of the potential on the nature of the 

electro-oxidation process of DIC at M-Chs NC/CPE, and linear sweep voltammetry 
(LSV) for 0.5 µM of DIC was  Ʋ in 0.1 M of BR buffer (pH = 3.0). According to the 
computed results, increasing the scan rate from 0.01 to 0.75 V/s caused the anodic peak 
potentials of the DIC to shift toward positive values, as shown in Figure 7a. The current 
signal also grew as the scan speeds increased. The derived linear relation-ship between 
Ip and Ʋ0.5 (Equation (1)) (inset Figure 7a) shows that the DIC oxidation pro-cess is 
diffusion-based [42]. Additionally, charting the relationship between log Ip and the log Ʋ, as shown in Figure 7b, revealed that the diffusion nature of DIC’s oxidation process 
resulted in a straight line that followed Equation (2). The calculated slope of 0.6 was ex-
tremely close to the calculated electron transfer coefficient (α), which was assumed to be 
equal to 0.5 [43] for the diffusion-controlled process. 

The total number of electrons involved in the DIC oxidation process (n) was calcu-
lated using Laviron equation, Equation (3). The value (αn) was calculated from the slope 
of the relationship between Ep and log Ʋ, as shown in Figure 7c. (4). The DIC oxidation 
process therefore involves two electrons, and the predicted mechanism can be expressed 
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3.4. Effect of Scan Rate 
The scan rate was used to study the influence of the potential on the nature of the 

electro-oxidation process of DIC at M-Chs NC/CPE, and linear sweep voltammetry 
(LSV) for 0.5 µM of DIC was  Ʋ in 0.1 M of BR buffer (pH = 3.0). According to the 
computed results, increasing the scan rate from 0.01 to 0.75 V/s caused the anodic peak 
potentials of the DIC to shift toward positive values, as shown in Figure 7a. The current 
signal also grew as the scan speeds increased. The derived linear relation-ship between 
Ip and Ʋ0.5 (Equation (1)) (inset Figure 7a) shows that the DIC oxidation pro-cess is 
diffusion-based [42]. Additionally, charting the relationship between log Ip and the log Ʋ, as shown in Figure 7b, revealed that the diffusion nature of DIC’s oxidation process 
resulted in a straight line that followed Equation (2). The calculated slope of 0.6 was ex-
tremely close to the calculated electron transfer coefficient (α), which was assumed to be 
equal to 0.5 [43] for the diffusion-controlled process. 

The total number of electrons involved in the DIC oxidation process (n) was calcu-
lated using Laviron equation, Equation (3). The value (αn) was calculated from the slope 
of the relationship between Ep and log Ʋ, as shown in Figure 7c. (4). The DIC oxidation 
process therefore involves two electrons, and the predicted mechanism can be expressed 
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3.5. Effect of pH 
To study the influence of the pH on the anodic response of DIC at M-Chs NC/CPE, 

the LSV of 0.5 µM DIC was recorded at different pH values of the BR buffer ranging from 
3.0 to 7.0 (Figure 8a). It was found that as the pH increased, the peak potential shifted 
toward higher negative values because of the proton’s involvement in the oxidation reac-
tion, as seen in Figure 5b. The Ep versus pH plots showed a linear connection (Figure 8b), 
which is supported by Equation (5). 𝐸𝑝 (𝑉) = 098 − 0.047 pH 𝑟ଶ = 0.997 (5)

For electrochemical processes involving the same number of protons and electrons, 
the slope of the equation was quite close to the predicted Nernstian value of 0.059 V/pH 
[42]. This conclusion is in accordance with Scheme 1 (probable oxidation mechanism of 
DIC), which was previously described. Additionally, when the pH value increased from 
3.0 to 7.0, the anodic peak current of the DIC gradually decreased, and when it further 
increased up to pH 7.0, it caused the decline in the current signal. In turn, the electrochem-
ical oxidation of hydrolytic products may be used to explain the emergence of a new peak 
that was only visible at a higher pH [44]. At pH 3.0, the highest peak was observed, thus, 
pH 3.0 was considered the optimal value for all experiments. 
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3.4. Effect of Scan Rate 
The scan rate was used to study the influence of the potential on the nature of the 

electro-oxidation process of DIC at M-Chs NC/CPE, and linear sweep voltammetry 
(LSV) for 0.5 µM of DIC was  Ʋ in 0.1 M of BR buffer (pH = 3.0). According to the 
computed results, increasing the scan rate from 0.01 to 0.75 V/s caused the anodic peak 
potentials of the DIC to shift toward positive values, as shown in Figure 7a. The current 
signal also grew as the scan speeds increased. The derived linear relation-ship between 
Ip and Ʋ0.5 (Equation (1)) (inset Figure 7a) shows that the DIC oxidation pro-cess is 
diffusion-based [42]. Additionally, charting the relationship between log Ip and the log Ʋ, as shown in Figure 7b, revealed that the diffusion nature of DIC’s oxidation process 
resulted in a straight line that followed Equation (2). The calculated slope of 0.6 was ex-
tremely close to the calculated electron transfer coefficient (α), which was assumed to be 
equal to 0.5 [43] for the diffusion-controlled process. 

The total number of electrons involved in the DIC oxidation process (n) was calcu-
lated using Laviron equation, Equation (3). The value (αn) was calculated from the slope 
of the relationship between Ep and log Ʋ, as shown in Figure 7c. (4). The DIC oxidation 
process therefore involves two electrons, and the predicted mechanism can be expressed 
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3.4. Effect of Scan Rate 
The scan rate was used to study the influence of the potential on the nature of the 

electro-oxidation process of DIC at M-Chs NC/CPE, and linear sweep voltammetry 
(LSV) for 0.5 µM of DIC was  Ʋ in 0.1 M of BR buffer (pH = 3.0). According to the 
computed results, increasing the scan rate from 0.01 to 0.75 V/s caused the anodic peak 
potentials of the DIC to shift toward positive values, as shown in Figure 7a. The current 
signal also grew as the scan speeds increased. The derived linear relation-ship between 
Ip and Ʋ0.5 (Equation (1)) (inset Figure 7a) shows that the DIC oxidation pro-cess is 
diffusion-based [42]. Additionally, charting the relationship between log Ip and the log Ʋ, as shown in Figure 7b, revealed that the diffusion nature of DIC’s oxidation process 
resulted in a straight line that followed Equation (2). The calculated slope of 0.6 was ex-
tremely close to the calculated electron transfer coefficient (α), which was assumed to be 
equal to 0.5 [43] for the diffusion-controlled process. 

The total number of electrons involved in the DIC oxidation process (n) was calcu-
lated using Laviron equation, Equation (3). The value (αn) was calculated from the slope 
of the relationship between Ep and log Ʋ, as shown in Figure 7c. (4). The DIC oxidation 
process therefore involves two electrons, and the predicted mechanism can be expressed 
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Scheme 1. The proposed oxidation mechanism of DIC at M-CHS NC/CPE. 

3.6. Chronoamperometric Study 
The chronoamperometric method was utilized to estimate the diffusion coefficient 

(D) value for the voltammetric oxidation of DIC on the M-CHS NC/CPE surface using the 
Cottrell equation [45] (Equation (6)). 𝐼𝑝 =  𝑛 𝐹 𝐴 𝐷ଵ/ଶ𝐶 𝜋ିଵ/ଶ𝑡ିଵ/ଶ (6)

where A represents the geometric surface area of M-CHS NC/CPE; C is the DIC concen-
tration (mM); and t symbolizes the time elapsed (s). Figure 9 illustrates the chronoam-
perograms of different concentrations of DIC (0.05, 0.075, and 0.1 µM) at a constant po-
tential of 0.82 V in 0.1 M of BR buffer (pH = 3.0). For different DIC concentrations, the 
relationship between I and t−1/2 produced straight lines, and the diffusion coefficient was 
discovered to be 2.70 × 10−5 cm2/s. 

Scheme 1. The proposed oxidation mechanism of DIC at M-CHS NC/CPE.

3.5. Effect of pH

To study the influence of the pH on the anodic response of DIC at M-Chs NC/CPE, the
LSV of 0.5 µM DIC was recorded at different pH values of the BR buffer ranging from 3.0
to 7.0 (Figure 8a). It was found that as the pH increased, the peak potential shifted toward
higher negative values because of the proton’s involvement in the oxidation reaction, as
seen in Figure 5b. The Ep versus pH plots showed a linear connection (Figure 8b), which is
supported by Equation (5).

Ep (V) = 098 − 0.047 pH r2 = 0.997 (5)
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at a scan rate 50 mV/s. Insets: Dependence of Ip on pH. (b) Relation between the Ep and pH values.

For electrochemical processes involving the same number of protons and electrons, the
slope of the equation was quite close to the predicted Nernstian value of 0.059 V/pH [42].
This conclusion is in accordance with Scheme 1 (probable oxidation mechanism of DIC),
which was previously described. Additionally, when the pH value increased from 3.0 to 7.0,
the anodic peak current of the DIC gradually decreased, and when it further increased up
to pH 7.0, it caused the decline in the current signal. In turn, the electrochemical oxidation
of hydrolytic products may be used to explain the emergence of a new peak that was only
visible at a higher pH [44]. At pH 3.0, the highest peak was observed, thus, pH 3.0 was
considered the optimal value for all experiments.

3.6. Chronoamperometric Study

The chronoamperometric method was utilized to estimate the diffusion coefficient
(D) value for the voltammetric oxidation of DIC on the M-CHS NC/CPE surface using the
Cottrell equation [45] (Equation (6)).

Ip = n F A D1/2C π−1/2t−1/2 (6)

where A represents the geometric surface area of M-CHS NC/CPE; C is the DIC concentra-
tion (mM); and t symbolizes the time elapsed (s). Figure 9 illustrates the chronoampero-
grams of different concentrations of DIC (0.05, 0.075, and 0.1 µM) at a constant potential of
0.82 V in 0.1 M of BR buffer (pH = 3.0). For different DIC concentrations, the relationship
between I and t−1/2 produced straight lines, and the diffusion coefficient was discovered
to be 2.70 × 10−5 cm2/s.

3.7. Calibration Curve and Detection Limit

The impact of the DIC concentration on the oxidation peak current across the range
of 0.025 µM to 4.0 µM was examined using differential pulse voltammetry (DPV). It
was discovered that Ip increased proportionately to the DIC concentration under optimal
conditions (as depicted in Figure 10), resulting in a linear calibration relationship and the
linear angle coefficient was equal to 0.9998.

Ip (µA) = 4.55 + 9.60 C (µM) r2 = 0.993 (7)
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3.7. Calibration Curve and Detection Limit 
The impact of the DIC concentration on the oxidation peak current across the range 

of 0.025 µM to 4.0 µM was examined using differential pulse voltammetry (DPV). It was 
discovered that Ip increased proportionately to the DIC concentration under optimal con-
ditions (as depicted in Figure 10), resulting in a linear calibration relationship and the 
linear angle coefficient was equal to 0.9998. 𝐼𝑝 (µ𝐴) = 4.55 + 9.60 𝐶 (µ𝑀) 𝑟ଶ = 0.993 (7)

The limit of detection (LOD) and quantification (LOQ) were determined to be 0.007 
µM and 0.024 µM, respectively, utilizing the formulas LOD = 3 s/m and LOQ = 10 s/m, 
where s represents the standard deviation of the peak current of the lowest concentration 
of the linearity range and m represents the slope of the corresponding calibration equation 
[43]. The outcomes demonstrated the significant sensitivity of the modified sensor toward 
DIC oxidation. The LOD for DIC detection using variously tuned electrodes is compared 
in Table 1. 
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(I) 0.05 µM, (II) 0.075 µM, and (III) 0.1 µM of DIC. (b) Dependence of Ip on the t−1/2 derived from the
chronoamperogram data, and (c) the plot of the corresponding slopes against the DIC concentration.
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The limit of detection (LOD) and quantification (LOQ) were determined to be 0.007 µM
and 0.024 µM, respectively, utilizing the formulas LOD = 3 s/m and LOQ = 10 s/m, where
s represents the standard deviation of the peak current of the lowest concentration of
the linearity range and m represents the slope of the corresponding calibration equa-
tion [43]. The outcomes demonstrated the significant sensitivity of the modified sensor
toward DIC oxidation. The LOD for DIC detection using variously tuned electrodes is
compared in Table 1.

Table 1. Comparison of the linearity range and LOD for the determination of OFL and CIP using
different electrodes.

Method Working Electrode Linear Range [µM] LOD [µM] Reference

DPV GCE-anodic act
SPCE-anodic act

0.01–0.05
0.067–0.49

0.0053
0.024 [1]

DPV Silica NPs-CPE 0.1–500 0.046 [15]

DPV Cu/CTS/MWCNTs/GCE 0.3–200 0.021 [16]

DPV MWCNTs/PGE 0.047–12.95 0.017 [17]

SWV IL/CNTPE 0.3–750 0.09 [18]

SWV MWCNT–IL/CCE 0.05–50 0.018 [19]

SWV IL/CNTPE 0.5–300 0.20 [20]

DPV MWCNTs/Cu(OH)2NP/ILNC/GCE 0.18–119 0.04 [21]

DPV VFMCNTPE 5–600 2.0 [22]

DPV EPP graphite electrode 0.01–1 0.0062 [23]

DPV M-Chs NC/CPE 0.025 0.007 This work

SWV = square wave voltammetry, EPP = edge plane pyrolytic; MWCNTs = multiwalled carbon nan-
otubes, Cu(OH)2NP = Cu(OH)2 nanoparticles, ILNC = ionic liquid nano compounds, GCE = glassy car-
bon electrode; VF = vinylferrocene, MCNTPE = multiwall carbon nanotubes paste electrode; IL/CCE = ionic
liquid/carbon ceramic electrode; PGE = pencil graphite electrode; SPCE = screen-printed carbon elec-
trodes; MWCNTs-COOH = carboxyl functionalized multiwalled carbon nanotubes; G/SPE = graphene nanorib-
bon/screen printed electrode; GCE-anodic act = glassy carbon electrode after anodic activation; SPCE-anodic
act = screen-printed carbon electrode after anodic activation.

3.8. Effect of Interferences

To evaluate the capability of M-Chs NC/CPE for the sensitive detection of DIC in
the presence of various impurities or matrix components, the effect of an increase in the
concentrations of the probable interferences on the oxidation peak of 1.0 µM DIC was
examined. In the presence of about 500-fold excess, K+, Na+, Fe3+, SO4

2−, Cl−, and some
additives present in the tablet compositions such as magnesium stearate, starch, cellulose,
and talc. Additionally, at about a 50-fold excess of uric acid, dopamine, glucose, sucrose,
citric acid, and ascorbic acid, there was no significant influence on the DIC oxidation peak.
Therefore, the proposed electrode can be highly effective in selectively detecting DIC in
real samples.

3.9. Repeatability and Stability

In order to evaluate the repeatability of M-Chs NC/CPE, the net response of the
modified electrode was monitored in six duplicates in 1.0 M DIC. The relative standard
deviation (RSD) for the six subsequent assays was 2.04%. Additionally, the stability of the
sensor storage was evaluated; according to the findings, after 21 days of room temperature
storage, M-Chs NC/CPE lost approximately 7.1% of its initial response (25 ◦C). Thus, the
repeatability and stability of the M-Chs NC/CPE are acceptable.
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3.10. Applications

The standard addition method was applied to study the applicability of utilizing
M-Chs NC/CPE for the detection of DIC in real samples. The results obtained under the
optimal conditions are shown in Table 2. The DIC voltammetric measurements of DIC
at M-Chs NC/CPE indicate satisfactory precision with recoveries of 97.0 to 102.7%. As
a result, M-Chs NC/CPE can be successfully utilized for the sensitive sensing of DIC
in real samples.

Table 2. The DPV analysis of DIC in the tablet and human serum as real samples at M-Chs NC/CPE.

Sample DIC Added (µM) DIC Found (µM) Recovery%

VoltarenTM (100 mg)

5 4.96 99.20

10 9.82 98.20

15 15.20 101.3

Human serum

5 4.85 97.0

10 10.27 102.7

15 14.83 98.87

4. Conclusions

A simple and costless synthesis of M-Chs NC was employed to further improve the
properties of the CPE. The physical properties of the prepared M-Chs NC/CPE were
characterized by FTIR, XRD, SEM, and TEM. M-Ch NC/CPE showed favorable electro-
catalytic behavior toward the [Fe(CN)6]3−/4− redox couple with the highest electroactive
surface area (0.035 cm2). High electrocatalytic oxidation of DIC in 0.1 M of BR buffer (pH 3.0)
was achieved on the M-Chs NC/CPE surface. The peak current of the DIC increased with
an increasing scan rate (0.01–0.750 mV/s) and pH values (3.0–7.0). In addition, a linear
dependence of the anodic peak current versus DIC concentration was obtained from
0.025 to 4.0 µM. The value of the diffusion coefficient correlation coefficient, sensitivity,
detection limit, and limit of quantification were calculated to be 2.70 × 10−5 cm2/s, 0.9988,
0.534 µA/µM cm2, 0.092 nM, and 0.31 nM, respectively. Finally, the M-Chs NC/CPE is one
of the promising electrochemical sensors for the detection of DIC in real samples with high
selectivity and stability.
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10. Česen, M.; Heath, E. Disk-based solid phase extraction for the determination of diclofenac and steroidal estrogens E1, E2 and EE2
listed in the WFD watch list by GC–MS. Sci. Total Environ. 2017, 590–591, 832–837. [CrossRef]

11. Roscher, J.; Vogel, M.; Karst, U. Identification of ultraviolet transformation products of diclofenac by means of liquid chromatog-
raphy and mass spectrometry. J. Chromatogr. A 2016, 1457, 59–65. [CrossRef] [PubMed]

12. Orlandini, S.; Pasquini, B.; Caprini, C.; del Bubba, M.; Squarcialupi, L.; Colotta, V.; Furlanetto, S. A comprehensive strategy in the
development of a cyclodextrin-modified microemulsion electrokinetic chromatographic method for the assay of diclofenac and
its impurities: Mixture-process variable experiments and quality by design. J. Chromatogr. A 2016, 1466, 189–198. [CrossRef]

13. Kaale, E.; Nyamweru, B.C.; Manyanga, V.; Chambuso, M.; Layloff, T. The development and validation of a Thin Layer Chro-
matography densitometry method for the analysis of diclofenac sodium tablets. Int. J. Chem. Anal. Sci. 2013, 4, 73–79. [CrossRef]

14. de Carvalho, R.C.; Betts, A.J.; Cassidy, J.F. Diclofenac determination using CeO2 nanoparticle modified screen-printed electrodes—
A study of background correction. Microchem. J. 2020, 158, 105258. [CrossRef]

15. Pourghobadi, R.; Baezzat, M.R. Silica Nanoparticles Modified Carbon Paste Electrode as a Voltammetric Sensor for Determination
of Diclofenac. Anal. Bioanal. Chem. Res. 2017, 4, 261–268. [CrossRef]

16. Shalauddin, M.; Akhter, S.; Bagheri, S.; Karim, M.A.; Kadri, N.A.; Basirun, W.J. Immobilized copper ions on MWCNTS-Chitosan
thin film: Enhanced amperometric sensor for electrochemical determination of diclofenac sodium in aqueous solution. Int. J.
Hydrogen Energy 2017, 42, 19951–19960. [CrossRef]

17. Fard, G.P.; Alipour, E.; Sabzi, R.E.A. Modification of a disposable pencil graphite electrode with multiwalled carbon nanotubes:
Application to electrochemical determination of diclofenac sodium in some pharmaceutical and biological samples. Anal. Methods
2016, 8, 3966–3974. [CrossRef]

18. MGoodarzian, M.; Khalilzade, M.A.; Karimi, F.; Gupta, V.K.; Keyvanfard, M.; Bagheri, H.; Fouladgar, M. Square wave voltammet-
ric determination of diclofenac in liquid phase using a novel ionic liquid multiwall carbon nanotubes paste electrode. J. Mol. Liq.
2014, 197, 114–119. [CrossRef]

19. Mokhtari, A.; Karimi-Maleh, H.; Ensafi, A.A.; Beitollahi, H. Application of modified multiwall carbon nanotubes paste electrode
for simultaneous voltammetric determination of morphine and diclofenac in biological and pharmaceutical samples. Sens.
Actuators B Chem. 2012, 169, 96–105. [CrossRef]

20. Lisboa, T.P.; de Oliveira, W.B.V.; de Souza, C.C.; Oliveira, R.S.; Matos, M.A.C.; Matos, R.C. Development of a 3D disposable device
for the electrochemical determination of diclofenac in different matrices. Anal. Bioanal. Chem. 2023, 415, 357–366. [CrossRef]

21. Arvand, M.; Gholizadeh, T.M.; Zanjanchi, M.A. MWCNTs/Cu(OH)2 nanoparticles/IL nanocomposite modified glassy carbon
electrode as a voltammetric sensor for determination of the non-steroidal anti-inflammatory drug diclofenac. Mater. Sci. Eng. C
2012, 32, 1682–1689. [CrossRef] [PubMed]

22. Killedar, L.; Ilager, D.; Shetti, N.P.; Aminabhavi, T.M.; Raghava Reddy, K. Synthesis of ruthenium doped titanium dioxide
nanoparticles for the electrochemical detection of diclofenac sodium. J. Mol. Liq. 2021, 340, 116891. [CrossRef]

23. Goyal, R.N.; Chatterjee, S.; Agrawal, B. Electrochemical investigations of diclofenac at edge plane pyrolytic graphite electrode
and its determination in human urine. Sens. Actuators B Chem. 2010, 145, 743–748. [CrossRef]

24. Abd-Elsabour, M.; Abou-Krisha, M.M.; Alhamzani, A.G.; Yousef, T.A. An effective, novel, and cheap carbon paste electrode for
naproxen estimation. Rev. Anal. Chem. 2022, 41, 168–179. [CrossRef]

25. Suresh, L.; Brahman, P.K.; Reddy, K.R.; Bondili, J.S. Development of an electrochemical immunosensor based on gold nanoparticles
incorporated chitosan biopolymer nanocomposite film for the detection of prostate cancer using PSA as biomarker. Enzym.
Microb. Technol. 2018, 112, 43–51. [CrossRef]

26. Biswal, T. Biopolymers for tissue engineering applications: A review. Mater. Today Proc. 2021, 41, 397–402. [CrossRef]
27. Santos, V.P.; Marques, N.S.S.; Maia, P.C.S.V.; de Lima, M.A.B.; Franco, L.O.; de Campos-Takaki, G.M. Seafood Waste as Attractive

Source of Chitin and Chitosan Production and Their Applications. Int. J. Mol. Sci. 2020, 21, 4290. [CrossRef]
28. Abdelkrim, E.K. Chitosan as a sustainable organocatalyst: A concise overview. ChemSusChem 2015, 8, 217–244. [CrossRef]
29. Xu, C.; Nie, J.; Wu, W.; Fu, L.; Lin, B. Design of self-healable supramolecular hybrid network based on carboxylated styrene

butadiene rubber and nano-chitosan. Carbohydr. Polym. 2019, 205, 410–419. [CrossRef]

https://www.researchgate.net/publication/267246092
http://doi.org/10.1016/S0039-9140(00)00338-6
http://www.ncbi.nlm.nih.gov/pubmed/18967984
http://doi.org/10.1016/j.aca.2012.02.012
http://doi.org/10.1016/j.talanta.2012.08.042
http://doi.org/10.1016/S0045-6535(02)00819-6
http://doi.org/10.1016/j.scitotenv.2017.02.222
http://doi.org/10.1016/j.chroma.2016.06.027
http://www.ncbi.nlm.nih.gov/pubmed/27342134
http://doi.org/10.1016/j.chroma.2016.09.013
http://doi.org/10.1016/j.ijcas.2013.05.001
http://doi.org/10.1016/j.microc.2020.105258
http://doi.org/10.22036/ABCR.2017.69226.1124
http://doi.org/10.1016/j.ijhydene.2017.06.163
http://doi.org/10.1039/C6AY00441E
http://doi.org/10.1016/j.molliq.2014.04.037
http://doi.org/10.1016/j.snb.2012.03.059
http://doi.org/10.1007/s00216-022-04414-8
http://doi.org/10.1016/j.msec.2012.04.066
http://www.ncbi.nlm.nih.gov/pubmed/24364977
http://doi.org/10.1016/j.molliq.2021.116891
http://doi.org/10.1016/j.snb.2010.01.038
http://doi.org/10.1515/revac-2022-0041
http://doi.org/10.1016/j.enzmictec.2017.10.009
http://doi.org/10.1016/j.matpr.2020.09.628
http://doi.org/10.3390/ijms21124290
http://doi.org/10.1002/CSSC.201402718
http://doi.org/10.1016/j.carbpol.2018.10.080


Nanomaterials 2023, 13, 1079 15 of 15

30. Tao, F.; Ma, S.; Tao, H.; Jin, L.; Luo, Y.; Zheng, J.; Xiang, W.; Deng, H. Chitosan-based drug delivery systems: From synthesis
strategy to osteomyelitis treatment—A review. Carbohydr. Polym. 2021, 251, 117063. [CrossRef]

31. Sarode, S.; Upadhyay, P.; Khosa, M.A.; Mak, T.; Shakir, A.; Song, S.; Ullah, A. Overview of wastewater treatment methods with
special focus on biopolymer chitin-chitosan. Int. J. Biol. Macromol. 2019, 121, 1086–1100. [CrossRef] [PubMed]

32. Juska, V.B.; Pemble, M.E. A dual-enzyme, micro-band array biosensor based on the electrodeposition of carbon nanotubes
embedded in chitosan and nanostructured Au-foams on microfabricated gold band electrodes. Analyst 2020, 145, 402–414.
[CrossRef] [PubMed]

33. Nunes, Y.L.; de Menezes, F.L.; de Sousa, I.G.; Cavalcante, A.L.G.; Cavalcante, F.T.T.; Moreira, K.d.S.; de Oliveira, A.L.B.;
Mota, G.F.; Souza, J.E.D.S.; Falcão, I.R.D.A.; et al. Chemical and physical Chitosan modification for designing enzymatic
industrial biocatalysts: How to choose the best strategy? Int. J. Biol. Macromol. 2021, 181, 1124–1170. [CrossRef] [PubMed]

34. Mohanasrinivasan, V.; Mishra, M.; Paliwal, J.S.; Singh, S.K.; Selvarajan, E.; Suganthi, V.; Devi, C.S. Studies on heavy metal removal
efficiency and antibacterial activity of chitosan prepared from shrimp shell waste. Biotech 2013, 4, 167–175. [CrossRef]

35. Pakizeh, M.; Moradi, A.; Ghassemi, T. Chemical extraction and modification of chitin and chitosan from shrimp shells. Eur. Polym.
J. 2021, 159, 110709. [CrossRef]

36. Kahdestani, S.A.; Shahriari, M.H.; Abdouss, M. Synthesis and characterization of chitosan nanoparticles containing teicoplanin
using sol–gel. Polymer. Bulletin. 2021, 78, 1133–1148. [CrossRef]

37. Atangana, E.; Chiweshe, T.T.; Roberts, H. Modification of Novel Chitosan-Starch Cross-Linked Derivatives Polymers: Synthesis
and Characterization. J. Polym. Environ. 2019, 27, 979–995. [CrossRef]

38. Cao, C.; Xiao, L.; Chen, C.; Shi, X.; Cao, Q.; Gao, L. In situ preparation of magnetic Fe3O4/chitosan nanoparticles via a novel
reduction–precipitation method and their application in adsorption of reactive azo dye. Powder Technol. 2014, 260, 90–97.
[CrossRef]

39. Anand, M.; Sathyapriya, P.; Maruthupandy, M.; Beevi, A.H. Synthesis of chitosan nanoparticles by TPP and their potential
mosquito larvicidal application. Front. Lab. Med. 2018, 2, 72–78. [CrossRef]

40. El-Dib, F.I.; Mohamed, D.E.; El-Shamy, O.A.; Mishrif, M.R. Study the adsorption properties of magnetite nanoparticles in the
presence of different synthesized surfactants for heavy metal ions removal. Egypt. J. Pet. 2020, 29, 1–7. [CrossRef]

41. Ha, N.M.C.; Nguyen, T.H.; Wang, S.-L.; Nguyen, A.D. Preparation of NPK nanofertilizer based on chitosan nanoparticles and its
effect on biophysical characteristics and growth of coffee in green house. Res. Chem. Intermed. 2019, 45, 51–63. [CrossRef]

42. Abd-Elsabour, M.; Alsoghier, H.M.; Alhamzani, A.G.; Abou-Krisha, M.M.; Yousef, T.A.; Assaf, H.F. A Novel Electrochemical Sen-
sor for Detection of Nicotine in Tobacco Products Based on Graphene Oxide Nanosheets Conjugated with (1,2-Naphthoquinone-
4-Sulphonic Acid) Modified Glassy Carbon Electrode. Nanomaterials 2022, 12, 2354. [CrossRef] [PubMed]

43. Abo-Bakr, A.M.; Abd-Elsabour, M.; Abou-Krisha, M.M. An Efficient Novel Electrochemical Sensor for Simultaneous Determina-
tion of Vitamin C and Aspirin Based on a PMR/Zn-Al LDH/GCE. Electroanalysis 2021, 33, 2476–2489. [CrossRef]

44. Da Cunha, C.E.P.; Rodrigues, E.S.B.; Fernandes Alecrim, M.; Thomaz, D.V.; Macêdo, I.Y.L.; Garcia, L.F.; de Oliveira Neto, J.R.;
Moreno, E.K.G.; Ballaminut, N.; de Souza Gil, E. Voltammetric Evaluation of Diclofenac Tablets Samples through Carbon
Black-Based Electrodes. Pharmaceuticals 2019, 12, 83. [CrossRef] [PubMed]

45. Nazari, M.; Asadollahzadeh, H.; Shahidi, M.; Rastakhiz, N.; Mohammadi, S.Z. Sensitive determination of hydroxylamine by
using modified electrode by La2O3–Co3O4 nanocomposite and ionic liquid. Mater. Chem. Phys. 2022, 286, 126209. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.carbpol.2020.117063
http://doi.org/10.1016/j.ijbiomac.2018.10.089
http://www.ncbi.nlm.nih.gov/pubmed/30342936
http://doi.org/10.1039/C9AN01664C
http://www.ncbi.nlm.nih.gov/pubmed/31755482
http://doi.org/10.1016/j.ijbiomac.2021.04.004
http://www.ncbi.nlm.nih.gov/pubmed/33864867
http://doi.org/10.1007/s13205-013-0140-6
http://doi.org/10.1016/j.eurpolymj.2021.110709
http://doi.org/10.1007/s00289-020-03134-2
http://doi.org/10.1007/s10924-019-01407-0
http://doi.org/10.1016/j.powtec.2014.03.025
http://doi.org/10.1016/j.flm.2018.07.003
http://doi.org/10.1016/j.ejpe.2019.08.004
http://doi.org/10.1007/s11164-018-3630-7
http://doi.org/10.3390/nano12142354
http://www.ncbi.nlm.nih.gov/pubmed/35889578
http://doi.org/10.1002/elan.202100151
http://doi.org/10.3390/ph12020083
http://www.ncbi.nlm.nih.gov/pubmed/31167398
http://doi.org/10.1016/j.matchemphys.2022.126209

	Introduction 
	Experimental Procedures 
	Materials 
	Instruments 
	Preparation of Chs NPs 
	Synthesis of M-Chs NC 
	Preparation of Pharmaceutical Samples 
	Preparation of Human Serum Samples 

	Results and Discussion 
	Characterization of Extracted Chs NPs and M-Chs NC 
	Structural Analysis 
	Morphological Analysis 

	Electroactive Surface Area Measurements 
	Electrochemical Behavior of DIC 
	Effect of Scan Rate 
	Effect of pH 
	Chronoamperometric Study 
	Calibration Curve and Detection Limit 
	Effect of Interferences 
	Repeatability and Stability 
	Applications 

	Conclusions 
	References

