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Abstract

Specialists in disease diagnosis and biomedical chemistry have always sought to detect a variety of
antibiotics, such as nitrofurantoin (NFT) in various matrices. The current attempt was also made to
detect NFT in phosphate buffer solution using a glassy carbon electrode modified with as-fabricated
woolen ball-shaped La**/TiO2 nanostructure (WB-S La**/TiO.-NS/GCE) according to techniques of
cyclic voltammetry, chronoamperometry and differential pulse voltammetry. The effects of WB-S
La**/TiO2-NS result in an electrocatalytic-type response providing a significantly improved
electroanalytical response compared to a bare unmodified GCE. The produced sensor was also
strong in studying the concentration changes of NFT, with the limit of detection of 0.57 nM.
Moreover, the proposed sensor was successful in sensing the NFT in real specimens, and exhibited
appreciable stability and repeatability.
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Introduction

Nitrofurans are known as broad-spectrum veterinary antibiotics, which are extensively consumed
for farming cattle, swine, poultry, bee, shrimp and fish [1]. The use of these synthetic antibiotics, a
characteristic structural 5-membered nitrofuran, is as feed additives to enhance growth, curative and
preventive therapy of protozoal and bacterial infections [2].

The recent findings of medical research underlined a strong carcinogenic effect of nitrofurans
especially due to the risk of significant residues in meat, honey, milk and other foods of animal
origin [3,4]. The agricultural use of nitrofurans has been banned in numerous countries due to the
potential risks to human health. However, due to low production cost and excellent efficacy, this
group of antibiotics is still used on a large scale around the world, especially in developing
countries. Harmful effects of veterinary antibiotic residues on human health make analytical control
of these drugs necessary to ensure consumer protection [5-7].

Hence, it is vital to quantify the amount of nitrofurans through sensitive and facile analytical
techniques for pollution control; some of these methods are flame atomic fluorescence
spectrometry, atomic absorption spectrophotometry, plasma atomic emission spectrometry and
capillary electrophoresis [8-14]. Despite many advantages of such analytical techniques, there are
several disadvantages for them, such as time-consuming, expensive equipment and need for
difficult operations. Among these, electrochemical approaches attracted further attention for the
analysis of trace contaminants [15,16].

The working electrode is employed to investigate the detection efficiency of an electrochemical
sensor. The place of mass and electron transfer is the interface between the solution and the
working electrode. Electrode materials with high electrical conductivity and great catalytic
performance are required, which needs great sensitivity and rapidity of a sensor, and can be realized
through diverse modified electrodes to catalyze electrode reactions [17]. Modifiers with appreciable
features, including great conductivity, excellent catalytic performance and large active area, can
achieve the electrode surface modification. It would be very beneficial to develop electrochemically
modified materials and techniques for clinical trials and forensic applications of analytes [18,19].
TiO> as one of the effective electrocatalyst has broad bandgap, high chemical stability, low cost and
excellent catalytic profile. TiO2 nanoparticles (NPs) accelerate electrolysis and electron transfer
because of large electroactive surface area, which depends on their structure, shape and size [20,21].
Further active sites and carriers for the redox process are found on the TiO2 surface doped with rare
earth metal [22]. The element lanthanum (La) has been previously analyzed as the dopant for TiO>
electrocatalyst [23]. The dopant La could reportedly enhance the anatase phase stability and prevent

the crystal growth at high temperature [24,25].
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The present attempt was made to fabricate woolen ball-shaped La®**/TiO, nanostructure (WB-S
La**/TiO2-NS), followed by characterization using techniques of X-ray diffraction (XRD), scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX). A glassy carbon
electrode (GCE) was then surface modified with WB-S La**/TiO,-NS (WB-S La**/TiO,-NS/GCE)
to detect nitrofurantoin (NFT). The sensor was examined to detect NFT in pharmaceutical matrix
and human urine specimens, the results of which highlighted appreciable recoveries, with good

relative standard deviation (RSD), superior reproducibility and repeatability.

Experiments

Chemicals and devices

A SAMA 500 Electro analyzer was utilized to carry out all electrochemical tests. We employed a
routine three-cell electrochemical system, including unmodified (bare) and modified glassy carbon
working electrode, a reference electrode of Ag/AgCl (vs. 3.0 M KCI), and an auxiliary electrode of
platinum wire. The solution pH was adjusted by a digital pH meter (Corning, Model: 140) equipped
with a glass electrode (alongside an Ag/AgCI reference electrode, Model: 6.0232.100). A Philips
analytical PC-APD X-ray diffractometer equipped with a graphite monochromatic Cu (o,
M=1.54056 A) and Ka (a2, 12=1.54439 A) radiation was recruited to record X-ray powder
diffraction (XRD) to monitor the product organization. A KYKY and EM 3200scanning electron
microscopy (SEM) was used to explore the morphology of nanostructure. EDX spectroscopy is an
example of a non-destructive instrument used for analysis, such as the analysis of chemical
compounds. The buffered solution pH was adjusted by a digital lon Analyzer 250pH meter
(Corning) with precision of £0.001.

Nitrofurantoin (>99.0%) with very high purity belonged to Merck Company. Glacial acetic acid,
titanium butoxide, lanthanum chloride, absolute ethanol and NaOH with analytical grade with no
need for additional purification belonged to Sigma-Aldrich Company. Na;HPOs (0.1 M) and
NaH2PO4 (0.1 M) at various ratios were used to prepare the phosphate buffer solutions (PBS).
H3PO4 (1.0 M) and/or NaOH were used to adjust the solution pH.

Fabrication of Woolen ball-shaped La®*/TiO2 nanostructure (WB-S La®**/TiO,-NS)

Titanium butoxide (1 mL) and the solution of lanthanum chloride (0.02 g) in 1 mL distilled water
were appended drop-by-drop into glacial acetic acid (30 mL) while stirring continuously for 10 min
at an ambient temperature to obtain white suspension, which was then positioned in a 150-mL

Teflon-lined autoclave at 140 °C for 12 h. The appeared white product was gathered by
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centrifugation, rinsed several times initially with Milli-Q and then with ethanol, and finally dried in
a 60-°C oven overnight to obtain as as-fabricated WB-S La**/TiO2-NS.

Synthesis of WB-S La**/TiO2-NS electrode

Considering the significance of electrode fabrication in electrochemistry, first the glassy carbon
electrode (GCE) surface was completely rinsed with water to get rid of possible impurities. The
following protocol was implemented to prepare the WB-S La*'/TiO2-NS/GCE. First, WB-S
La®>*/TiO2-NS suspension was synthesized by dispersing WB-S La®*/TiO2-NS (1 mg) in double
distilled water (1 mL) under 30-min sonication. Then, WB-S La**/TiO»-NS suspension (6 pL) was

drop coated on the surface of GCE and dried at the ambient temperature.

Preparation of real specimens

NFT tablets (labeled 100 mg NFT/tablet) were powdered, 100 mg of which was then appended into
water (25 mL) and exposed to ultra-sonication. A certain volume of the obtained solution alongside
phosphate buffer solution (PBS, pH 7.0) was water-diluted in a 10-mL voltammetric flask. The
achieved solution was applied for the NFT analysis.

Blood samples gathered in heparinized test tubes underwent a centrifugation for 10 min at 3000 rpm
to separate the plasma, which was then refrigerated for next testing. Acetonitrile was used to
deprotonate the plasma samples, so that the acetonitrile (2 mL) was appended to plasma and the
mixture underwent a centrifugation for 10 min at 2000 rpm. The supernatant was evaporated in a
conical flask to dryness in exposure to nitrogen flow. The dry residue was diluted with PBS (pH
7.0) and poured into the voltammetric cell (20 mL) for analysis with no need for pretreatment. The
NFT were quantified in the samples according to standard addition method.

Urine specimens sampled from healthy subjects were analyzed to determine possible traces of NFT.
After that, the samples were diluted 50 times with PBS to avoid the matrix effect of valid samples.
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Results and discussion

Determination of WB-S La®**/TiO,-NS characteristics

The XRD patterns captured from pure TiO; (curve a) and La®*/TiO, nanostructure (curve b) are
presented in Figure 1. Crystal structures of pure TiO, and nanostructured La*/TiO, were mainly
composed of anatase phase (JCPDS 21-1272). The anatase peaks appeared at 25.371, 38.51, 48.211,
and 54.101 were related to (101), (004), (200), and (105) planes, sequentially. There were no
distinct peaks (La** metal, La,Os) following the integration of La dopants into the TiO:
nanostructure probably due to inadequate sensitivity of XRD analysis in sensing traces of La
dopants within the TiO2 nanostructure [26]. The shift of diffraction peaks and the change in full
width at half maximum for the La®**/TiO, nanostructure, anatase phase may be attributed to the

integration of La®* dopants into the TiO: lattice.
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Figure 1. XRD pattern of a) A-L TiO, NF and b) WB-S La**/TiO2-NS.

The FE-SEM images (Figure 2a, b) were applied to explore the morphology of Anatase-like TiO>
nanoflowers (A-L TiO2 NF), the findings of which clarified a spherical hierarchical architecture
with thin and long two-dimensional nanosheets (i.e., ~10-nm petals, forming A-L TiO2 NF)
protruding from the center of the three-dimensional nanoflowers (2-6 pm in diameter, the mean
diameter of 4.5 pm). Based on Figure 2c, as-produced woolen ball-shaped La**/TiO2 nanostructures
(WB-S La*/TiO2 NS) consisted of large-scale woolen ball-flower structures (1.8 to 2.4 mm in
diameter). SEM images with high magnification from WB-S La**/TiO2 NS (Figure 2d) present two-
dimensional well-ordered and -oriented nanoplates (20-30 nm) for WB-S La**/TiO, NS to form
woolen ballflower structures. The FE-SEM images exhibits the impact of La ion content on the

TiO2 morphology.
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Figure 2. (A) FESEM image (B) High resolution FESEM image of A-L TiO. NF. (C) FESEM image (D) High
resolution FESEM image of WB-S La**/TiO2-NS.

The EDS pattern (Figure 3) shows that the woolen ballflower products are built of Ti, O and La

elements without any impurity. The distribution of Ti, O and La was confirmed by the elemental

mapping.
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Electrochemical behavior of NFT on the modified electrode

The electrochemical response of NFT (100.0 uM) was recorded in PBS (pH 7, 0.1 M) at scan rate
of 50 mV/s using the CVs on bare GCE (curve a), A-L TiO> NF/GPE (curve b) and WB-S
La**/TiO2-NS/GCE (curve c) (Figure 4). The peak current of NFT reduction had a significant
elevation approximately 1.26 and 6.45 times higher on the WB-S La**/TiO>-NS/GCE than that on
the A-L TiO> NF/GCE and bare GCE, sequentially. The peak potentials of them were switched to
less positive side with WB-S La*"/TiO,-NS/GCE than A-L TiO, NF/GCE and bare GCE,
sequentially. The peak potential was seen for NFT at -0.45 V on the WB-S La**/TiO2-NS/GCE and
A-L TiO2 NF/GCE, at -0.51 V on a bare GCE, sequentially, highlighting a platform role of both
La* and TiO- electrodes for the NFT reduction.
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Figure 4. CVs of NFT (100.0 uM) at a) bare GCE, b) A-L TiO2 NF/GCE and c) WB-S La*/TiO2-NS/GCE in 0.1 M PBS (pH=7.0).

Additionally, the pH influence was determined in the range of 5 to 9 on the reduction reaction of
NFT (70.0 uM) using the WB-S La**/TiO2-NS platform at the scan rate of 50 mV/s (Figure 5a).
There was a gradual elevation in the anodic peak currents of NFT when the solution pH elevated to
7 from 5, followed by reducing as the solution pH increased by 8. Hence, the optimal pH value was
selected to be 7 for next testing, almost near to physiological medium. Further, we evaluated the
dependence of the NFT peak potentials to the pH, see Figure 5b. As the pH changes, the peak
potentials of NFT shift to the negative side due to the involvement of proton from the reduction of
electrolytic molecules. The linear graphs of the changes of the peak potential against the pH values
of the solution showed that the slope of the plot was 0.0487. The proximity of these slope values to
the Nernstian slope (0.059) indicates the reduction of NFT on the WB-S La**/TiO2-NS/GCE, which
involve equal numbers of protons and electrons [27]. Therefore, the electrochemical reaction

mechanism of NFT reduction on the electrode modified with WB-S La®/TiO.-NS is shown in
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Scheme 1, in the process of direct conversion of the nitro compound (—NO2) to the nitroso

derivative(-NHOH), 4 electrons, and 4 protons are exchanged [28].
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Figure 5. (A) Effect of pH on the peak currents for the reduction of AA (70.0 uM) pH= 5-9. (B) Plots of peak potential
vs. pH. Scan rate: 50 mV/s.
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Scheme 1. The electrochemical mechanism of NFT at modified electrode.

Further, we investigated the influence of the scan rate of the modified electrode system with respect
to the reduction of NFT (65.0 M) in the changes of the scan rate, as shown in Figure 6. There was
an elevation in the NFT anodic currents when the scan rate boosted to 700 from 10 mV/s.
According to the inset, the liner curves of NFT anodic currents against the scan rate square root
(v¥?) confirms diffusion-controlled process for the reduction of NFT on the WB-S La**/TiO,-
NS/GCE.

Since charging current (ic) is depended to the v and Faraday current is depended to the v*2.
Therefore, at higher scan rate the charging current will increase significantly. Therefore, the lower
scan rate is used to perform the tests. On the other hand, it takes longer to test at very low scan rate.
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According to the above, maintain, for the experiments, the scan rate of 50 mVs™* was chosen as the

optimal scan rate.
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Figure 6. (A) CVs of WB-S La®**/TiO,-NS/GCE in pH 7.0 in the presence of NFT (65.0 uM) at various scan rates (from
inner to outer curve): 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 600 and 700 mV/s. (B) The plots of
peak currents vs. v of NFT.

Chronoamperometric determinations

The chronoamperometric determination was carried out by altering the level of NFT in PBS at the
potentials of 500 mV set for WB-S La**/TiO,-NS/GCE (Figure 7A).

The current response (I) for diffusion-controlled process of electroactive NFT was explained by
Cottrell’s equation (Eq. 1) [27]:

| =nFADY2Cpn /2 (Eq. 1)

Where, D (cm?s?) stands for the diffusion coefficient of studied species, F for the Faraday constant
(96485 CM), Cy, for the bulk content of studied species (mol cm=), n for the number of electrons
transferred (2), and A for electrode surface area (cm?). Data revealed a linear curve from the raw
chronoamperometric traces for variable NFT levels by diagraming | versus t (Figure 7B). Then,
the slope of the straight lines versus the concentrations of NFT in Figure 7C was drawn. Next, the

estimated diffusion coefficient was 3.42x10 cm2s* for NFT.
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Figure 7. (A) Chronoamperograms obtained at WB-S La**/TiO,-NS/GCE in 0.1 M PBS (pH 7.0) for different
concentration of NFT. The numbers 1-4 correspond to: 0.1, 0.2, 0.3 and 0.4 mM of NFT. (B) Plots of I vs. t™*2 obtained
from chronoamperograms 1-4 for NFT. (C) Plot of the slope of the straight lines against NFT concentration,
respectively.

Detection of NFT

The DPVs (Figure 8) were recorded for variable NFT levels in PBS (pH=7, 0.1 M) to determine the
performances of WB-S La*'/TiO,-NS/GCE for the detection of NFT. There was an elevation in the
peak currents when the solution level of NFT increased whereas the peak potentials of NFT were
constant. The relevant liner standard plots were achieved in the ranges of 0.001 to 500.0 uM for
NFT. Linear regression equation of standard graphs and correlation coefficient of NFT are given as
follows:

InFT = -0.1001 Cnrr + 0.1213, R?2 = 0.9998 (Eq. 2)

The limit of detection (LOD) of NFT was determined on the basis of five determinations of the
blank noise standard deviation (n = 5) on the basis of reported method, using the equation3Sy/m;
where, m stands for the slope of the standard plot and Sy for the standard deviation, which was 0.57
+ 0.01 uM. The narrow LOD of NFT with as-fabricated nanocomposite suggests good work and
efficient analysis of WB-S La®*/TiO.-NS/GCE.
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Figure 8. (A) DPVs of the NFT at the WB-S La**/TiO.-NS/GCE in PBS (pH 7.0) at the scan rate of 50 mV s,
respectively, Concentrations from inner to outer of curves: 0.001, 0.1, 1.0, 10.0, 20.0, 30.0, 40.0, 50.0, 60.0, 70.0, 80.0,
90.0, 100.0, 200.0, 300.0, 400.0 and 500.0 uM. (B) Plots of | vs. Concentrations of NFT.

Stability and reproducibility of the modified electrode

The WB-S La*/TiO2-NS/GCE was examined for the reproducibility by studying the current
behavior of NFT with five electrodes constructed by the same ways. According to the findings, the
relative standard deviation (RSD) of the electrodes was 2.83% for NFT. The WB-S La**/TiO,-
NS/GCE was also examined for the stability to NFT during four weeks. There was a reduction in
the currents responses by 2.41% for NFT. Accordingly, the as-developed WB-S La**/TiO,-NS/GCE
possessed a commendable reproducibility long stability for sensing NFT, so that it can show
analytical application for detection of the NFT for over one month with no noticeable influence in

its activity.

Interference analysis

We evaluated the impacts of possible interferants present in bio-fluids or pharmaceutical
formulations for concurrent detection of 10.0 uM of NFT. The greatest level of the possible
interferants, which causes an error of <5%, was regarded as the tolerance limit. According to the
findings, 1000 times the level of glucose, phenylalanine, alanine, sucrose and methionine, and 500
times the content of histidine and glycine had no impact on the NFT reduction currents, underlining

the successful performance of the as-fabricated sensor for concurrent detection of NFT.
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Real sample testing

Therefore, we employed the standard addition method for evaluating the potential of the WB-S
La**/TiO2.-NS/GCE as one of the novel analytical approaches to determine NFT in the real samples
(Table 1). According to the table, the recoveries from 98.6 to 102.0% verified the major ability of
the WB-S La**/TiO2-NS/GCE as one of the modern nanosensors to detect NFT in the real samples.

Table 1. Determination of NFT in NFT tablets, human blood serum and urine samples. All the concentrations are in uM (n=5).

Sample Spiked Found Recovery (%) R.S.D. (%)
0.0 3.8 - 24
NET tablets 5.0 8.7 98.9 2.8
10.0 13.8 100.7 3.1
0.0 0.0
Human blood serum 5.0 51 102.0 16
10.0 9.9 99.0 2.2
0.0 0.0
Urine 15.0 14.8 98.6 2.7
25.0 25.1 100.4 1.7

Comparison of the introduced approach and the literature approaches

As shown, a comparison between the WB-S La**/TiO?-NS/GCE analytical function developed in
the present investigation and additional sensors included in the NFT analyses has been shown in
Table 2 [28,29-31]. Regarding earlier published techniques in the publications, it can be concluded
that the recommended approach is inferior concerning the detection limit. The advantage of the
present study was determining NFT in an extended linear dynamic spectrum (0.001-500.0 puM),
considerable sensitiveness and very good stability in comparison with other techniques. This
implies that WB-S La®*/TiO?>-NS/GCE owns advantageous analytical performance for NFT
determination regarding extended linear dynamic spectrum, high repeatability, a remarkably low
detection limit, reproducibility, and also considerable sensitiveness in comparison with published
approaches.
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Table 2. Comparison between various electroanalytical methods for the determination of NFT with the proposed method.

Method Modified electrode LOD Linear working range Ref.
\Voltammetry BaSnO3/GCE 0.062 uM 0.01-557.65 uM [28]
\Voltammetry ZnCo,04 NS/GCE 0.013 uM 0.05-10.0 uM [29]

Voltammetry Ag/Ni(OH)./GCE 0.079 uM 0.11-212.0 uM [30]
\Voltammetry La,YBiOs/MWCNTS/GCE 13.74 nM 10.0-120.0 nM [31]
\Voltammetry WB-S La**/TiO,-NS/GCE 0.57 nM 0.001-500.0 uM This work

Conclusion

The detection sensitivity of WB-S La*/TiO2-NS/GCE were shown in NFT electrochemical
analysis, the results of which indicated that NFT was easily oxidized on the electrode with reduction
potential of 0.45 V. The anchoring of WB-S La®*/TiO2-NS on the glassy carbon electrode boosted
the electron transfer between the electrode surface and the NFT and the peak current. The limit of
detection was as low as the 0.57 nM using the modified electrode. Moreover, the proposed sensor
was successful in sensing the NFT in real specimens, and exhibited appreciable stability and

repeatability.
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