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ARTICLE INFO ABSTRACT
Keywords: Naproxen (NAP), a nonsteroidal anti-inflammatory, analgesic, and antipyretic drug, has fewer
Naproxen side effects than similar drugs due to its aryl acetic acid structure. For this reason, it is widely

Anti-inflammatory drug
Electrochemical sensors
Oxidation mechanism
Nanomaterial

prescribed to manage fever, short-term and long-term pain, and musculoskeletal disorders.
However, its use has complications such as changes in kidney function, severe gastrointestinal
lesions, and increased bleeding after surgery. In addition, the toxicity of NAP or its metabolites
affects the organisms in the ecosystem. Therefore, it is necessary to determine the pharmaceutical
quality of produced NAP and measure its amount in living organisms and the environment.
Spectroscopy, chromatography, and electrochemical methods have been used to determine NAP.
Electrochemical methods have attracted more attention due to their low cost, easy sample
preparation, availability, sensitivity, and acceptable results. In addition, using nanomaterials for
NAP oxidation results in high surface-to-volume, high available active sites, low cost, and long-
term usability with high sensitivity. In this review, electrochemical-based methods for NAP
analysis and sensing have been reviewed. Also, the influential factors in NAP identification and
evaluation, and their oxidation mechanism have been discussed.
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(continued)
DPV Differential pulse voltammetry SWvV Square wave voltammetry
DVD Digital versatile disc TBO Toluidine blue O
FTO Fluorine-doped thin oxide VB Valence band
GCE Glassy carbon electrode

1. Introduction

Naproxen (NAP) is a dicyclic propionic acid derivative that acts as a non-specific non-steroidal anti-inflammatory drug [1,2]
(Fig. 1A). NAP is the inhibitor of cyclooxygenase isoforms in the synthesis pathway of prostacyclin, prostaglandins, and thromboxanes
from arachidonic acid [1]. NAP is rapidly absorbed and has a long-lasting effect (13 h) due to its strong binding to plasma proteins.
NAP is easily distributed in the synovial fluid and prescribed for arthritis patients. In addition, NAP consumption in a high dose
compared to other nonsteroidal anti-inflammatory drugs and diclofenac results in a lower vascular risk [1,3]. In addition to the
mentioned benefits, NAP can be obtained without a prescription, which is why it is widely used and more popular than similar drugs
[4,5]. In contrast, recent research studies show long-term side effects of using NAP, including changes in kidney function, lesions,
severe gastrointestinal ulcers, and increased bleeding after surgery [6-8]. In addition, NAP has been proposed as an emerging envi-
ronmental pollutant [9,10]. NAP affects organisms in the ecosystem through the toxicity of NAP itself or its metabolites/degradation
products. Toxic metabolites from NAP are formed through biological and physicochemical processes [11,12]. The photosynthetic
derivatives of NAP have toxic effects on freshwater biome such as Brachionus calyciflorus, Thamnocephalus platyurus, Ceriodaphnia
dubia, Vibrio fischeri, and Daphnia magna [11,13]. NAP photo derivatives with lower molecular weight, such as carbinol, ethyl, olefin,
and ketone derivatives, have more toxic effects on bacteria than photo dimeric products [13]. Ma et al. [14], investigated the
poisonous impact of NAP photodegradation products in Vibrio fischeri cells. The results showed that their toxicity was not increased due
to the less spatial development and easy penetration of NAP derivatives. Of course, conflicting reports show a reduction in the toxicity
of NAP derivatives resulting from light irradiation [11,15].

About 95 % of NAP from each dose is excreted in urine as NAP, 6-O-desmethyl naproxen, or their conjugates (more than 90 %) [16].
However, NAP can also be metabolized to NAP glucuronide [17] (Fig. 1B). Therefore, the concentration of NAP in urine and blood
samples is determined through therapeutic drug monitoring as a clinical method of determining drug concentration in body fluids. On
the other hand, the quality of the pharmaceutical product is a critical issue. Quality control should be done to ensure the safety and
effectiveness of the drug; evaluate of drug’s practical content during its preparation process, and measure the amount of the drug’s
active ingredient in the body [16]. Since NAP has been proposed as an environmental pollutant, efforts have been made to identify it in
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Fig. 1. (A) Chemical structure of NAP, (S)-6-methoxy-a-methyl-2-naphthalene acetic acid; (B) NAP is metabolized to O-desmethyl naproxen and its
derivatives or NAP glucuronide.
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the matrix [18,19]. Analytical methods such as electrochemical methods [20-22], high-performance liquid chromatography [23],
thin-layer chromatography [24], synchronous spectroscopy [25], chemiluminescence [26,27], phosphorimetry [28], fluorimetry [29,
301, UV-vis spectrophotometry [31], and isotachophoresis [32] have been used to determine NAP concentration in the solution. Most
reported methods for identifying NAP are time-consuming, require sample preconcentration, are expensive, and require derivatiza-
tion. Therefore, developing cheap, sensitive, simple, and specific strategies to identify and determine the concentration of NAP is
desirable [33].

Nanomaterials, with their unique physicochemical properties, have become the cornerstone of the advancements of industrial and
diagnostic technologies and various scientific fields [34-40]. Incorporating nanostructured materials into diagnostic platforms has
been welcomed due to their high surface-to-volume ratio, significantly enhanced reactivity, and tunable electrical and optical prop-
erties in sensors, especially optical and electrochemical [41]. The versatility of nanomaterials allows the design of sensors to detect a
wide range of analytes [42,43]. Recent studies indicate nanocomposites in the structure of electrochemical and optical sensors for NAP
detection [44].

Many recent studies have focused on optical [45-47] and electrochemical methods [48-50], and in the meantime, electrochemical
methods have been more attractive to researchers as a fast-response, simple, and portable technique. Based on our best knowledge,
there needs to be a review on identifying and estimating NAP concentration using electrochemical techniques. Therefore, NAP
detection sensors will be examined from the point of view of detection ability, stability, reproducibility of results, effect of interfering
substances, their applications in real samples, and mechanisms. We have collected documents related to NAP detection using elec-
trochemical methods and then categorized them based on the nanomaterials used to modify electrodes. It tried to cover up all the
available articles in this field and point out the possible strengths and weaknesses of the studies in construction methods, measurement
parameters, environmental conditions, and proposed mechanisms. In this study, all the articles were reviewed with the same vision,
and the final goal is to collect all the studies in this field until today.

2. Electrochemical sensors

Chemical sensors produce data through analyte concentration in the sample and complete sample analysis using proper analyzable
signals [51,52]. The chemical sensor mainly consists of two parts: (1) a receptor and (2) a physicochemical converter [53,54]. The
receptor interacts with the analyte, and the output signal will be formed due to chemical events (Fig. 2). Electrochemical methods are
measurement techniques with a wide range of analytical possibilities. Electrochemistry, charge transfer between a specific electrode
and a solid or liquid phase, includes the electrode interface reaction and the bulk solution’s electrical conductivity [55,56]. Elec-
trochemical sensors are the most widely used due to their high speed, inexpensive equipment, and meager detection limit [57].
Electrochemical sensors provide accurate real-time information from the analyte. Moreover, in ideal conditions, they have high
reproducibility and reusability. The type of electrochemical sensor will be determined according to the nature of the analyte, the
detection layer’s sensitivity or selectivity, and the sample matrix’s characteristics. Potentiometric (voltammetric) and amperometric
electrochemical sensors are dominant [58,59]; however, amperometric sensors are used to detect electroactive chemical and biological
analytes [60].

Electrochemical sensors include potentiometric, amperometric, photoelectrochemical, impedance, and electrochemiluminescence
[53]. In the absence of convection, the transfer of charge carriers is due to the concentration gradient of electroactive species (diffusion
current) or an electric field. In solutions, mass transport is due to an electric field. In potentiometric and amperometric techniques, net
voltage and current in a closed loop are measured, respectively. Potentiometric methods usually use a two-electrode system, while in
the amperometric method, a 3-electrode system is more common, and in some cases, a two-electrode system is used. At the same time,
in impedimetric (conductivity), the conductivity of an electrochemical cell is determined [61]. Impedimetric sensors use surface
impedance changes for analyte detection. In amperometric sensors, the sensor-analyte interaction causes the formation of a Nernst
equilibrium at the sensor interface when there is no current in the system and provides information about the analyte concentration. By
applying a specific voltage between the reference and work electrodes, amperometric sensors check the change in the resulting current
due to electrochemical oxidation or reduction reactions according to the Cottrell equation [53]:
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Fig. 2. Analyte (substrate) sensing path in electrochemical sensors. In the vicinity of the sensor receptors, the substrate is converted into a product,
and the signals generated by chemical reactions are interpreted as the production or destruction of a specific ion/electrical charge, which is
amplified by the transducer and, after analyzing it, into a signal.
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Where i, n, F, A, ¢/, Dj, and t are current (A), number of electrons, Faraday constant (96485 C/mol); area of the electrode in cm?, initial
concentration of the reducible analyte, the diffusion coefficient for species; and time (s), respectively.

Here, a brief overview of electrochemical sensors was presented. For a better understanding of the types of electrochemical sensors,
refer to Ref. [62].

3. Role of nanomaterials in electrochemical sensors

The development of nanotechnology has positively impacted the sensor industry in recent decades [53,54]. Nanomaterials with
attractive physicochemical properties and tiny dimensions have made it possible to study condensed matter physics [63-65]. Nano-
materials improve the sensitivity of sensors by increasing the desired molecular interaction potential [66,67]. For example,
carbon-based nanomaterials are widely used in manufacturing chemical and biological sensors and have also been used in biomedical
and pharmaceutical fields [68,69]. Nanocomposites increase sensor selectivity, sensitivity, and repeatability. Biocompatibility, high
surface-to-volume ratio, adsorption capacity, and high reactivity have made nanocomposites attractive in the field of sensors [70].
Nanocomposites catalyze chemical reactions, help in molecular stabilization, and increase electron transfer and tagging of bio-
molecules [71]. Graphene nanofibers [72], carbon nanotubes (CNTs) [73], conducting polymers [74], metal-organic frameworks
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Fig. 3. (A) Schematic of the steps of preparation and synthesis of carbon nanotube paste electrode/p-cyclodextrin (CNTPE/B-CD) structure. (B)
Cyclic voltammograms of CNTPE/f-CD under optimal conditions, ethanol: Britton-Robinson buffer (BRB) with a ratio of 1:10 (v/v), and pH 7, in the
presence of 0.1 mM NAP; and (C) Peak current changes proportional to scan rate (further explanation in text) (Redrawn from Ref. [85]; with the
permission of Copyright Clearance Center, order license ID: 1407928-1).
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(MOFs) [75,76], nanoparticles [77], and nanocomposites [78] are the most common nanomaterials used in electrode modification.
Using nanomaterials to modify electrodes improves the electrochemical responses of electrodes in detecting biological compounds and
drugs [79]. Consequently, the studies have been divided based on the nature of nanomaterials used to modify the electrodes in the NAP
electrochemical detection method and have been discussed.

3.1. Application of carbon-based materials

Carbon materials such as CNTs, fullerenes, graphene, activated carbon, and carbon nanofibers (CNFs) can improve the performance
of electrochemical sensors due to their large surface area and good electrical conductivity [80]. CNTs have strong adsorption ability,
excellent electrocatalytic activity, and high electrical conductivity [81,82]. In 2014, Montes et al. [83] used a glassy carbon electrode
modified with multi-walled carbon nanotubes (MWCNT) for the electrochemical oxidation of NAP. MWCNT was responsible for the
entrapment of NAP and the change in electrical parameters to detect NAP. Conversely, MWCNT had anti-fouling properties in NAP
detection. This sensor’s LOD and linear detection range for NAP were 6 pM and up to 200 pM, respectively. This study investigated the
effects of scanning rate on NAP in MWCNT/GCE in phosphate buffer with pH 7.5. At rates of 10-100 mV s}, the peak NAP oxidation
current was linear. The linearity of the oxidation current peak at low rates indicates that adsorption controls the oxidation process. On
the other hand, the peak current of NAP oxidation at higher rates (up to 1000 mV s~ 1) was also linear against the square root of the scan
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Fig. 4. (A) Schematic of modifying the glassy carbon electrode (GCE) surface by toluidine blue O (TBO), reduced graphene oxide (rGO), and bovine
serum albumin (BSA). First, the rGO is modified by TBO, then the rGO/TBO layer is placed on the GCE surface. Next, the resulting surface is
modified by BSA as a biomolecule (Redrawn from Ref. [87]; with the permission of Copyright Clearance Center, order license ID: 1407913-1). (B)
Investigating the change in oxidation peak current and potential at pH 3-9 in 0.1 M Phosphate buffer saline (PBS) containing 0.5 mM NAP in poly
(r-0-NBA)/GQDs/CPE electrode. The optimum pH for the electrode is 7 (more details in the text) (Redrawn from Ref. [91]; with the permission of
Copyright Clearance Center, order license ID: 1407895-1).
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rate. This study showed that the GCE electrode modified with MWCNT is more capable than the bare GCE electrode in detecting NAP.
However, the ability of the sensor to detect NAP in real samples was not investigated. In another study, Baj-Rossi et al. [84] used
drop-casting of MWCNT and microsomal cytochrome P4501A2 on a screen-printed electrode (SPE) to detect NAP. This sensor used
cyclic voltammetry (CV) and amperometry to detect and determine the detection limit (16 pM) and the linear range of detection was
50-300 pM. This group had a promising innovation in using MWCNT and microsomal cytochrome P4501A2 on SPE for NAP detection;
however, the obtained LOD was not ideal, and the stability of the sensor was low.

Afzali et al. [85] used CNT paste electrode/p-cyclodextrin (CNTPE/f-CD) for NAP electrochemical sensing. A schematic of the
electrode preparation steps is shown in Fig. 3A. CNTPEs have several advantages over conventional CPEs, with good electrical con-
ductivity, mechanical strength, electrocatalytic activity, high surface area, chemical stability, favorable electronic properties, and wide
operation potential window. The linear range of this sensor for NAP was 0.4-23 pg/mL, and its LOD was 0.37 pg/mL. This study
investigated the direct effect of scan rate on peak current and potential. The oxidation peak of aligned NAP shifted towards more
positive values with the increase in peak current (Fig. 3B). The oxidation peak increased linearly with the scan rate in the 20-1000 mV
s (Fig. 3C), indicating that the kinetics of the redox reaction is an absorption-controlled process. Of course, the authors have shown
voltammograms for the 10-500 mV s~ ! range, but the current versus scan rate plot is 10-250 mV s .

The excellent electronic, mechanical, biocompatibility and large surface area of graphene have led to biological applications and
the use of graphene in electrochemical devices. Low bioactivity and low solubility are limiting factors of graphene, which can be
overcome by using graphene modification with nanomaterials through covalent and non-covalent [86]. Guo et al. [87] developed a
GCE electrode with toluidine blue O (TBO)-modified rGO as a basis for chiral selectivity by bovine serum albumin in detecting NAP.

TBO is a positively charged azine dye with high solubility and good electrical activity as a graphene probe with excellent redox
properties. On the other hand, its positive charge facilitates the stabilization of negatively charged molecules on the surface of gra-
phene (Fig. 4A). They used R-NAP and S-NAP enantiomers on separate sensors to investigate the enantioselectivity of the sensor. The
results showed that the peak current of TBO oxidation decreased much more in the presence of R-NAP than S-NAP. These results show
that R-NAP binds stronger than S-NAP to BSA on the surface of the biomarker electrode, and this is a major barrier to electron transfer
in the vicinity of TBO. Therefore, the sensor is more likely to detect R-NAP. A LOD of 0.33 pM and a linear range of detection of 0.5-5
mM was reported for NAP. However, the innovation of this group in using the quenching effect of NAP on the BSA/TBO@rGO/GCE
electrode surface is attractive [87].

In another study, Qian et al. [88] used graphene oxide (GO)-based composites for NAP sensing. In this study, boron doped reduced
graphene oxide (B-rGO), nitrogen doped reduced graphene oxide (N-rGO), fluorine-doped graphene oxide (F-GO), thermally reduced
graphene oxide (Tr-rGO) and GO were used to modify GCE electrode. CV and DPV methods were used to measure NAP. The results
showed that GCE@GO performed the best in NAP detection. The greater ability of the GCE@GO electrode in NAP detection than other
electrodes was due to the higher oxygen content of GO, which facilitates the oxidation of NAP. The linear range of detection, LOD, the
limit of quantification (LOQ), and the sensitivity of this sensor were 10-1000 uM, 1.94 pM, 6.74 pM and 0.6 pApM ~lem 2, respec-
tively. Also, the proposed sensor had a very good selectivity. The oxidation mechanism of NAP will be discussed in diagnosis mech-
anism section. This study has well reported the figures of merit (Linear range, LOD, LOQ, etc.) and has well stated the oxidation
mechanism of NAP; however, optimization of scan speed in NAP assays and investigation of optimal pHs and capability factors,
reusability, stability and reproducibility would make the report more complete.

Zero-dimensional composites, graphene quantum dots (GQDs), consist of single or multiple graphene layers with a thickness of less
than 30 nm and a diameter of about 20 nm. GQDs modify electrodes such as CPE and GCE are very interesting because of the absence of
electrode fouling on modified electrodes, low cytotoxicity, high surface area, and excellent solubility [89,90]. In this regard,
Abd-Elsabour et al. [91] used CPE modified with GQDs loaded with reduced-o-nitrobenzoic acid (r-o-NBA) for NAP detection. Thin
film of r-o-NBA polymer increases the modified electrode’s reproducibility, stability, and active sites. In this study, LOD, LOQ, linear
range of detection, and sensitivity were 0.67 pM, 2.24 uM, 1-100 pM and 0.42 pA pM~* em 2 respectively. Also, the effect of pH in the
range of 3-9 on potential and peak current was investigated. As shown in Fig. 4B, the peak potential decreased with increasing pH,
which shows that the proton is not depleted during the oxidation of NAP and the transfer of electrons occurs in the oxidation
mechanism. On the other hand, the oxidation current peak reached at pH 7 was optimal. As expected, the presence of poly(r-o-NBA)
increases the reproducibility and stability. The decrease in the sensor’s efficiency in the presence of interfering substances was
insignificant, and the recovery of the sensor was acceptable. Therefore, this comprehensive study investigated essential and validation
factors of sensors’ efficiency [91].

Carbon nanofibers (CNFs) are widely used in biological and electrochemical sensors due to their flexibility, excellent electrical
conductivity, high surface area, and continuous structure [92-94]. Afzali et al. [92] developed a 1 butyl-3- methylimidazolium
hexafluorophosphate (Bmim[PFg]) CPE electrode modified with CNF/PANI (polyaniline) containing gold nanoparticles (Au NPs).
Bmim [PFg] is a green ionic liquid from organic anions and cations which make the electron transfer process faster. Combining PANI
with carbon materials increases the number of capacitors and improves stability and conductivity of electrode surface. The Au NPs also
increases electrocatalytic properties, electrical conductivity, and biocompatibility. This electrode had a detection range and LOD of
50-2000 M and 16 pM, respectively. Increasing the scan rates from 8 to 400 mV s~! did not change the oxidation peak potential, while
it caused an increase in the oxidation peak current, proportional to the increase in the scan rate. In this study, the relationship between
the square root of the scan rate and the oxidation peak current was linear in lower scan rates and a parabolic curve is obtained at high
scan rates. Therefore, the mass transfer process influences the action mechanism of the electrode. Investigating the effect of pH in the
range of 3-9 was similar to the findings of other articles, and the optimal pH was 7. The CNF/Au/PANI/CPE electrode in this proposed
sensor had acceptable stability, reproducibility, and non-interference results. The reported LOD value for the developed system was
high compared to similar studies, about 1 pM.
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Carbon-based nanomaterials such as CNTs and graphene generally have an extensive surface area and excellent conductivity,
which is suitable for sensitively detecting NAP at very low concentrations. On the other hand, due to the superb electron transfer
properties, sensors based on non-carbon materials usually have a deficient response time. Another advantage of sensors based on
carbon nanomaterials is compatibility with different platforms and high chemical and thermal stability. However, producing high-
quality carbon nanomaterials is expensive, which limits the wide application of carbon nanomaterials in detecting NAP. On the
other hand, using some carbon nanomaterials, especially certain types of CNTs, causes toxicity and limits their biomedical applica-
tions. On the other hand, it tends to accumulate, especially in aqueous environments, and the difficulty of functionalizing carbon-based
nanomaterials is one of the other challenges of using carbon nanomaterials to detect NAP [95].

3.2. Metal-based materials

Transition metal oxides are widely used for electrochemical sensors due to their excellent electrocatalytic activity [96]. The low
number of active sites of transition metal oxides such as CuO has limited their use in electrochemical sensors [97]. To solve this
problem, doping and making composites containing metal oxides are usually used to synergize and improve the catalytic activity of
metal oxides [97,98]. Prado and colleagues [99] coupled bismuth vanadate (BiVO4) with CuO to design a photoelectrochemical sensor
to detect NAP. The semiconductor BiVO, increases the efficiency of the photocurrent generated during the oxidation of NAP.
BiVO4/CuO nanocomposite showed high-efficiency for modification of fluorine-doped thin oxide (FTO) glass electrode. Under visible
light irradiation, first, an electron is released in the oxidation process of NAP, and the semiconductor valence band holes capture the
released electron. In the following, the deprotonated form of NAP forms an uncharged, decarboxylated radical and loses an electron to
form a cation that is stabilized by the resonance structures of the methoxy naphthyl ring. Conversely, the second electron produced in
this process is cleared by the holes of the semiconductor’s valence band. The filling of the valence band (VB) holes by these electrons
causes the electrons promoted to the conduction band (CB) to be transferred to the converter, and the optical current will increase in
proportion to the NAP concentration (Fig. 5). The detection limit and linear detection range of the BiVO4/CuO/FTO electrode for NAP
were 5 and 5-480 nM, respectively. The optimal pH for NAP assay by BiVO4/CuO/FTO was 6.3. The LOD values and linear range
reported by this study are in the nanomolar scale. On the other hand, the lack of influence of interfering substances on the mea-
surement results, repeatability after ten times measurement, and high recovery power, indicate the high efficiency of the BiVO4/-
CuO/FTO photoelectrochemical sensor to detect NAP.

In another study, Taherizadeh et al. [97] modified CPE electrode with the peony-like CuO: Tb3* nanostructure (P-LCuO: Tb®*) and

BiVO, Cuo

Fig. 5. Schematic of the steps of photoelectrochemical detection of NAP by BIVO,4/CuO/FTO electrode. The general mechanism is similar to the
primary mechanism of NAP oxidation in electrochemical sensors, except that the measurement is based on the change of light intensity (more details
in the text) (Redrawn from Ref. [99]; with the permission of Copyright Clearance Center, license number: 5651900516834).
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used the modified electrode for the electrochemical detection of NAP and sumatriptan. CuO is a semiconductor with impressive
electrochemical properties used as a substitute for precious metals and their oxides. The main limitation of CuO in electrochemical
sensors is lack of active sites in its structure. Due to its high catalytic activity, high chemical stability, and easy oxidation, Tb in states
Tb™ and Tb'Y, was used to doping CuO for enhancing ionic conductivity. CV, DPV, and chronoamperometry techniques were used for
electrochemical analysis. The LOD and linear detection range of the P-LCuO: Tb>* electrode for NAP was 2.7 nM and 0.01-700 pM,
respectively. The optimum pH was 6 for the NAP assay, and the effect of scanning speed on the peak oxidation current indicates the
control of oxidation by diffusion. The sensor based on the P-LCuO:Tb3" electrode had good reproducibility and recovery. On the other
hand, the assay in the presence of ionic and organic interferences showed no interference in the results of the NAP assay. In another
study, Kanagasabapathy et al. [100] used nano spinel ferrite films (ZnFe;O4) for the electrochemical detection of NAP by chro-
noamperometric and chronopotentiometric techniques. The LOD and LOQ of this sensor were 0.13 uM and 0.41 pM, respectively,
which are weak results compared to other electrodes modified with metals.

Afkhami et al. [101] used the Au NP placed on the modified gold electrode with L-cysteine self-assembled monolayers to analyze
the enantiomeric compounds of the chiral NAP compound. Schematic of Electrode preparation is shown in Fig. 6A. Cyclic voltam-
mograms of Au/Au NPs-Cys under optimal conditions for 2.5 mM [Fe (CN)g] 4/3- (scan rate 100 mV s’l) are shown in Fig. 6B. A more
significant decrease in the redox peaks was observed when for S-NAP, indicating an excellent absorption for S-NAP compared to the
R-NAP to the electrode surface, creating a more substantial barrier to prevent electron transfer. The optimal pH for the oxidation
potential and peak current was 6 (Fig. 6C). Also, the optimal time range for the NAP reaction with AuNPs-modified electrode was 5-30
min. Increasing the interaction time in both enantiomers results in a more considerable current change. However, at times longer than
20 min, there was no noticeable change in the current (Fig. 6D). Therefore, the optimal interaction time was 20 min The results showed
that increasing the concentration of both R-NAP and S-NAP enantiomers in the 2-20 pM range will change the anodic peak linearly.
Although increasing the concentration of both enantiomers caused a change in the oxidation peak current, the slope of the line in the
detection linear range was higher for S-NAP than for R-NAP. Therefore, it can be seen that the sensor acts selectively for the S-NAP
enantiomer. Compared with previous studies [87] in which the enantioselectivity of NAP assessed by TBO@rGO/GCE electrochemical
sensor, the linear range and LOD were different from Au/AuNPs/Cys sensor. However, the selectivity coefficient of the Au/AuNPs/Cys
sensor for S-NAP is twice that of the TBO@rGO/GCE sensor.

Mutharani et al. studied carbon black (CB)-decorated lanthanum oxide (LagO3) nanomaterials grafted on polyacrylic acid (PAA)
nano gel (CB-g-PAA/Lay0s3) for simultaneous determination of NAP, theophylline, and acetaminophen. The detection linear range and
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Fig. 6. (A) Schematic of the fabrication process of Au/AuNPs/Cys chiral electrode surface, (1) bare Au electrode, (2) Au electrode modified with
gold nanoparticles, (3) Au/AuNPs electrode after immobilization of L-cysteine self-assembly on it; (B) CV for Au/AuNPs/Cys electrode in the
presence of 2.5 mM [Fe(CN)6]*"* (a), incubated with 100 mg/L R-NAP (b) and S-NAP (c) (test conditions: 20 min incubation, pH 6, scan rate 100
mV s~}, scan potential —0.20 to 0.6 V vs. Ag/AgCl) (Redrawn from Ref. [101]; with the permission of Copyright Clearance Center, order license ID:
1407883-1); (C) The dependence of peak current changes on pH in Au/AuNPs/Cys electrode; and (D) Optimal time for detection of S-NAP (blue)
and R-NAP (red) enantiomers by Au/AuNPs/Cys sensor(Redrawn from Ref. [101]; with the permission of Copyright Clearance Center, order license
ID: 1407890-1).
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LOD of CB-g-PAA/Laz03/GCE electrode for NAP detection were 0.05-884 pM and 35 nM, respectively. Moreover, the measurement of
NAP in blood serum and urine samples indicated the high recovery power of CB-g-PAA/LazO3/GCE [102].

Recently, Ghanavati et al. [103] used ZnO, NiO, and Fe304 to decorate MWCNTSs on GCE electrodes to detect NAP and sumatriptan
simultaneously. Nanocomposite in this study was used to improve the diversity of oxidation peaks to detect drugs simultaneously.
Zn0O/NiO/Fe304/MWCNTSs/GCE had high efficiency for NAP detection. Therefore, the LOD and linear detection range were 3 nM and
0.004-350 pM, respectively. NAP with a concentration of 12 pM in 0.1 M phosphate buffer solution (pH 7) was investigated in the scan
speed range of 10-400 mV s™! to investigate the effect of scan speed on electrode performance. Data showed that increasing the
scanning speed causes a shift in the potential and current peaks to higher values. Also, the linear relationship between peak current and
voltage showed that the mass transfer of drugs on the electrode was controlled by diffusion. The reproducibility, reusability, and
recovery (in human serum and urine samples) of ZnO/NiO/Fe304/MWCNTs/GCE were acceptable. The results of this study show that
modifying the electrode with a combination of carbon and metal oxide nanomaterials improves various detection parameters
compared to using carbon materials individually on the surface of the electrode. For example, in this study, the LOD was in the nM
range, while in the carbon-based sensors, in the detection of NAP, the LOD was in the pM range [83,84,87].

According to the examined examples, sensors based on metal nanoparticles improve the sensitivity and detection limit of elec-
trochemical sensors. Their high catalytic activity improves the possibility of analyte detection. They also have good versatility and can
tolerate a wider pH range. However, aggregation issues reduce the performance of metal-based nanomaterials. In addition, it is not
easy to control the conditions during their synthesis, and nanoparticles with different sizes may be produced, which reduces repro-
ducibility [77].

3.3. Other materials

Cyclodextrins are other popular materials in electrochemical sensors [104]. The incomplete conical structure of cyclodextrin has
given them unique chemical and physical properties [105]. It incorporates cyclodextrins with guest molecules to form inclusion
complexes. Cyclodextrins and drugs interact through the hydrophilic outer surface and lipophilic inner cavity, weak electrostatic
interactions, hydrogen bonding, dipole-dipole, van der Waals forces, and steric effects [106]. Tarahomi et al. [107] modified a gold
digital versatile disc (G-DVD) with Ag NPs@Graphene oxide-p-cyclodextrin. The innovation of this group was to use cheap DVDs as
gold source electrodes. AgNPs@GO-3-CD/G-DVD electrode’s LOD, LOQ, and detection linear range for NAP detection were 23 nM, 80
nM, and 0.4-80 pM, respectively. The techniques used in this study were CV and differential pulse voltammetry (DPV). Drugs with
similar structures, organic materials, and common ions in the body did not interfere with NAP detection process; moreover, the re-
covery of the electrode was defensible. In another study, Lenik and Lyszczek [20] used neutral cyclodextrins such as heptakis (tri--
O-methyl)-B-cyclodextrin and cyclodextrin anionic chloride 2-hydroxy-3-N, N, N-trimethylamino)propyl-p-cyclodextrin to develop
NAP potentiometric sensor. Cyclodextrin polymer made selectivity towards the target molecule. The results revealed that the
developed system has excellent selectivity for NAP in comparison with other ions. The p-CD electrode had a LOD and linear detection
range of 10 pM and 50 mM to 10 mM, which is not acceptable compared to other methods discussed in this review.

Molecularly imprinted polymers (MIPs) have high chemical stability and selectivity, which makes them attractive in sensors with
high selectivity [108]. The electrodes modified with MIP in the nanoscale improve the electrochemical activity due to increased
surface area, the number of reactive sites on the surface, and the three-dimensional structure [109]. Rajabi et al. [49] used MIP to
modify the CPE electrode surface for the potentiometric detection of NAP. NAP as a template, methacrylic as a functional monomer,
and ethylene glycol dimethacrylate as a crosslinker were used to construct MIP. The resulting sensor detected NAP with a LOD and
detection linear range of 0.3 nM and 1 x 10™>°- 1 x 107! M, respectively. In order to investigate the effect of pH on NAP mea-
surement, concentrations of 1, 0.1, and 0.01 NAP were used in the pH 3-13. Based on the results in the pH 5-11, the electrode’s
response was linear, while at pH less than 5, a significant change in potential occurred due to the decrease in the concentration of NAP
as a weak acid. Also, at a pH higher than 11, due to the hydroxide groups, interference is caused in the operation of the sensor.
Conversely, the MIP/CPE optimal response time for measuring NAP in different concentrations was about 3 s, while other studies in
this field required a higher response time. For example, the response times for NAP in the studies of Norouzi et al. [110], Pezza et al.
[111], and Lenik et al. [112] were 20 s, 10-35 s, and 15-20 s, respectively. The fast response time of MIP/CPE is due to the nano MIP
structure with a large surface area and high propensity to print. Also, the stability, reusability, and recovery of the sensor was
acceptable [49]. In another study, Eslami and Alizadeh [21] used pyrrole monomer to construct MIP for NAP detection. First, the MIP
was fabricated, fixed on a quartz microbalance gold electrode, and used for the electrochemical measurement of NAP. This electrode
had a LOD of 30 nM. The results of this study showed that the selectivity of the modified electrode for NAP is proportional to the
controlled oxidation of conductive MIP. On the other hand, the oxidation rate of conductive MIP depends on the pH value of the
solution. Over-oxidation occurs at low potentials in alkaline media, but alkaline media are unsuitable due to damage to the
microbalance-modified quartz gold electrode. However, controlled oxidation starts with a more positive potential in an acidic medium.
Therefore, a pH higher than 7.4 is not recommended for this electrode.

MIP-based electrochemical sensors improved sensitivity and had high selectivity. Due to their versatility, stability, and durability,
they are recommended for naproxen diagnostic sensors. However, hard optimization, such as polymerization conditions and monomer
selection, pattern removal challenges that sometimes cause false positives, and the difficulty of production at the level of abundance
are the challenges of MIP-based electrochemical sensors [113].



S.S. Nemati et al. Heliyon 11 (2025) e40906

3.4. Chiral nanomaterials

Enantioselective detection of naproxen enantiomers (NAP) using chiral nanomaterials is a promising approach in electrochemical
sensing that takes advantage of the unique properties of these materials to increase the sensitivity and selectivity of use. Chiral
nanomaterials can create specific binding sites and prefer one enantiomer. For example, Afkhami et al. [101], exploited the difference
in the interaction of NAP enantiomers with a chiral-modified electrode surface. This study investigated a gold electrode modified with
gold nanoparticles and L-cysteine monolayers to investigate the interaction between S-NAP and R-NAP using CV and EIS techniques.
The results showed better interaction of S-NAP than R-NAP with the sensor. The difference in the generated signal was attributed to the
different interactions of NAP enantiomers with the modified chiral electrode surface [101]. In another study, Jafari et al. [114],
investigated the electrochemical response of S-NAP and R-NAP on a glass electrode modified with graphene oxide and L-cysteine. In
this study, EIS and CV techniques were used for diagnosis. The results showed that the proposed sensor selectively detects S-NAP in the
presence of R-NAP. One of the noteworthy points of this study is that by increasing the electrode interaction time with enantiomers
from 5 min to 30 min, the difference between peak currents for the selective measurement of S-NAP increased compared to R-NAP. The
linear detection range for both enantiomers was 5.0 x 1075-1.3 x 10~* M, and the detection limit for S-NAP and R-NAP was 3.5 x 10~/
and 2.5 x 107% M, respectively. Graphene-based nanocomposites facilitate the rapid absorption of NAP enantiomers while increasing
reproducibility and stability [114]. The development of NAP electrochemical sensors based on chiral nanomaterials enables the precise
enantioselective analysis of NAP compounds and helps to improve the physician’s precise drug monitoring.

4. Mechanism of detection

The main mechanism for detecting NAP in electrochemical process was single step oxidation [83,115,116]. Other studies confirm
the mechanism presented based on the pre-institutional path in Fig. 7. In the study of Rodrigo et al., MWCNT immobilized on GCE was
developed for NAP detection. This study used square wave voltammetry (SWV) to determine NAP in MWCNT/GCE. After SWV cal-
culations, two steps of single-electron transfer were obtained. The results of this study were contrary to all previous studies on the NAP
oxidation mechanism because, in previous studies, an electron transfer step was considered during the oxidation process, which
included electron transfer and decarboxylation. Subsequent studies have all confirmed the results of this two-step electron transfer
mechanism for NAP oxidation [83].

Qian et al. [88], used bare graphene oxide (GO) and fluorine-doped GO, partially boron-reduced GO, thermally reduced GO and
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Fig. 7. Schematic of the NAP oxidation process: At a neutral medium, NAP is completely deprotonated, and a free radical is formed during the
oxidation and then decarboxylation process. Then, in the second step of one-electron transfer, the cation formed by methoxy will be stabilized by
methoxy-naphthyl ring resonance, which is supported by the isolated products (1, 2, and 3). (Redrawn from Ref. [83]; with the permission of
Copyright Clearance Center, license number: 5651911488192).
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partially nitrogen-reduced GO for electrochemical detection of NAPs. Their study showed that bare GO is more effective for NAP
detection than other GO-based nanomaterials used in this study. GO is more efficient in the catalytic oxidation of NAP due to the
presence of additional oxygens. The CV curve indicates NAP oxidation with peaks around 0.86 and 1.17 V. During anionic oxidation, a
radical of NAP formed in the first peak, and in the second peak, ketone (2-acetyl-6-methoxynaphthalene) was formed due to further
oxidation. They also used the DPV technique for more clarity. Indeed, in DPV, the background current is limited, and the resolution is
higher due to the much higher decay rate of the capacitive current than the faradaic current. The first main product occurs following its
decarboxylation. Initially, NAP catalytically oxidized to NAP oxide on the electrode surface. Then, by intermediate decarboxylation,
the final product of the NAP oxidation pathway, i.e., ketone (2-acetyl-6-methoxynaphthalene), will be produced. In this project, the
authors have ignored one of the peaks, and the chemical structure presented for the oxidation mechanism of naproxen is maybe
incorrect [88]. As shown in Fig. 8A, CV curves have two peaks. The first peak (0.86 V) was attributed to the electrochemical oxidation
of naproxen, while the peak (1.17 V) was attributed to further oxidation of cationic radicals to form ketones. Also, Fig. 8B shows the
DPV that attributed the first peak to NAP decarboxylation and ignored the second peak.

Hung et al. modified the GCE electrode with rGO and via the anodic electropolymerization of poly-(L-serine) (PLS) and used for
NAP detection in the water. Hydroxide radicals produced during PLS/rGO-Nafion/GCE fabrication accelerate NAP decarboxylation. At
the same time, the surface of PLS/rGO-Nafion will be regenerated to form intermediate cationic NAP radicals in the aromatic ring.
Oxidation, decarboxylation, deprotonation, and an uncharged radical of 2-methyl 6-ethoxy naphthalene will be produced at the first
step of electrooxidation. Then, the methoxy naphthyl ring will create a stabilized cation through resonance structures and nucleophilic
attack to transfer the second electron. Finally, 2-acetyl-6-methoxynaphthalene (AMN) will be produced as the main product, and 2-
methoxy-6-ethylnaphthalene (MEN) and 1-(6-methoxy-2-naphthyl)ethanol (MNE) in lesser amount (Fig. 9) [117]. The mechanism
leading to the production of MNE and MEN compounds has also been reported by other groups [85,118]. Also, other groups have
reported a similar mechanism to identify naproxen in the mechanism leading to AMN [99,119].

In another study, Suryanarayanan et al. used boron-doped diamond electrodes for NAP detection using CV and DPV techniques. In
order to investigate the reaction mechanism, NAPs were used in a solution containing CH3CN and LiClO4 on a boron-doped diamond
electrode. The UV-visible spectrum was used to monitor the electrolysis process. NAP had two distinct Apax values at 273 and 331.5
nm, which did not change during the electrolysis process and even at the end of the reaction. However, the height of the anodic
voltammetry peak decreased during coulometry and turned into a background current at the end of electrolysis. The amount of
electricity consumed was proportional to the electron process and the first step of electrooxidation. Next, comprehensive NAP elec-
trolysis was performed, and the contents of the loaded solution on the electrode were dried and analyzed by 1H NMR spectrum. The
results showed the presence of the acetamide group (NHCOMethyl) in the a-carbon of the NAP side chain. Also, a small amount of
product was observed when substituting acetamide in the aromatic ring of NAP. Therefore, the general mechanism proposed was as
follows: the electrochemical reaction of one-electron oxidation of NAP and cationic radicals is formed in the aromatic cores [118].

5. Comparison of electrochemical and other NAP sensors

In addition to sensors based on electrochemistry, diagnostic methods such as colorimetry and fluorescence are used to detect NAP
[45,46,120]. Fluorescent nanomaterials such as gold nanoclusters (AuNCs) have opened the door for nanomaterials in fluorescence
sensors [121]. AuNCs have attracted attention due to their small size, wavelengths comparable to Fermi conduction electrons, and
molecular properties in experiments based on aging spectra. It is worth mentioning that AuNCs will emit high fluorescence by a single
layer of inactive organic molecules [122]. In this regard, Jafari et al. [123] used AuNCs stabilized with bovine serum albumin (BSA) to
detect the S- and R- NAP. The fluorescence quenching in the presence of the S-NAP was more than that of the R-NAP. The linear
detection range of S- and R- NAP was 0.74-9.1 uM and 9.1-31 pM, respectively. In addition, the LOD of the sensor for S- and R- NAP
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Fig. 8. CV (A) and DPV (B) of GO-based electrochemical sensor of NAP in the absence and presence of NAP (300 p M). Condition: PBS buffer 0.1 M,
pH 7.2 [88].
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Fig. 9. Electrochemical reaction mechanism of NAP on PLS/rGO-Nafion/GCE. The mechanism is performed as two single electron transfers and
decarboxylation (2-methoxy-6-ethylnaphthalene (MEN); 2-acetyl-6-methoxynaphtalene (AMN)), (more details in the text) (Redrawn from
Ref. [117]; with the permission of Copyright Clearance Center, license number: 5651900971539).

was 0.74 pM and 0.95 pM. According to the report of this group, the designed sensor had high stability (data not available), and the pH
had no direct effect on the performance of the sensor.
Deep eutectic solvents are safe and inexpensive green solvents with 2-3 components linked together by hydrogen bonding. The

Table 1
A comparison between electrochemical and non-electrochemical NAP sensors in LOD, linear range of detection, and recovery power in the mea-
surement of real samples.

Material Method of Detection LOD (nM) Linear range (pM) Real Sample Recovery (%) Ref.

Electrochemistry

FeNi3/CuS/BiOCl/CPE CV, DPV 60 0.2-500 96.2-104.9 (urine) [50]

Al,03/GCE BIA, amperometry 12 0.05-0.5 - [127]

P-L CuO: Tb®>* NS/CPE CV, DPV 2.7 —700 98.2-99.4 (serum) [97]
99.4-100.9 (urine)

CB-g-PAA/Lay0Os3 CV, DPV 35 0.05-884 98.5-99.5 (serum) [102]
97-100 (urine)

DyNW/CPE Voltammetry 0.5 1-5 97-101 (urine) [128]

Non-electrochemistry

N, S, Cl/CDs + Fe™ Spectroscopy 25 0.05-70 97-104 (serum) [471

CDs-SiO,@MIP Spectroscopy 200 0.5-35 101-101.4 (serum) [46]

Tp-CD-Au NPs Colorimetry 2.6 0.017-0.781 99-104 (serum) [16]

Cyg silica gel Fluorometry 1.3 0.004-0.108 96.1-104 (serum) [129]

molecularly imprinted CD Fluorometry 30 0.05-4 95-101 (Simulative urine) [45]

Batch-injection analysis (BIA); Carbon black (CB); Carbon dots (CD); Conducting molecularly imprinted polypyrrole (CMIP); Carbon paste electrode
(CPE); Cyclic voltammetry (CV); Dysprosium nanowire modified (DyNW); Differential pulse voltammetry (DPV); Electrochemical impedance
spectroscopy (EIS); Molecularly imprinted polymer (MIP); Peony-Like CuO: Tb3* nanostructures (P-L CuO: Tb®+ NS); Poly (acrylic acid) (PAA); quartz
crystal microbalance (QCM); and Thiolated p-cyclodextrin (T(-CD).
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melting point of eutectic solvents is lower than its components, and they have the advantage of high biocompatibility, low toxicity, and
low radiation [124]. Eutectic solvents improve the surface characteristics, make doping of heteroatoms possible, and improve the
optical properties of carbon quantum dots [125,126]. Tabaraki et al. [47] used a deep eutectic solvent to synthesize sulfur, nitrogen,
and chloride-doped carbon dots. The fluorescence quenching method in the interaction between carbon quantum dots with Fe(III) was
used to measure NAP. The sensor’s linear detection range and LOD for NAP assay were 0.05 pM-70 pM and 25 nM, respectively. This
sensor had the same efficiency in the pH range of 4-6, and its efficiency decreased above pH 6. It is noticeable, that the activity level of
the sensor in the real serum sample had a recovery efficiency of 97-104 %. Table 1 shows some critical parameters in the validation of
electrochemical NAP sensors and other types in different studies. As it turns out, in all cases, the NAP electrochemical sensors perform
equally or even better than the other types.

6. Challenges and future Perspectives

Here, the potential of electrochemical sensors in NAP detection and recent developments are reviewed. However, there are still
challenges that will be fascinating to face in the future. Despite the promising results, the high selectivity of NAP electrochemical
sensors is still a challenge. Of course, care must be taken that the methods used to increase selectivity do not decrease sensitivity. Using
MIP to increase selectivity, without reducing sensitivity, is an ideal option. For example, in similar electrochemical sensors, Wang et al.
[130], used SiO2@MIP combined with MWCNTs for dibutyl phthalate sensing and developed a sensor with high selectivity and
sensitivity.

In some cases, nanocomposites used in electrochemical sensors do not justify the correct reason for the choice. The selected
nanocomposites should have synergistic or multifunctional properties that will ultimately lead to the development of compounds with
high oxidation power, high electron transfer capability, good conductivity, and high surface-to-volume ratio. The use of new and up-to-
date nanomaterials in this field can be very useful; for example, the use of dichalcogenides, MXenes and carbon nitride in the sensitive
layer of the electrochemical sensor is attractive [131]. The correct selection of nanocomposite components can also effectively improve
the stability of sensors in harsh conditions. For example, Li et al. [132], used poly(pyrrole) polymerization on black phosphorus
nanosheets modified with Au NPs to detect pefloxacin. The stability of the developed nanocomposite was much higher than bare black
phosphorus. Therefore, more attention should be paid to the correct selection of nanocomposite components in developing a stable
NAP electrochemical sensor in the future. Of course, electrochemical sensors based on FETs will also be effective for the greater
stability of NAP electrochemical sensors. In FETs, by stabilizing the sensing layer using synthesis techniques such as CVD and sol-gel on
the surface of the sensing layers, the nanocomposites will be stable for repeated uses, as well as the entire FET device, design They
usually have very good stability and reproducibility [43].

Another challenge of electrochemical sensing platforms is their integration with the Internet of Things (IoT), artificial intelligence,
and machine learning. Although emerging technologies have been integrated into other electrochemical sensors [133], this still needs
to be done for NAP electrochemical sensors.

7. Conclusion

In conclusion, electrochemical sensors offer a fascinating solution for naproxen analysis, characterized by fast response time,
reasonable price, and high sensitivity. Incorporating nanocomposites, especially those based on metal oxides and carbon materials,
significantly increases the performance of these sensors and makes them very effective for naproxen sensing. However, despite these
advances, several challenges still need to be solved in optimizing the stability, selectivity, and integration of emerging technologies
with existing electrochemical systems. Continued development of more reliable and efficient naproxen electrochemical sensors,
especially in healthcare applications where accurate monitoring of drug levels for patient safety and treatment efficacy requires further
attention. In addition, ongoing research on the mechanisms of naproxen oxidation and factors affecting its detection will help refine
these technologies. They are overcoming the current limitations and increasing the capabilities of sensors, diagnostic accuracy, and
environmental monitoring, ultimately leading to better health outcomes and environmental protection.
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