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A B S T R A C T

Acetaminophen (APN) is a safer alternative to opioids and is recognized for its analgesic and antipyretic prop
erties. Prolonged usage and overdose of APN cause severe health problems for humans. Hence, its monitoring in 
the human body, pharmaceutical preparations and consumption sources is important. Thus, the current study 
was designed to synthesize the sodium ferrite nanoparticles (Na2Fe4O7-NPs) based on the Tamarindus indica fruit 
extract for selective trace electrochemical detection of APN. The Na2Fe4O7-NPs were characterized by advanced 
analytical techniques such as x-ray diffraction (XRD), fourier transform infrared (FTIR), UV–visible, atomic force 
microscopy (AFM), zeta potential, zeta sizer, energy dispersive x-ray (EDX) and field emission scanning electron 
microscopy (FESEM) which displayed that the Na2Fe4O7-NPs possess hexagonal structure, a narrow band gap 
(1.475 eV), corresponding to their excellent electronic capability, nanosize of particles, rough surface and highly 
stable nature for electrochemical analysis. Na2Fe4O7-NPs were deposited on a glassy carbon electrode (GCE) to 
manufacture an electrochemical sensor (Na2Fe4O7-NPs/GCE) and characterized its surface behaviour by cyclic 
voltammetry. Na2Fe4O7-NPs/GCE voltammetric sensor showed its selective sensing of APN in a wide dynamic 
range (1.0 × 10-8 to 4.5 × 10-4 M) with a detection limit of 2.72 10-9 M. Further, the developed method showed 
excellent stability in addition to reproducibility for the sensing of APN (% RSD < 5.0). The developed electro
chemical sensor was found to be efficient for selective and sensitive detection of APN in real samples with 
quantitative recoveries (> 90 %).

Background

Acetaminophen (APN; paracetamol, N-acetyl-p-aminophenol, or 4- 
acetaminophen) is famous as a safer alternative to opioids due to its 
pain-relieving properties. It is an extensively used pharmaceutical for 
actively dealing with cancer pain, fever, and headache [1]. APN exhibits 
active therapeutic effects with insignificant opposing reactions at rec
ommended levels [2]. However, excessive dosage of drugs can lead to 
liver damage, nausea, renal failure, stomach pain, and vomiting [3,4]. 
Moreover, inappropriate discarding of in-use drugs through drainage 
systems pollutes the environment and affects life [5]. Thus, there is a 
need to develop precise techniques for the accurate monitoring of APN 
in biological and environmental matrices. Various methodologies such 
as capillary electrophoresis [6], high-performance liquid chromatog
raphy [7,8], and spectrophotometry [9] were reported for the detection 

of APN. Despite the high accuracy, these analytical methods have dis
advantages as the equipment is expensive and consumes more time in 
detection. Therefore, establishing an accessible, accurate, fast, cost- 
effective, and susceptible analytical method is important for assessing 
the concentration of APN.

An electrochemical method is a promising alternative and offers high 
sensitivity, simple sample pre-treatment, eco-friendly, fast response, 
good selectivity, and accuracy with excellent environmental compati
bility [10]. These are important in the quantification of numerous 
analytes in biological, environmental, and pharmaceutical samples by 
detecting electrical signals produced from the interaction (oxidation or 
reduction) between the analytes and the electrode surface [11]. For 
determining the concentration of APN, it is crucial to create an analyt
ical method that is simple to use, precise, rapid, cost-effective, and 
highly sensitive [12,13].
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Chemical modification of electrochemical sensors is required to in
crease their structural, electrocatalytic, surface, and charge carrier 
mobilization properties [14]. Currently, various functional nano
materials, such as magnetite-coated reduced graphene oxide (Fe3O4- 
rGO) nanocomposites [4], silver nanoparticles (AgNPs) [15], spinel 
vanadium nanoferrites (VFe2O4) [16], spinel magnesium sodium ferrite 
(Mg1− xNaxFe2O4) [17], yttrium doped cobalt spinel ferrite (CoYxFe2- 

xO4) [18], and Perovskite Bismuth ferrite (BiFeO3) [19] and perovskite 
lanthanum ferrites (LaFeO3) [20] are performing vital roles in 
improving the activity of electrochemical sensors [21].

In recent studies, nanoferrites are attractive materials for sensor 
materials in many industries [22,23]. Generally, ferrites are ceramic 
materials of iron oxide and other metallic elements, such as nickel, zinc, 
and manganese [24]. They exhibit excellent magnetic properties, 
including high magnetization, low coercivity, and good chemical sta
bility [25,26]. Ferrites are inexpensive and have low toxicity, making 
them ideal for various industrial applications [27]. These materials are 
worthwhile in various sensor applications due to their physiological 
features, simple surface functionalization, and high surface area-to- 
volume ratio [28].

Traditionally, nanosized particles can be synthesized by biological, 
chemical, and physical methods. Among them, chemical and physical 
methods frequently contain unsafe chemicals, resulting in numerous 
biological hazards, and are expensive. However, the biological method 
shows more effectiveness, low toxicity, and eco-friendly nature as 
compared to other methods [29,30]. The biological methods are based 
on living organisms such as plants and microorganisms. Various parts of 
plants are used for the synthesis. It is because their extract may have 
organic (amino acids, ascorbic acid, gluconic acid, glucose, starch) and 
inorganic compounds that may act as stabilizing agents or capping 
agents to overcome aggregations [31]. Among various green synthesis 
methods, the sol–gel auto combustion method is superior as it is easy to 
handle, has high purity, controlled size distribution, precise chemical 
stoichiometry, and has the most negligible impact on electrical and 
magnetic properties [32].

The hexagonal ferrites are preferable over spinel and perovskite 
ferrites due to their unique structural and electrochemical advantages 
[33–35]. The hexagonal structure of these ferrites offers a stable crys
tallographic structure with enhanced adsorption sites that facilitate 
strong interactions with drug molecules for their sensitive and accurate 
electrochemical detection [33]. Additionally, these ferrites have high 
surface area and favourable morphology supporting efficient electron 
transfer, enhancing signal response, particularly for drugs like APN [33]. 
In contrast, spinel and perovskite ferrites, which generally possess cubic 
or orthorhombic structures, lack these specific interaction sites and may 
not provide the same level of sensitivity required for precise drug-target 
applications [36–38]. Therefore, the current work was designed to 
employ green technology for the synthesis of Na2Fe4O7-NPs using 
Tamarindus indica (T. indica) fruit extract. The Na2Fe4O7-NPs were uti
lized to fabricate Na2Fe4O7-NPs based modified glassy carbon electrode 
(Na2Fe4O7/GCE) for quantitative electrochemical detection of APN. The 
synthesized Na2Fe4O7-NPs were characterized by advanced analytical 
techniques. To ensure consistent effectiveness, experimental parame
ters such as scan rate, pH, electrolyte, and voltammetric mode were 
optimized. The efficacy of the sensor to detect APN in biological, 
pharmaceutical, and wastewater samples was validated by measure
ment of its accuracy, precision, and repeatability.

Methods

Chemicals and reagents

Analytical-grade reagents were employed in the current study. 
Acetaminophen (≥99%), glucose (C6H12O6), amoxicillin 
(C16H19N3O5S), potassium chloride (KCl), uric acid (C5H4N4O3), sodium 
acetate (CH3COONa), ascorbic acid (C6H8O6), hydroquinone (C6H6O2), 
levofloxacin (C18H20FN3O4), nafion (C7HF13O5S⋅C2F4), nitric acid 
(HNO3), phosphorous acid (H3PO3), sodium nitrate (NaNO3), sodium 
phosphate dibasic (Na2HPO4), phosphoric acid (H3PO4), sodium phos
phate monobasic (NaH2PO4), Iron (III) nitrate nonahydrate or Fe 

Fig. 1. Schematic diagram of synthesis of Na2Fe4O7-NPs by sol–gel method.
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(NO3)3⋅9H2O, sucrose (C12H22O11), ethanol (C2H5OH), ferricyanide; [Fe 
(CN)6]3- and acetic acid (CH3COOH), were purchased from Sigma- 
Aldrich (Louis, USA).

Sol-gel synthesis of Na2Fe4O7-NPs

The Tamarindus indica (T. indica) fruit was collected from the 
departmental garden of the university located at Jamshoro Sindh 
Pakistan. The whole fruit of T. indica was cleaned with deionized (DI) 
water and separated from the fruit pulp. The obtained pulp (10 g) was 
mixed in 200 mL DI water and heated with continuous stirring at 80 ◦C 
for 4h on the hot plate. The resulting solution was filtrated to separate 
the extract [39]. For the synthesis of Na2Fe4O7-NPs, 100 mL solution of 
Fe(NO3)3⋅9H2O (2.0 M) and sodium nitrate (1.0 M) were mixed with 
constant stirring at a neutral pH for 30 min. The T. indica extract was 
treated with the resulting solution of precursor salts followed by 
continuous heating at 80 ◦C to obtain the gel based on the sol–gel 
method. The gel was dried in an oven and ground. The obtained powder 
was calcined for 5h at 800 ◦C [40,41] (Fig. 1).

Fabrication of Na2Fe4O7-NPs-based sensor

The glassy carbon electrode (GCE) was polished and sonicated in DI 
water. The sonicated GCE was washed separately with nitric acid (50%) 
and ethanol [42]. 5 mg of Na2Fe4O7-NPs were mixed with 10 mL of DI 
water and 100 µL nafion in an ultrasonic water bath for 30 min. The 
prepared dispersion was dropped onto the surface of GCE by micropi
pette and dried overnight to obtain Na2Fe4O7-NPs/GCE [43].

Characterization techniques

The XRD (D-8, Bruker, Germany) and Fourier transform infrared 
(FTIR) spectrometer (Madison, Wisconsin-based Thermo Electron Sci
entific) were employed to study the structure and functionalities of 
synthesized nanoparticles. The UV–visible spectrophotometer (Shi
madzu, Kyoto, Japan) and atomic force microscopy (AFM; Nano-Scope 
V, Bruker, Germany) instruments were used to study the band gap and 
surface topography of Na2Fe4O7-NPs respectively. The Zeta potential 
analyzer (ELSZ-2000) was employed to study the stability and zeta size 
of Na2Fe4O7-NPs. The energy dispersive x-rays (EDX) and field emission 
scanning electron microscopy (FESEM) were accessed from Bruker 
(USA) to study the morphology and elemental composition of Na2Fe4O7- 

Fig. 2. a. XRD spectrum b. FTIR spectrum c. UV–visible spectrum and d. Tauc plot of synthesized Na2Fe4O7-NPs.
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NPs. The CHI electrochemical analyzer (Austin, USA) was used to detect 
APN.

Sampling, and sample preparation

The blood (n = 5), and urine (n = 5) samples were obtained from 
healthy volunteer human subjects, belonging to Hyderabad and Jam
shoro cities. The wastewater samples (n = 5) were sampled from the 
effluent discharged sites of the pharmaceutical industry, district Jam
shoro. All the samples were subjected to filtration to remove all the 
insoluble materials. The blood samples were further centrifuged to 
separate the serum. The pharmaceutical tablet samples (n = 9) were 
purchased from different national/multinational companies. The tablet 
samples were ground by pestle and mortar. The solution for each tablet 
was prepared by dissolving an appropriate amount in 10 mL of DI water 
in an ultrasonic water bath for 15 min. The resultant solutions of real 
samples were stored at 4.0 ◦C in the dark.

Voltammetric analysis

An electrochemical analyzer with a three-electrode (auxiliary elec
trode; platinum wire, reference electrode; silver/silver chloride, and 
working electrode; Na2Fe4O7-NPs/GCE) setup and an electrochemical 
cell (10 mL) was used to perform electrochemical experiments. The 
cyclic voltammetry (CV) technique was employed to study the electron 
transference mechanism of the modified sensor via 1:1 v/v KCl (0.1 M) 

and [Fe(CN)6]3- (0.005 M) as the redox probe. Additionally, the quan
titative analysis of APN was performed in triplicates using DPV under 
optimized conditions (pH 4.0; phosphate buffer; 0.02-sec sampling 
width; 0.2 sec pulse period; 2-sec quiet time; and 0.05 V amplitude. 
Before analysis, the solution was purged with nitrogen for 30 min.

Results and discussion

Characterization of Na2Fe4O7-NPs

XRD spectroscopy was used to analyze the crystallite nature, size, 
and % crystallinity of Na2Fe4O7-NPs ranging from 20 to 80◦. The pres
ence of diffraction peaks at Bragg’s diffraction angle (2θ) confirms the 
hexagonal phase of synthesized Na2Fe4O7-NPs with the JCPDS card no. 
77–1506 (Fig. 2a) [44,45]. The sharpness of indexing peaks in the 
spectrum suggests the pure crystalline nature of the Na2Fe4O7-NPs. In 
addition, the average size of Na2Fe4O7 crystallites was determined via 
Debye-Scherrer’s equation (Eq. (1)) [46]. 

D =
Kl

βCOSθ
(1) 

The symbols D, β, Cos θ, l, and K, represent the crystallite size, peak 
width at ½ of maximum intensity, diffraction angle, wavelength (1.50 
nm), and shape constant (0.94), respectively. The average crystallite size 
of Na2Fe4O7-NPs was determined by applying Eq. (1). The obtained 

Fig. 3. a. AFM 3D Topography, b. AFM bar graph of size distribution, c. hydrodynamic size distribution, and d. zeta potential of Na2Fe4O7-NPs.
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average crystallite size of Na2Fe4O7-NPs was 7.14 nm, demonstrating its 
low lattice strain with an increase in structural lattice parameters. These 
findings are comparable with those reported elsewhere [47]. The crys
tallinity of the Na2Fe4O7-NPs was determined to be 75.8% by following 
the equation (Eq. (2). The resulting crystallinity showed that a signifi
cant portion of the Na2Fe4O7-NPs exhibits a well-defined crystalline 
structure. 

Crystallinity
(

%
)

=
Area of crystalline peaks

Total Area
× 100 (2) 

FTIR spectroscopy was used for the confirmation of the structure and the 
chemical functionalities of synthesized Na2Fe4O7-NPs [35]. The spectral 
peaks were found at 3249 and 1638 cm− 1 due to stretching and bending 
vibrations of – OH of the water molecule, respectively. These are 
induced by moisture absorbed by the Na2Fe4O7-NPs (Fig. 2b) [48]. 
Moreover, the broadening of the former peak might be attributed to the 
hydrogen bonding of water molecules. The observed peak at 682 cm− 1 

reflected the Fe–O stretching vibration. The FTIR spectral peak at 871 
cm− 1 is characteristic of hexagonal ferrites which confirmed the suc
cessful synthesis of Na2Fe4O7-NPs [49].

The UV–visible spectroscopy is widely used to determine the for
mation of nanoparticles. It measures the absorbance or transmission of 

light in the visible and ultraviolet regions of the EM (electromagnetic) 
spectrum by a sample. This spectral analysis was utilized to check the 
synthesis of Na2Fe4O7-NPs in an aqueous media [50]. The absorption 
band obtained at 298 nm verifies the formation of Na2Fe4O7-NPs 
(Fig. 2c). The band gap energy (Eg) of Na2Fe4O7-NPs was determined 
using the Tauc plot. It was found to be 1.475 eV as shown in Fig. 2d. The 
estimated Eg of Na2Fe4O7-NPs was also compared with the reported 
literature such as the Eg values of MgNb2O6, Mg1− xNaxFe2O4, CoYxFe2- 

xO4, and Perovskite Bismuth ferrite were 2.76 [51], 2.06 – 2.16 [17], 
3.39 – 3.91 [18], and 2.85 eV [19], respectively. This suggested the Eg of 
synthesized Na2Fe4O7-NPs possess comparable and even better optical 
and electronic properties as compared to the reported studies [52].

The topography and particle size distribution of the sample were 
studied by the AFM technique [46]. Therefore, AFM was used to study 
the complementary information about the surface microstructure of 
prepared ferrites. Fig. 3a shows a 3D topographic image of synthesized 
Na2Fe4O7-NPs, indicating semispherical particles with highly rough 
surfaces. The particle size distribution of Na2Fe4O7-NPs ranged between 
5.42 and 8.34 nm with an average particle size of 7.09 nm (Fig. 3b). It is 
evident from the AFM that the Na2Fe4O7-NPs were uniformly distributed 
in the nanometer range. Moreover, the resulting narrow range of the 
distribution of synthesized Na2Fe4O7-NPs confirmed their stability.

Fig. 4. a. CV response of 5.0 mM [Fe(CN)6]3- and 0.1 M KCl at bare GCE and Na2Fe4O7-NPs/GCE and b. at Na2Fe4O7-NPs/GCE at different scan rates from 10 – 90 
mV s-1c. A linear relationship between redox currents and the square root of scan rate and d. DPV of bare and Na2Fe4O7-NPs/GCE in the 200 µM APN.
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The dynamic light scattering system was used to study the hydro
dynamic size distribution of Na2Fe4O7-NPs (Fig. 3c). The size of 
Na2Fe4O7-NPs was obtained in the range of 1.72 to 37.01 nm with an 
average size of 20.35 nm. The hydrodynamic size of Na2Fe4O7-NPs was 
greater than the XRD and AFM results, which might be due to the ag
gregation of nanosized particles in aqueous media.

Zeta potential (electro-kinetic potential) measures surface properties 
such as stability and charge of the material. Typically, a zeta potential 
value above ±30 mV (millivolts) indicates good stability, as the elec
trostatic repulsion between particles prevents their aggregation or 
flocculation. A high positive or negative zeta potential creates a robust 
repulsive force that inhibits particle agglomeration and maintains a 
well-dispersed state. In the current work, the synthesized Na2Fe4O7-NPs 
have an average Zeta potential of − 31.2±6.37 mV, indicating the 
excellent stability of synthesized Na2Fe4O7-NPs (Fig. 3d).

Electrochemical behaviour of Na2Fe4O7-NPs/GCE

CV experimentations were conducted to note the electrochemical 
features of bare GC electrode and Na2Fe4O7-NPs/GCE via a redox probe 
that involves [Fe(CN)6]3− (5.0 mM) and KCl (0.1 M) electrolyte at a 50 
mVs− 1 scan rate (Fig. 4a). The greater cathodic and anodic peak currents 
of Na2Fe4O7-NPs/GCE as compared to bare GC electrode reveal an in
crease in surface area-to-volume ratio and outstanding conductive 
properties of Na2Fe4O7-NPs/GCE. The small potential difference in the 
anodic and cathodic peaks confirmed the uniform transfer of electrons in 
a redox reaction [53].

The scan rate was also studied ranging from 10 to 90 mVs− 1 via CV in 
1:1 (v/v) mixture of [Fe(CN)6]3− (10.0 mM) and KCl (0.2 M) as given 
Fig. 4b. A linear relationship was observed between the redox peak 
currents and scan rate1/2 with a strong coefficient of determination (R2 

> 0.99) (Fig. 4c). The resulting data confirmed that Na2Fe4O7-NPs/GCE 
is electroactive and showed the diffusion-controlled behaviour of elec
trolyte. Furthermore, the Randles-Sevick Equation (Eq. (3) was used to 
calculate the electroactive surface area (A) of Na2Fe4O7-NPs/GCE. 

Ip = (2.69 × 105)AD1/2n3/2υ1/2C (3) 

In Eq. (3) the symbols Ip, D, n, υ, and C represent the redox peak current, 
diffusion coefficient of [Fe(CN)6]3− (7.6 × 10− 6 cm2/s), electrons 
number in concerning redox reaction, scan rate (Vs− 1) and concentra
tion (mol/cm3) of the redox probe, respectively [54]. The highly elec
troactive surface area (A = 0.0822 cm2) of Na2Fe4O7-NPs/GCE 

demonstrated its outstanding conductive nature for sensing in numerous 
applications.

Electrocatalytic study of Na2Fe4O7-NPs/GCE for APN

The electrocatalytic behaviour of APN (200 µM) was investigated at 
bare GC electrode and Na2Fe4O7-NPs/GCE via DPV in PB (0.1 M) and a 
prominent oxidation peak of Na2Fe4O7-NPs/GCE was observed that 
confirms the excellent electrocatalytic oxidation properties towards 
APN when compared to a bare sensor that showed a low oxidation 
response at 0.548 V (Fig. 4d). The Na2Fe4O7-NPs like other metal-oxide- 
based materials possess chemisorbed reactive oxygen species chemically 
bound to their surfaces that can activate the sensing mechanism by APN 
interaction and act as a charge transference facilitator for the oxidation 
of APN via electrocatalysis [55,56]. The electrocatalytic oxidation 
properties of Na2Fe4O7-NPs enable the conversion of APN to acetimi
doquinone (Fig. 5) [57].

This innovative role of Na2Fe4O7-NPs unlocks new prospects for their 
application in many other non-opioid analgesic drugs, like APN. Their 
outstanding current response also confirms their efficient electro
catalytic properties towards the oxidation of APN. Consequently, 
Na2Fe4O7-NPs provide a steady supportive substrate for the manufac
ture of electrochemical sensors.

Influence of pH and electrolyte

The influence of pH and electrolyte is one of the essential features in 
electrocatalytic studies. Thus, the electrocatalytic reaction of 200 µM 
APN was carefully studied across a pH ranging from 3.0 to 8.0 at 50 
mVs− 1 scan rate. The catalytic oxidation of APN was intensely affected 
by variation in pH (Fig. 5). Hence, pH selection is vital in the electro
catalytic activity of APN at Na2Fe4O7-NPs/GCE. The oxidation peak of 
APN was moved linearly to the lower potential by increasing the pH of 
the solution from 3.0 to 8.0. However, an excellent oxidation response 
was obtained at pH 4. Moreover, the narrow band gap of Na2Fe4O7-NPs 
(1.4 eV) may enhance the conductivity and support electron transfer. 
The proton availability of APN might be greater at pH 4 favoring the 
interaction of APN with Na2Fe4O7-NPs/GCE [58]. The small particle size 
of Na2Fe4O7-NPs might contribute to a larger surface area that leads to 
better reactivity. This may lead to an increase in the sensing ability of 
APN [59]. Similarly, Chipeture et al. (2019) also reported that pH 4 of the 
electrolytic solution best suits the electrochemical detection of APN by 
multiwalled carbon nanotube decorated with bismuth oxide (MWCNT/ 
Bi2O3) with a particle size of 21 nm [60].

Furthermore, for optimization of supporting electrolyte the electro
catalytic response of 200 µM APN was studied on the surface of 
Na2Fe4O7-NPs/GCE at pH 4.0 using different electrolyte solutions 
including acetate buffer, Britton-Robinson buffer, and PB (Fig. 6a). The 
electrocatalytic response of APN was observed in all three electrolyte 
solutions. However, the maximum amount of APN was detected in PB 
compared to other electrolytes. Consequently, PB having pH 4.0 was 
selected as the supporting electrolyte for the later experimentations.

Choice of voltammetric mode

The electrochemical oxidation response of 200 µM APN was also 
examined using various voltammetric modes such as DPV, LSV (linear 
sweep voltammetry), and SWV (square wave voltammetry) in PB of pH 
4. The oxidation response of APN was observed in all the studied vol
tammetric modes (Fig. 6b). However, DPV provided a prominent 
oxidation peak for APN compared to SWV and LSV. Therefore, DPV was 
selected as the best mode for quantitative detection of APN.

Fig. 5. DPV response of 200 µM APN at different pH (3 – 8) in 0.1 M phosphate 
buffer showing electrocatalytic oxidation mechanism of APN.
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Analytical performance of Na2Fe4O7-NPs/GCE for quantitative analysis of 
APN

DPV provides better resolution comparatively by reducing the 
impact of background noise [61] when applied to detect APN in PB (0.1 
M). Fig. 6c shows a remarkable increase in oxidation peak current by 
increasing the concentration of APN. The resulting data demonstrated 
that DPV is the most sensitive for accurate APN detection. Hence, a 
calibration graph was plotted to analyze the electrocatalytic oxidation of 

APN based on DPV mode. Fig. 6d shows good linearity between the APN 
concentrations (1.0 x 10-8 – 4.5 x 10-4 M) and observed currents with the 
regression equation of I (µA) = 3.72 x 10-8C (µM) + 1.28×10-6 (R2 =

0.993). The limit of detection (LOD) and limit of quantification (LOQ) 
was calculated to be 2.72 x 10-9 and 9.067 x 10-9 M by 3σ/slope and 
10σ/slope respectively, the symbols σ, 3, and 10 denote the standard 
deviation of the calibration graph, and the confidence factors respec
tively [62]. The analytical results of the currently developed voltam
metric technique which relies on a modified Na2Fe4O7-NPs/GCE for 

Fig. 6. Differential pulse voltammogram of APN using different a. electrolyte solutions, b. modes, c. Oxidation response of 1.0 x 10-8 – 4.5 x 10-4 M APN in 0.1 M 
phosphate buffer and d. Linear calibration plot of APN concentration versus current response.

Table 1 
Analytical performances of Na2Fe4O7-NPs/GCE-based method and other reported studies.

Material Techniques Concentration Range (M) LOD (µM) RSD (%) R2 References

Fe3O4-rGO SWV 5 × 10− 7 – 1 × 10− 4 0.110 3.03 0.996 [57]
Ba1.14Cu0.82Fe11.65O18.02 CV 1.0 × 10− 6– 1.2 × 10− 5 0.255 0.255 0.995 [63]
Fe/Fe3N DPV 5.0 × 10− 3– 5.69 × 10− 5 0.210 3.31 0.994 [64]
VFe2O4 DPV 5.0 × 10− 8 – 1.2 × 10− 5 0.008 <2.0 0.989 [16]
BaFe12O19 DPV 5.0 × 10− 6 – 5.0 × 10− 4 1.5 − - 0.989 [66]
Ni2P NS DPV 5.0 × 10− 4 – 4.5 × 10− 6 0.107 − - 0.997 [4]
Ni/C DPV 2.0 × 10− 5 – 5.4 × 10− 5 4.04 4.60 0.996 [65]
Na2Fe4O7-NPs DPV 1.0 × 10-8 – 4.5 × 10-4 0.0027 <3.00 0.992 Present Study
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detecting APN were compared with previous studies. The Na2Fe4O7- 
NPs/GCE-based approach is found to be more sensitive with signifi
cantly lower detection limits than reported studies (Table 1) 
[4,57,63–65]. The synthesis of Na2Fe4O7-NPs also contributes to the 
brilliant electrochemical results obtained by Na2Fe4O7-NPs/GCE for 
APN detection. It improves electron transfer efficiency based on its high 
catalytic activity and reduces the electron transmission resistance 
throughout the redox reaction of APN. The achieved outcomes support 
the consistency of the technique in comparison to reported techniques 
for APN sensing.

Interference, stability, and repeatability

Various tests were conducted to evaluate the reliability of Na2Fe4O7- 
NPs/GCE to ensure accurate detection, in addition to measuring the 
target analyte and distinguishing against potential interfering sub
stances [67]. Different interfering substances such as ascorbic acid (AA), 
sucrose (SU), levofloxacin (LE), potassium chloride (KCl), glucose (GL), 
hydroquinone (HQ), amoxicillin (AM), and uric acid (UA) were studied 
with 10 times greater concentration than the analyte (APN) using DPV. 
Results showed the negligible interference of selected species on 
Na2Fe4O7-NPs /GCE with an RSD of 2.04%, indicating the excellent 
performance of Na2Fe4O7-NPs/GCE for APN sensing in the existence of 
different sample media (Table 2).

Further, the stability of Na2Fe4O7-NPs/GCE was studied by oxidation 
current responses (n =12) of DPV in 200 µM APN which indicates great 
similarity (% RSD = 2.11) between the resulting current values and 
confirms the stable nature of Na2Fe4O7-NPs/GCE for electrocatalytic 
study of APN. Moreover, to assess the stability on different days, the 
electrode was kept for thirty days, and studies of the 200 µM APN were 
made on every fifth day. Subsequently, the electrochemical sensor 

proved acceptable constancy, with approximately ≥ 95% retention rate 
of peak current. These facts indicate the maintenance of consistency and 
sustainable sensing over a prolonged period, increasing its repeated use 
and fitness for longstanding applications. However, the reproducibility 
of the Na2Fe4O7-NPs/GCE fabrication method was inspected as well by 
developing three Na2Fe4O7-NPs/GCE sensors and the oxidation response 
of 200 µM APN on these three developed Na2Fe4O7-NPs/GCE sensors 
was noted that indicated great similarity (% RSD < 5.0) to each other, 
enclosing the outstanding reproducibility of currently developed 
method.

Real sample studies

The concentration of APN was detected in biological samples (human 
blood and urine), commercially available drugs, and water samples. The 
reliability of the developed method was examined via the standard 
addition method for the detection of APN [68]. The results are presented 
in Table 3 which indicates that the recovery of APN was greater than 90 
% in real samples with an RSD of < 3.0 %.

Conclusion

An environmentally friendly sol–gel procedure base synthesis of 
Na2Fe4O7-NPs was done by using T. indica fruit extract. The synthesized 
Na2Fe4O7-NPs showed a hexagonal arrangement, porous and rough 
morphology with a band gap of 1.475 eV and particle size less than 10 
nm. A Na2Fe4O7-NPs/GCE-based electrochemical sensor was fabricated 
using the drop-casting method. The proposed sensor possesses practical 
applicability for the electrochemical sensing of APN using DPV. The 
Na2Fe4O7-NPs/GCE revealed good constancy and repeatability with % 
RSD < 5.0. The real-world application of the developed technique was 
evaluated, and the results showed excellent performance, with recovery 
rates (91.9% – 100.6%) in real samples. The developed Na2Fe4O7-NPs/ 
GCE-based electrochemical approach was superior in accuracy, sensi
tivity, and a broad response range compared to previously published 
investigations. The proposed economical, eco-friendly, sensitive, and 
fast electrochemical method using the fabricated sensor is the perfect 
substitute for the quantitative measurement of APN in numerous sample 
matrices.

Funding statement

The Researchers Supporting Project Number (RSPD2024R994), King 
Saud University, Riyadh, Saudi Arabia provided funding for materials 
characterization and publication for further exploration and discovery. 
The National Centre of Excellence in Analytical Chemistry (NCEAC), 
University of Sindh, Jamshoro partially supported the experimental 
activities of this study.

Approval of ethics
This study was conducted with the informed consent of the selected 

healthy volunteer participants, who provided biological samples for the 
electrochemical determination of APN. The selected participants were 
fully informed of the purpose of the study, utilized procedures, possible 
risks, and predicted benefits, and were assured of the confidentiality and 
anonymity of their data. An ethical board is not established for ethical 
standards-based approval for research involving human subjects. How
ever, the study procedure was designed according to the agreement 
recommended in the Helsinki Declaration. The proposal for this study 
was assessed, reviewed and approved by the research and graduate 
study department, University of Sindh, Jamshoro Pakistan.

CRediT authorship contribution statement

Saima Perveen: Writing – original draft, Methodology, Formal 
analysis, Data curation. Jameel Ahmed Baig: Writing – review & 
editing, Supervision, Project administration, Conceptualization. 

Table 2 
Interference study of numerous species for detection of APN by Na2Fe4O7-NPs/ 
GCE.

Interfering species % Recovery % RSD

Sucrose 95.15 0.92
Ascorbic acid 96.93 1.73
Levofloxacin 99.02 1.89
Potassium chloride 96.51 1.57
Glucose 97.26 2.04
Hydroquinone 95.78 1.92
Amoxicillin 98.75 1.39
Uric acid 95.93 1.67

Table 3 
Application of Na2Fe4O7-NPs for voltammetric detection of APN in biological (n 
= 10), environmental (n = 5), and pharmaceutical samples (n = 9).

Sample Added 
(µM)

Found 
(µM)

Recovery 
(%)

RSD 
(%)

Waste-water − - 0.018 − - 1.94
10 9.75 97.5 2.03
50 49.5 99.0 1.57
100 100.6 100.6 1.79

Urine − - BDL − - − -
30 29.0 96.7 0.69
50 48.1 96.2 1.31
80 77.8 97.3 1.67

Blood − - BDL − - − -
30 28.4 94.7 1.54
50 52.3 104.6 1.71
80 79.1 98.9 2.09

Pharmaceutical Printed 
(mg)

Found 
(mg)

Recovery 
(%)

RSD 
(%)

Tablet1 500 471.6 94.3 1.59
Tablet2 500 459.3 91.9 1.64
Tablet3 500 485.9 97.2 2.13
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