Open Access Article. Published on 09 February 2023. Downloaded on 12/3/2025 8:23:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2023, 13, 5107

Received 30th September 2022
Accepted 21st January 2023

DOI: 10.1039/d2ra06160k

rsc.li/rsc-advances

ROYAL SOCIETY
OF CHEMISTRY

(3

Electrochemical stripping voltammetrical sensor
based on polypyrrole exfoliated polyetheramine-—
montmorillonite hanocomposite for nanomolar
detection of nifuroxazidet

Mona Elfiky, @ * Mohamed Ghoneim, Hanaa El-Desoky, Amera Hassanein
and Nehal Salahuddin

A series of polypyrrole/polyetheramine—montmorillonite nanocomposites have been fabricated by the
intercalation of different types of polyoxyalkylene amine hydrochloride (Jeffamines: Do, D20oo. Tso00.
and T403) into montmorillonite layers via the cation-exchange process followed by in situ polymerization
of pyrrole. The physicochemical characteristics of as-prepared nanocomposites were investigated using
Fourier transform infrared (FT-IR), X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), Brunauer—Emmett-Teller (BET), and electrochemical
impedance spectroscopy (EIS) instruments. The change of the types of Jeffamine causes a change in the
geometrical structure, and surface area of nanocomposites. Noteworthy, the resulting polypyrrole/
D,gg0o—Mmontmorillonite ([PDM-50]) nanocomposite exhibited a cauliflower-like shape with a specific
surface area (1162 m? g~} with the highest conductivity. Furthermore, the modified stripping
voltammetric carbon paste sensor was fabricated based on 1.0% [PDM-50] nanocomposites to detect
the drug nifuroxazide (NF). The sensor achieved detection limits (LD) of 0.24, and 0.9 nM of NF in the
medication, and human urine fluid, repeatability,
reproducibility, stability, and selectivity for NF sensing in different fluids accompanied by other interferents.

respectively. This sensor showed appropriate

1. Introduction

4-Hydroxy-N'-[(5-nitrofuran-2-yl)methylene|benzohydrazide

(nifuroxazide (NF))* is an oral nitrofuran antibiotic, with a wide
range of bactericidal activity against Gram-positive and Gram-
negative entero-pathogenic organisms (Scheme S1t). NF is
extensively used as an intestinal antiseptic in the treatment of
susceptible gastrointestinal infections.” But NF is not absorbed
from the gastrointestinal tract and, consequently rapidly
removed from the body without metabolization. Due to the
therapeutic significance of the NF, various analytical systems
have been applied to evaluate its validity in commercial and
biological fluids.>** It is noteworthy that the two spectro-
fluorimetric methods** allow NF to be detected in either
a single form or in a binary mixture with drotaverine. However,
the drawback of the former® is that the method can not be
applied for the determination of NF in presence of drotaverine,
since the alkaline conditions required would lead to degrada-
tion of drotaverine* and thus the method requires intensive
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sample  pretreatment.® Furthermore, most reported
methods>**>'* were successfully applied for analysis of NF in its
dosage forms with no attempt for its assay in biological fluids.
Only one HPLC method" was applied to measure NF concen-
trations (down to 7.27 nM), which were extracted from buffered
plasma with chloroform. However, the required high-strength
ionic buffered mobile phases are hazardous for column effi-
ciency and need prolonged time for column saturation and
washing as well as insufficient sensitivity and selectivity.

In contrast, the electrochemical sensors have higher sensi-
tivity and proper selectivity in the field of analytical applications
without the need for complex sample preparation with a short
analysis time.>**® The recent reports describe the detection of
NF in commercial products (capsules and tablets) via differen-
tial pulse polarographic (DPP), biological fluids (urine and
human serum) via adsorptive stripping voltammetry (AdSV)
upon mercury, and carbon paste sensors.>”** Also, the electro-
oxidation of NF was investigated via differential pulse voltam-
metry (DPV) upon bare, and Sephadex-modified carbon paste
sensors with LOD of 20 nM; this direct detection of NF in urine
is not efficient upon unmodified and modified sensors due to
the large oxidation peak of blank urine. Recently, J. D. Mozo
et al.* has been successfully achieved LOD 10 ng mL™" in a bulk
form via linear-sweep adsorptive stripping voltammetry (LS-
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AdSV) upon a screen-printed carbon nanofiber modulated
sensor, and revealed an average recovery of 100.7 + 2.5% in
commercial tablets.?® Therefore, the modification of sensor has
a great importance in electrochemistry as they enhance the
sensitivity of specific analytes.

Montmorillonite (MMT) is natural clay, which is one of the
very promising modifiers, which belongs to the smectite group
of clays with a layer lattice. MMT has a high chemical,
mechanical stability, a well-layered structure, and strong
adsorptive properties attributed to the expandability of the
internal layers. Moreover, the SW-AdSV method has been well
characterized as an extremely sensitive source for electroana-
lytical applications of ultra-trace determinations of a variety of
organic or inorganic substances.**** However, to date no
square-wave adsorptive anodic stripping voltammetric (SW-
AdASV) method is available in the literature for the determi-
nation of NF using a modified CPE with Na-MMT clay.

Also, slices of MMT clay can interact with different guest
species including metal oxides to form hybrids,** or/and con-
ducting polymers to form nanocomposites®** with different
morphologies for different sorts of applications. Notably, MMT
clay was successfully used as a modified material to improve the
adsorptive behaviour of the carbon paste sensor (CPS) for the
electrochemical sensing of some inorganic materials.?*%3%¢
However, the usage of clays in electrochemical applications is
limited due to their poor electrical conductivity.*” Furthermore,
the organophilic MMT (OMMT) could be fabricated via the ion-
exchange process of organic compounds (e.g., surfactants and
multifunctional organic amines chains), resulting in stable
OMMT with powerful adsorption, and considerable dis-
persibility in organic dispersion medium.***® Various reports
have been made to modify MMT with different types of poly(-
oxypropylene)amines;*** the resulting material showed
potential use in various applications, such as a curing agent for
epoxy,**® and drug-delivery vehicles.*

On the other hand, scientific innovations have recently
gained extensive attention to the usage of polypyrrole (Ppy) in
electrochemical sensing applications®®*® due to its excellent
conductivity up to 1000 S cm ™', and environmental stability.?>*®
Recently, many research efforts have been made to prepare
montmorillonite/polypyrrole (MMT/Ppy) nanocomposites.>*>*
But, to achieve a better degree of miscibility with the polymer
matrix, it is essential to adjust them with organic cations to
improve their hydrophobicity. In addition, some functional
organic cations can react with the polymer matrix.***® N. Sala-
huddin et al.,*” have fabricated nanocomposites with higher
resistivity, and hydrophobicity in comparison with pristine
polyurethane; the syncretization was carried out via in situ
polymerization of toluene diisocyanate and butanediol with
different content of OMMT. As well, Doris Pospiech et al.>®
studied the dispersion property of MMT/poly(oxyalkylene)s in
polypropylene. Recently, Dos Santos et al.*® has used polyester-
based thermoplastic polyurethane (TPU) as matrix and Ppy or
MMT/Ppy composite in the presence of surfactant to fabricate
polymer composites via melt mixing technique.

Herein, a series of polypyrrole/polyetheramine-montmoril-
lonite [Ppy/organoclay] nanocomposites were fabricated by
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intercalation of various molecular masses of polyoxyalkylene
amine hydrochloride (Jeffamine Dyp9, D2000; Ta0s, and Tsog)
(Scheme S21) into Na-MMT via ion-exchange treatment fol-
lowed by the in situ polymerization of Py with different orga-
noclay contents. Afterward, sensitive electrochemical sensors
based on CP blended with the prepared nanocomposites were
fabricated and examined to detect NF using square-wave
adsorptive anodic stripping voltammetry (SW-AdAS) in
commercial, and human urine fluid.

2. Experimental

2.1. Materials, equipments, electrochemical liquids, and
fabrication of unmodified and modified CPSs

All details are mentioned in the ESIf section.

2.2. Preparation of polyetheramine-montmorillonite

The polyetheramine-montmorillonite (organoclay) was synthe-
sized via cation-exchange process between the Na' in the MMT
matrix and -NH;" groups in Jeffamine. 5 g of MMT was swelled
in 300 mL distilled water (DW) with steady stirring for 3 h at 60 ©
C and for 24 h at 25 °C. 6.2 g of acidified Jeffamine D, with an
aqueous solution of HCI was inserted into the swelled clay
solution with steady stirring for 24 h. The precipitate was
thoroughly rinsed with DW until no Cl~ ions were detected. The
precipitate of (Dy000-MMT) was dried at 60 °C to give 8.191 g.
The same procedure was carried out to prepare other types of
organoclay, as listed in Table 1.

2.3. Preparation of Ppy and Ppy/polyetheramine-
montmorillonite nanocomposites

(0.98 g, 0.14 M) of Py was added into 50 mL HCI (0.1 M). Then,
0.29 M of FeCl; (7.8 g dissolved in 50 mL HCI, 0.1 M) was
inserted into Py solution dropwise with steady stirring for 24 h.
The molar ratio between Py and FeCl; was (1 : 2). The precipitate
was thoroughly rinsed with DW, and dried at 70 °C for 24 h in
avacuum oven. 0.1 g of D,p9o-MMT was stirred in 5 mL DMF for
24 h, and 3 h at 60 °C. Then, 0.29 M of FeCl; (7.8 g dissolved in
50 mL HCI, 0.1 M) was inserted into the organoclay suspension
with constant stirring for 24 h. The Py (0.98 g, 0.14 M) dissolved
in 50 mL HCI (0.2 M), and was added into the organoclay
solution dropwise with constant stirring for 24 h at 30 °C.
Finally, the nanocomposite precipitate was thoroughly rinsed
with DW and dried at 60 °C in the oven for 48 h to afford
0.7424 g of [PDM-10]. The same procedure was carried out to

Table 1 Composition data of different types of organoclay

Jeffamine
MMT wt
Code Type Wt () ] Yield wt (g)
Dyoos-MMT Dao0o 6.2 5 8.2
Do MMT Daoo 1.4 5 5.6
Ts006-MMT Ts000 11.6 5 7.9
T,405-MMT Ty0s 1.0 5 5.6

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06160k

Open Access Article. Published on 09 February 2023. Downloaded on 12/3/2025 8:23:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

prepare different types of nanocomposites with different
contents of organoclay, as listed in (Table S17).

3. Results and discussion

3.1. FTIR and XRD

FTIR spectra of Na-MMT, organoclay, Ppy, and Ppy/organoclay
nanocomposites with different content of organoclay were
illustrated in (Fig. S1(a-d)}). The spectrum of Na-MMT dis-
played absorption bands at 3633, and 1050 cm ™, which could
be attributed to the stretching vibration of AI-OH, and Si-O-Si,
respectively.”® While bands at 1635, 921, and 523 cm ' are
ascribed to bending of Al-OH, Al-Al-O, and Si-O-Al respec-
tively. The FT-IR spectrum of D,y0o-MMT displayed a shift in the
band at 1658, and 1485 cm ™', which could be corresponded to
the asymmetrical and symmetrical bending of N-H in NH;";
affirming the electrostatic attraction between silicate sheets and
polyoxypropylene.®* Furthermore, the spectrum of Ppy exhibited
bands at 1543, 1456, 1168, and 1046 cm *, which could be
assigned to the stretching C=C, stretching of C-N, C-C in-
plane deformation, and bending of N-H in Py rings, respec-
tively.®> On the other hand, the spectrum of [PDM] displayed the
band of the C-C stretching of Ppy at 1543 cm™'. Notably, the
N-H stretching band shifted from 3422 to 3441 cm ™" for [PDM-
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50] confirming the interaction between sheets of MMT and Ppy
matrix.®*** The same results were observed for other
nanocomposites.

XRD patterns of Na-MMT, Ppy, organoclay, and Ppy/
organoclay nanocomposites were shown in (Fig. 1(a-d)) at
various organoclay contents. In the XRD pattern of Ppy, the
broad band at 26 = 18.3° corresponded to the amorphous
crosslinked chains of the polymer matrix.*® The crystalline band
corresponds to d-spacing between layers (doo;) in the pristine
clay sample 9.6 A was shifted after preparation of organoclay,
owing to the intercalation of polyoxyalkylene between the sheets
of MMT.* The diffraction patterns displayed in (Fig. 1) indicate
a regular lattice spacing of 20.1 A for D00, 15.2 A for Dy, 14.0
A for Ts00,, and 14.5 A for T,o; and with an expansion of the clay
galleries by 10.8, 4.9, 4.89, and 5.2 A respectively. Furthermore,
Ppy/organoclay nanocomposites with 10, 20, and 50% of orga-
noclay show no distinguishable band in the XRD pattern, con-
firming the exfoliation of the organoclay during the in situ
polymerization of Py. While the polymerization of Py within
D1000-MMT, D4oo-MMT, and T,o;-MMT 50 a broad dy,, was
observed, which could be related to the partially exfoliated
structure.® It should emphasize that Ppy is more adequate to
intercalate between clay sheets modified by Tso00 even at high
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Fig. 1 X-ray diffraction pattern of Na-MMT, Ppy, organoclay, and Ppy/organoclay nanocomposites at different content of organoclay.
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concentrations. The disappearance of the basal reflection
indicates the formation of an exfoliated nanostructure.

3.2. The preliminary electrochemical sensing test and SEM
micrographs of the surface of sensors

AdAS-SW voltammograms of 30.0 nM NF in pH 5 (B-R buffer)
were evaluated upon [B], 7.0% [Na-MMT], and 1.0% of various
nanocomposites MCPSs at E,.. = 0.6 V vs., Ag/AgCl/KCls for
10 s, as shown in (Fig. S2(a)t). The maximal peak was obtained
upon the 1.0% [PDM-50] MCPS with about 7- and 2.7-time
increase compared with [B], and 7.0% [Na-MMT] CPSs, respec-
tively. Whereas, the organoclay was obtained via a simple ion-
exchange process of hydrophilic MMT with polyoxyalkylene
amine, leading to opening up the lamellae of MMT and causing
profound changes in the sorption and/or intercalation of
organic molecules including drug.®®®” The adsorption of the
drug increases with increasing the hydrophobicity of nano-
composites. Whereas longer organo-chains (e.g., Jeffamine
Dyo00, and Tsgg0) have more active sites available for adsorption
and are more hydrophobic than shorter chains.

In general, the change in the sensitivity of sensors could
arise from the significant difference in the geometrical struc-
ture of the surface of sensors accompanied by improvement in
the conductivity. As demonstrated in (Fig. 2), SEM micrographs
of the surface of 1.0% [PT;M-50] (Fig. 2(a)), and [PTM-50]
(Fig. 2(b)) MCPSs appeared as smooth domains assembled in
small necklace-like structure. As well, 1.0% [PT;M-50] MCPS has
compact particles relative to [PTM-50] MCPS, which shows more
voids to improve the adsorption of NF upon its surface.
Furthermore, the morphological structure of 1.0% [PDM-50]
MCPS (Fig. 2(c)) shows irregular granular structures with long
coral reefs-like shapes as well as more voids and vacuoles,
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providing the largest surface area of CPS and more improve-
ment in the adsorption, and sensitive detection of NF compared
with the other MCPSs.

3.3. The conductivity and morphological properties of
nanocomposites

The high conductivity of nanocomposites refers to the relatively
slow rate of Ppy polymerization in the presence of organoclay,
which may promote the higher-ordered morphology of Ppy with
limited defects. Therefore, the preliminary investigation of the
electrical conductivity of all prepared materials was carried out
as a function of Ppy content via a 4-probe system of a direct
current circuit (DC circuit), as shown in (Fig. S31). Noteworthy,
the conductivity of nanocomposites was increased with
increasing Ppy content up to 50%, and nanocomposites with
Ppy content up to 50% were higher than pure Ppy.

The morphological aspects of Ppy, MMT, organoclay, and
Ppy/organoclay nanocomposites were also investigated via SEM,
as shown in (Fig. 3). The morphology of Ppy, and Na-MMT
(Fig. 3(a and b)) resembled a tree-like and flake-like structure,
respectively. Moreover, micrographs of the surface of Ppy/
organoclay nanocomposites exhibited a cauliflower-like struc-
ture with a homogenous dispersion of the mineral domains in
the Ppy matrix without the presence of any inorganic aggrega-
tions (Fig. 3(c-f)) with round shape domains in the range of
200-600 nm. Notably, micrographs of nanocomposites with
50% of organoclay exhibited more dense structure compared
with that of 10%. This proves that the increase in the
organoclay% affects the compactness of the materials.

To give direct evidence of the nanometer-scale exfoliation of
organoclay in the Ppy matrix, TEM of some nanocomposites was
investigated, as shown in (Fig. 4). In [PDM], and [PTM]

Fig. 2

5110 | RSC Adv, 2023, 13, 5107-5117

SEM micrographs of sensor surface with 1.0% of [PT;M-50] (a), [PTM-50] (b), [PD;M-50] (c), and [PDM-50] (d).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM micrographs of Ppy (a), Na-MMT (b), [PTM-10] (c), [PTM-50] (d), [PDM-10] (e), and [PDM-50] (f) nanocomposites.

nanocomposites, some clay stacks appeared with thickness in
the range of 15-100 nm. Since the functional amine groups of
polyoxypropylene can form hydrogen bonds with the silicate
hydroxylated edge groups, confirming the strong interaction
between silicate layers and polymer matrix. Some intercalated
organoclay stacks present in the TEM of [PDM-50] (Fig. 4(a)),
and [PTM-50] (Fig. 4(b)) micrographs are dispersed uniformly in
the matrix. Nanocomposite micrographs revealed a necklace-
like shape of organoclay. Meanwhile, the BET analysis
(Fig. S47) indicated that the [PDM-50], and [PTM-50] have
a proper specific surface area (SA) of 183.0, and 165.3 m> g™,
respectively compared with Ppy (28.6 m”> g~ ') and MMT (215.6
m? g~ "), which confirms the improvements in the geometrical
structure of proposed nanocomposites.

3.4. Composition, adsorption, affinity, and electrochemical
impedance measurements of the constructed sensors

AdAS-SW voltammograms of 30.0 nM NF in pH 5 (B-R buffer)
were evaluated upon different compositions (0.5-3.0%) of

© 2023 The Author(s). Published by the Royal Society of Chemistry

[PDM-50] MCPS, as plotted in (Fig. S2(b)1). The maximal peak
current was obtained at 1.0% [PDM-50] MCPS, owing to its
geometrical structure, as displayed in the SEM micrograph
(Fig. 5(b)).

The fabrication of ultrasensitive MCPS does not only
depends on the geometrical structure but also mainly on the
degree of resistance (R.) of the sensor. As demonstrated in
(Fig. S57), EIS measurements were evaluated to be 257, and 184
Q for [B] CPS, and 1.0% [PDM-50] MCPS, respectively.

Also, the absorption affinity of 10.0 nM NF (pH 5) upon the
surface of the [B], and 1.0% [PDM-50] MCPSs were tested, as
shown in (Fig. S6T). CVs were recorded at E,.. = 0.6 V for 0.0 s
[Cycle (1)], subsequently for 10 s (Cycles 1%; (II) and 2"%; (III)). In
the preceding measurement, a small ox. peak was observed
upon the [B] CPS, as shown in (Fig. S6(a)T). While a well-defined
peak was revealed upon the 1.0% [PDM-50] MCPS (Cycles 1°; (II)
and 2™ (1II)) (Fig. S5(b)t), which signifies the remarkable
enhancements of adsorption property towards NF even at t,.. =
0.0 s [Cycle (I)]. Besides, the noteworthy decay of the peak was

RSC Adv, 2023, 13, 5107-5117 | 51M


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06160k

Open Access Article. Published on 09 February 2023. Downloaded on 12/3/2025 8:23:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Fig. 4 TEM micrographs of [PDM-50] (a), and [PTM-50] (b).

observed in the [2"™? cycle; (11)], which denotes the desorption of
NF from the surface of the sensor. Therefore, the 1.0% [PDM-50]
MCPS has the strongest adsorptive character towards NF with
about a 12-time increase in peak current compared with [B] CPS.
According to the previous results, 1.0% [PDM-50] MCPS
exhibited the highest sensitivity, and adsorption properties for
subsequent electroanalytical measurements.

3.5. Validation studies

3.5.1. Adjustment of the analytical parameters. SW-AdAS
voltammograms of 30.0 nM NF were recorded in (pH 2-10) at
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5 100 nm

Eqce = 0.5V for 20 s upon 1.0% [PDM-50] MCPS. As shown in
(Fig. S71), the well-defined peak was obtained at pH 5. More-
over, the optimal pulse, and accumulation parameters were
pointed out to be frequency (f) = 120 Hz, scan increment (AEg) =
12 mV, pulse height (a) = 30 mV, E,.. = 0.6 V for 10 s, as shown
in (Fig. S8 and S9+).

3.5.2. Linearity range, limit of detection, precision, and
accuracy. Under the optimal parameters, SW-AdAS voltammo-
grams of various concentrations of NF have recorded upon 1.0%
[PDM-50] MCPS and a linear range of 0.8 to 100 nM with a limit
of detection (LOD) of 0.24 nM, as shown in (Fig. 6(A)). As

Fig. 5 SEM micrograph of 0.5 (a), 1.0 (b), 2.0 (c), and 3.0% (d) of [PDM-50] MCPSs.
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Fig.6 SW-AdAS voltammograms of various concentrations of NF in pH
(d) 8.0, (e) 20.0, (f) 30.0, (g) 60.0, (h) 70.0, (i) 80.0 and (j) 100.0 nM of NF
30.0, (f) 50.0, (g) 60.0, and (h) 80.0 nM of NF (E;cc = 0.6 Vfor10s, f=

5 upon 1.0% [PDM-50] MCPS in (A) bulk: (a) background, (b) 2.0, (c) 6.0,
and, (B) spiked human urine: (a) background, (b) 7.0, (c) 9.0, (d) 10.0, (e)
120 Hz, AE; =12 mV, and a = 30 mV).

Table 2 List of different electrochemical sensors with various voltametric methods for determination of NF*

Sensor Technique LOD (nM)/LR (nM) Type of fluid Ref.

Hg and CPEs AdSV 36.3 Urine 30

Sephadex-modified CPE DPV 8.0/15.0-2000 Bulk 26
50.0-400.0 Urine

HMDE HMDE 5.0/100-2000 Bulk 27
181.7-908.4 Serum

CNF-SPCEs LS-AdSV 36.3/1800-10 900 Bulk 29

1.0% [PDM-50] MCPS SW-AdASV 0.24/0.8-100 Bulk This work
0.90/3.0-80 Human urine

¢ Carbon paste electrode (CPE), differential pulse voltammetry (DPV), linear sweep adsorptive stripping voltammetry (LS-AdSV), carbon nanofiber
modified screen-printed electrode (CN-SPCE), adsorptive stripping voltammetry (AdSV), hanging mercury drop electrode (HMDE).

summarized in (Table 2), J. D. Mozo et al.*® recently developed
a flow-injection system adsorptive stripping linear sweep vol-
tammetry (LS-AdSV) accompanied by using a screen-printed
carbon nanofiber modified electrode (CN-SPC) for determina-
tion of NF in the bulk with the LOD of 36.3 nM, followed by
recording the NF in numerous commercial tablets only. Note-
worthy, the proposed sensor in this work exhibited

a predominant decrease in the value of LOD with about 151-fold
in comparison with last reported work® and is considered the
most sensitive sensor up to date for the detection of NF
compared with other tabulated sensors (Table 2). To date, there
have been no detailed reports on the usage of SW-AdASV for the
sensing of NF drug.

Table 3 Results of intra-day and inter-day analysis of various concentrations of bulk NF by the SW-AdASV method upon 1.0% [PDM-50] MCPS

(n=15)

Day [Taken]/(nM) Mean [found]/(nM) Recovery (R%) Accuracy (RE%) Precision (RSD%)

Intra-day

1 20.0 20.03 100.15 0.15 1.84
60.0 60.67 101.12 1.12 0.60

Inter-day

1 20.0 20.03 100.15 0.15 1.97
60.0 60.8 101.33 1.33 0.92

2 20.0 20.006 100.03 0.03 2.12
60.0 60.8 101.33 1.33 0.933

3 20.0 19.773 98.87 —-1.13 1.05
60.0 60.59 100.98 0.98 0.63

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In addition, recovery (R%), precision (RSD%), and accuracy
(RE%)®® of the applied SW-AdASV method were estimated by
measuring 5 replicates at 3 concentrations levels of bulk NF
upon each sensor over 1 day (intra-day), and for 3 days (inter-
day), respectively, as shown in (Table 3). There are no signifi-
cant differences between the taken, and found concentrations
of NF. As well as, satisfactory mean (R + RSD), and RE% were
accomplished, confirming the validity of the proposed method
for the detection of NF.

3.5.3. The selectivity, reusability, and stability of the
sensor. As illustrated in (Fig. S10(b)t), the SW-AdAS voltam-
mogram of 20.0 nM NF in the presence of 2.0 uM (~100-fold) of
anionic interferences (A;) including Cl~, PO,*~, CH;COO™,
SO4>~, and CO;>~ was recorded. There is no remarkable change
in the magnitude of the voltammetric peak with a recovery (R%)
of 97.95 + 2.83%. As well, no extra peaks appeared related to
A, interferences. Furthermore, the magnitude of the SW-AdAS
peak current of 20.0 nM NF was estimated in the presence of
20.0 nM of other biological interferences (Mix,) such as dopa-
mine (DO), glucose (Glu.) and ascorbic acid (AA), as illustrated
in (Fig. S10(c)f). An extra peak has appeared at E,, = — 0.075 V,
which may be related to (Mix,). This peak is far from that of NF
that recovery of 99.13 + 1.22% of NF was achieved indicating
insignificant interference between them.

On the other hand, the reusability of the sensor was tested by
recording five consecutive measurements, which retained 97%
of the performance, as shown in (Fig. S11(a)f). After 5
measurements, the performance significantly decreased, owing

Table 4 Assay of 6.0 nM NF in pharmaceutical drugs by SW-AdASV
method in comparison with reference spectrofluorimetric method® at
the 95% confidence level forn =5

Method SW-AdASV method Reference method
Antinal® capsules

Mean Ciouna/(DM) £ SD 5.88 + 0.066

Mean% recovery = RSD 98.00 £ 1.12 98.44 £ 1.06
F-Value 1.12

t-Test 0.64

Drotazide® capsules

Mean Coyna/(NM) £ SD 5.98 + 0.071

Mean% recovery = RSD 99.67 £+ 1.18 100.62 £+ 1.12
F-Value 1.11

t-Test 1.30
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to the fullness of the binding cavities on the surface of the
sensor. Furthermore, the stability of the sensor was checked by
storing the sensor at 4 °C for 1 month accompanied by weekly
measurements of the performance. The proposed sensor
demonstrated a suitable performance for up to 15 days by
retaining its performance up to about 96.3%, as illustrated in
(Fig. S11(b)). After that, the performance decreases gradually
up to 90.3% after 30 days. This means that the sensor needs to
be stored at a low temperature to avoid damage to the contents
of the sensor, and prevent moisture absorption. All these results
proved that the sensor has proper selectivity, and sufficient
stability for the detection of NF.

3.6. Applications

3.6.1. Assay of NF in medical drug formulation. The anti-
interference ability (selectivity)®® of 1.0% [PDM-50] MCPS was
tested for analysis of solutions of the medical drug of NF
(Antinal® and Drotazide® capsules) using SW-AdAS technique
in the presence of pharmaceutical drugs (commercial formu-
lations) containing common excipients including starch,
lactose, magnesium stearate, glycerin, sucrose, sorbitol, and
citric acid. The obtained voltammograms achieved R = RSD%
=~ 98.00 £ 1.12 (Antinal® capsules), 100.83 + 1.24 (Drotazide®
capsules) implied that there is no interference of the frequent
excipients drug (Antinal® and Drotazide® capsules) during the
detection of NF.

Furthermore, the RSD% of the sensor was pointed out to be
1.12% (Antinal® capsules), and 1.18% (Drotazide® capsules)
for 6.0 nM NF utilizing the standard addition method, as
illustrated in (Table 4). This result was statistically compared
with a reference spectrofluorimetric method.? The calculated F-
value did not exceed the theoretical one at the 95.0% confidence
level (n = 5), and by the #test value (Student's ¢-test)* exhibited
non-significant variance in values regarding accuracy and
precision. Accordingly, the proposed sensor offered satisfactory
recovery in medical drugs even in the presence of drug
excipients.

3.6.2. Assay of nifuroxazide in spiked human urine. In
contrast to the last reported voltammetry measurements,>**°
a direct and more sensitive detection of NF spiked in human
biological fluids was estimated by the optimized method
without any medium exchange, and the necessity for extra time
for pretreatment or extraction steps before the analysis. Under
the standard operational conditions, SW-AdASVs of numerous

Table 5 Results of the calibration curves of the optimized method for the detection of NF in spiking human urine upon 1.0% [PDM-50] MCPS in
pH 5 (B—-R buffer); taec =10's, Esec = +0.6 V, f =120 Hz, AE; =12 mV, and a = 30 mV

Linearity range

Electrode (nM) ip (1A) = (b £ SD) C (uM) + (a % SD) R® LOD (nM) LOQ (nM)
Volunteer 1 3.0-80 i = 0.109 £ 0.35 x 10> C —0.070 £ 1.90 0.998 0.9 3.0
x 1072
Volunteer 2 3.0-80 ip =0.110 £ 0.80 x 107> C —0.044 + 2.36 0.999 0.9 3.0
x 1072
Volunteer 3 3.5-80 i, =0.106 = 1.35 x 107> C —0.042 £ 2.75 0.997 1.05 3.5

x 1072
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concentrations of NF spiked in six human urine samples of 3
healthy volunteers were evaluated (e.g., Fig. 6(B)) upon 1.0%
[PDM-50] MCPS. The obtained i, of NF upon 1.0% [PDM-50]
MCPS was linearly proportional to its concentration over
a wide range of 3.0 to 80 nM, as summarized in (Table 5).
Notably, no other interfering peaks from other constituents of
human urine were detected in the blank sample (e.g., Fig. 6(B),
curve (a)). Moreover, satisfactory mean R% = 99.18-102.39 and
RSD% = 0.56-1.17 of various concentrations of NF in spiked
human urine samples were obtained indicating non-significant
variance between the added and found concentrations in
human urine samples.

Noteworthy, these results revealed that the optimized
method upon 1.0% [PDM-50] MCPS has the suitable reliability
of direct detection of NF in spiked human urine. As shown in
(Table 2), the attained LOD in spiked human urine using 1.0%
[PDM-50] MCPS is about 60, and 83 times lower than that in
published works by W. Buchberger et al®** and A. Radi,*®
respectively.

4. Conclusion

In this study, we have first introduced a new kind of nano-
composite that was used as a modifier for CPS. 1.0% [PDM-50]
MCPS shows a remarkable enhancement in the peak current
compared with that of bare CPS. The proper reproducibility,
wide concentrations ranges and low detection limits in bulk
form and urine, make this modified sensor very attractive for
assay of NF than other sensors reported in the literature. An
additional advantage of the proposed method may be related to
its high level of selectivity that allows assay of the NF in the
nanomolar level of concentration without the intervention of
another compound drug or common excipients. In addition,
this method ables to detect the drug in human urine samples
without any interference from endogenous materials compared
with other published voltammetric methods. Furthermore, the
optimized method is rapid, accurate, precise, and economic.
The 1.0% [PDM-50] MCPS could be recommended for use in
quality control of medical drugs.
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