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ABSTRACT: Herein, the fabrication and full characterization of a novel atomoxetine (ATX) voltammetric carbon paste electrode
(CPE) fortified with iron oxide nanoparticles (FeONPs) is demonstrated. Modification of the carbon paste matrix with the metallic
oxide nanostructure provides proper electrocatalytic activity against the oxidation of ATX molecules at the carbon paste surface,
resulting in a noticeable improvement in the performance of the sensor. At the recommended pH value, ATX recorded an
irreversible anodic peak at 1.17 V, following a diffusion-controlled reaction mechanism. Differential pulse voltammograms exhibited
peak heights linearly correlated to the ATX content within a wide concentration range from 45 to 8680 ng mL ™", with the limit of
detection reaching 11.55 ng mL™". The electrooxidation mechanism of the ATX molecule was proposed to be the oxidation of the
terminal amino group accompanied by the transfer of two electrons and two protons. The fabricated FeONPs/CPE sensors
exhibited enhanced selectivity and sensitivity and therefore can be introduced for voltammetric assaying of atomoxetine-indifferent
pharmaceutical and biological samples in the presence of its degradation products and metabolites.

1. INTRODUCTION tive and N-desmethylatomoxetine (N-DATX).”™"" Several side
effects have been reported for ATX, including adverse
behavioral changes, headaches, sleep disorders, loss of appetite,
and allergic reactions. In addition, more severe side effects
consist of an increased risk of “suicidal thoughts,” and cases of
lethal poisoning with chronic overdose by ATX have been
registered.'”> NRIS administration and usage has increased
significantly over the last few decades and is recorded as the
third most prescribed drug class in the USA."> Based on the
above considerations, reliable analytical approaches are
encouraged for monitoring trace residues of ATX in biological
fluids and bulk pharmaceutical formulations. In addition, both

Depression represents a common chronic and often debilitat-
ing mental health condition that affects more than 10% of the
general population,’ with different symptoms including feelings
of extreme sadness, mental confusion, and hopelessness.
Antidepressants are classified into different categories based
on the type of neurotransmitter and mechanism of action.
Norepinephrine reuptake inhibitors (NRIs) selectively act on
norepinephrine and epinephrine neurotransmitters through the
inhibition of their reuptake into the brain cells and increasing
their extracellular concentration, which in turn enhances
neurotransmission.” Attention-deficit hyperactivity disorder
(ADHD) is one of the chronic neurodevelopmental disorders

with the core symptoms of inattention, impulsivity, and Received: March 14, 2023
hyperactivity.”> Atomoxetine (ATX) is one of the highly Accepted:  May 9, 2023
selective NRIs that blocks the noradrenaline transporter and Published: May 18, 2023

enhances the dopamine and noradrenaline levels in the
treatment of ADHD.»*™® ATX is rapidly absorbed and
principally metabolized into its 4-hydroxy (4-HATX) deriva-
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the parent compound and its metabolites contribute to the
therapeutic and toxic effects.

Several analytical approaches have been developed for
monitoring ATX and its metabolite residues in pharmaceutical
and biological samples, including chromatographic, spectro-
photometric, and electrometric methods. Liquid chromato-
graphic separation methods are useful and more popular for
the sensitive and selective separation of ATX in complex
matrices. High-performance liquid chromatography (HPLC)
methods with UV'*"® and fluorescence'®'” detectors have
been reported for the quantification of ATX in human plasma.
Reversed-phase high-performance liquid chromatography (RP-
HPLC) methods have been developed and validated for the
quality control of ATX formulations.'* ** Chromatography-
tandem mass spectrometry approaches have been described for
the simultaneous determination of ATX and its metabolites in
human urine and plasma for the pharmacokinetic studies of
ATX.*' ™ Because of the time-consuming nature and several
derivatization processes associated with chromatographic
methods, spectrophotometric methods can be the alternative
choice for routine pharmaceutical analysis. Sensitive UV
spectrophotometric methods,”* oxidative coupling of atom-
oxetine with brucine,”* and fluorimetric approaches”® have also
been reported in the literature.

Electroanalytical methods offer the advantages of a relatively
short analysis time, simple pretreatment steps with simple
equipment, and suitability for monitoring many pharmaceutical
compounds.”’*° Electrochemical sensors can be combined
with other analytical approaches for monitoring pharmaceut-
ical residues in drug formulations and biological samples.
Moreover, the exploration of the electrooxidation behavior of
the pharmaceutical compound molecules may explain the
pharmacological activity, in vivo redox processes, and
metabolic pathway. Regarding the electrometric approaches
for ATX, carbon paste electrodes (CPEs) integrated with the
ATX—tetraphenylborate ion pair decorated with TiO, nano-
particles were selected for the sensitive potentiometric
determination of ATX.”' The cited sensors showed a near
Nernstian slope over a wide concentration range from 107 to
1072 mol L™". Based on the electrochemical activity and the
presence of oxidizable groups in ATX molecules, voltammetric
measurement can be a feasible technique with excellent
sensitivity, enhanced selectivity, and easier sample preparation.
In this regard, differential pulse voltammetric methods were
reported for ATX based on a glassy carbon electrode (GCE)
and screen-printed sensors chemically coated with a boron-
doped diamond layer (SP/BDDE) with limits of detection of
6.9 X 107 and 3.7 X 107 mol L7, respectively.’>*>

With the aim of improved performance and sensitivity,
studies were carried out through the integration of the matrix
of a voltammetric sensor with different metal oxide nano-
particles.”*~*" Nanostructure-based sensors introduced differ-
ent opportunities and improved the prospects of the analytical
approach with enhanced sensitivity and selectivity. Based on
the electrocatalytic activity of the electrode modifier, a
noticeable shift in the redox potential and acceleration of the
electron-transfer kinetics were reported. In the present work,
the electroanalytical prospects of a novel carbon paste working
sensor fortified with iron oxide nanoparticles were charac-
terized for sensitive voltammetric assaying of atomoxetine in
commercial pharmaceutical formulations and biological
samples. The impacts of different electroanalytical parameters,

including the electrode modifier, supporting electrolyte, scan
rate, and reaction mechanism, were evaluated.

2. EXPERIMENTAL SECTION

2.1. Reference Drug and Reagents. Atomoxetine
hydrochloride standard reference material (ATX, R-N-
methyl-3-(o-tolyloxy)-3-phenylpropylamine hydrochloride,
Cy;H,NO, 255.36 g mol™') was purchased from Sigma-
Aldrich (CAS number 83015-26-3). The ATX stock solution
was prepared by dissolving an appropriate amount of ATX in
bidistilled water and stored at 4 °C. Paraffin oil (PO, Sigma)
and graphite powders (1—2 um, Aldrich) were used for the
fabrication of the paste matrix. The metal oxide nanoparticles
applied as electrode modifiers were zinc oxide nanopowder
(Sigma-Aldrich), iron oxide nanoparticles (Sigma-Aldrich),
and copper oxide nanopowder (Alfa Aesar). The universal
buffer was applied as the supporting electrolyte, where sodium
hydroxide solution was used to adjust the pH.

2.2. Working Electrodes and Measuring Apparatus.
Cyclic and differential pulse voltammetric measurements were
performed using a fully automated 797 VA Metrohm
workstation (Metrohm, Switzerland). A 15 mL thermostated
measuring cell was equipped with a three-electrode system
composed of silver/silver chloride as the reference electrode, a
platinum wire as the auxiliary electrode, and carbon paste as
the working electrode. The carbon paste matrix was prepared
by blending 80 uL of PO with 200 mg of graphite powder. The
resulting homogeneous paste was packed into the electrode
holder, and the electrode surface was regenerated as described
elsewhere.* The nanostructure-integrated carbon paste was
constructed in the same way by replacing 10 mg of the graphite
powder with a metal oxide nanopowder.

2.3. Analytical Procedures. The measuring cell contain-
ing 10 mL of the supporting electrolyte at pH 3.0 was spiked
with gradual increments of the ATX standard solution, and the
DPVs were recorded applying the following electroanalytical
conditions: pulse width 100 ms, pulse height S0 mV, and pulse
duration 40 ms, with a scan rate of 60 mV s™. For each
increment, the peak current (applying baseline correction) was
plotted against the ATX concentration.

2.4. Degradation Studies. For oxidation stress studies,
the stock ATX authentic solution (100 ug mL™") was prepared
by dissolving the appropriate amount of ATX in a 3% H,O,
solution and refluxed for 3 h at room temperature. For
hydrolysis studies, ATX was refluxed in 0.1 mol L™' HCI/
NaOH solutions for 3 h, and the degradation process was
followed spectrophotometrically at 270 nm. The resulting
degradation solutions were neutralized and evaporated till
dryness. The solid residues were extracted with methanol to
remove NaCl, filtered, and diluted to the appropriate
concentration with methanol to obtain the stock solution for
each degradation product.'

Moreover, the ATX pharmaceutical capsule powder was
heated in a drying oven at 50 °C for 7 h; a suitable amount of
the capsule powder equivalent to 10 mg of ATX was dissolved
in water (final concentration 100 ug mL™') and assayed
voltammetrically according to the official method. The
aqueous solutions of the authentic ATX sample (100 ug
mL™") and capsule solutions were irradiated (UV radiation at
30 °C for 12 h) to study the impact of UV radiation on the
degradation of ATX in solutions.

2.5. Analysis of ATX Samples. The atomoxetine
pharmaceutical sample (Atomox apex, 40 mg g~' ATX gelatin
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Figure 1. (a) Scanning electron microscopy images of bare carbon paste and FeONPs/CPE. (b) Energy-dispersive X-ray (EDX) spectrum of

FeONPs/CPE.
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Figure 2. (a) Cyclic voltammograms (CVs) recorded in the presence of 5.2 ug mL™" ATX applying carbon paste electrodes fortified with different
FeONP ratios. (b) Peak currents for sensors fortified with different FeONPs ratios. Scan rate 60 mV s~ at pH 3.0.

capsules, MULTI-Apex Pharma Company, New Cairo, Egypt)
was purchased from the local market. Based on the
manufacturer’s specifications, the following inactive ingredients
were present in the pharmaceutical sample: starch, gelatin,
dimethicone, sodium lauryl sulfate, and titanium dioxide. Ten
units of ATX capsules were separately weighed, emptied, and
their contents crushed to furnish a homogeneous powder. A
quantity equivalent to one capsule was dissolved in water, and
further serial dilutions were carried out and analyzed according
to the official method in comparison with the present
voltammetric method.

Drug-free human plasma samples were centrifuged for 10
min at 5000 rpm and frozen at —20 °C till analysis. The frozen
samples were allowed to thaw at room temperature, spiked
with known desired quantities of the standard ATX stock
solutions, vigorously shaken, and treated with methanol to
remove the plasma proteins. The precipitated proteins were
separated by centrifugation for 10 min at 4 °C. After dilution
to the appropriate ATX concentration, the clear supernatant
was analyzed according to the presented method. Samples of
urine were laced with known increments of the standard ATX
solution, mixed with methanol to remove residual sample
protein, and the ATX content was assayed as usual.

3. RESULTS AND DISCUSSION

3.1. Morphological Characterization of FeONP-Inte-
grated Carbon Paste Electrodes. Scanning electron
microscopy (SEM) of both the bare carbon paste matrix and

19008

those fortified with iron oxide nanoparticles reveals a highly
porous surface structure with a high degree of surface
roughness (Figure 1a).***’” Iron oxide nanoparticles were
dispersed within the paste matrix and strongly attached onto
the graphite nanosheets with improved homogeneity of the
paste. Moreover, FeONPs were uniformly distributed on the
paste surface, with the particle size in the nanometer range.
SEM images also show that the nanoparticles are well-adhered
to the electrode, ensuring a consistent performance of the
modified carbon paste electrode.***

Moreover, energy-dispersive X-ray (EDX) spectroscopy of
the carbon paste matrix integrated with FeONPs confirmed the
presence of iron oxide nanoparticles at the electrode surface.
The EDX spectra distinctly showed four main peaks, which
represent the elements carbon, oxygen, and iron. The relative
intensity of each peak indicates the relative amount of each
element present in the electrode matrix. As depicted, the C
peak is the highest, indicating the higher concentration of
carbon present in the electrode (graphite and pasting liquid).
In addition, the EDX spectra also reveal the presence of other
elements, such as silicon and calcium, which are likely present
as impurities in the graphite powder or pasting liquid used for
the formulation of the paste matrix. The SEM images and EDX
spectra indicated that the electrode surface is coated with a
layer of FeONPs with consistent properties. EDX spectroscopy
can confirm the composition of the electrode surface, which
further supports the homogeneity of the electrode matrix.

https://doi.org/10.1021/acsomega.3c01726
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Figure 3. (a) Cyclic voltammograms (CVs) recorded for the 5.0 X 107 mol L™! [Fe(CN)4]>* redox couple applying carbon sensors fortified
with FeONPs; (b) values of the peak current of anodic and cathodic peaks and electroactive surface area (EASA) recorded at different FeONP

ratios.

Table 1. Redox Characteristics of the Recorded Cyclic Voltammograms and Electroactive Surface Areas (EASAs) at Different

FeONP/CPE ratios

electrode E, (V) E, (V) AE (V) I, (A) L (A) L/, (A) active area (cm?®)
CPE 0.380 0.308 0.072 3.8 x 107° —3.62 x 107¢ —0.95349 0.025
FeO 0.5% 0.380 0.308 0.072 4.5 %107 —4.37 x 107¢ —0.97131 0.031
FeO 1.0% 0.381 0.305 0.076 4.88 X 1076 —4.78 X 1076 —0.98021 0.048
FeO 1.5% 0.380 0.308 0.072 7.1x 107¢ 7.1 % 107° —0.98627 0.065
FeO 3.5% 0.386 0.302 0.084 1.02 x 1075 —1.01 x 107° —0.99303 0.085
FeO 5% 0.403 0.326 0.077 1.74 x 1073 —1.67 x 1073 —0.95977 0.110
FeO 7.5% 0.392 0.290 0.102 1.37 X 107° —129 x 107° —1.09602 0.115
b

-Y¢-1(uA)
O E(Vy

Figure 4. (a) CVs recorded in the presence of 5.2 yg mL™" ATX at different pH values. (b) Peak currents and peak potentials registered against pH

values of the supporting electrolyte.

3.2. Electrochemical Behavior of ATX at the FeONP-
Integrated Sensors. A careful survey of the literature
indicated no reported studies on the electrochemical behavior
of ATX at the carbon paste electrodes, as previous
voltammetric studies were carried out at GCEs and SP/
BDDEs, respectively.””*® Therefore, the present study ex-
plored the electrochemical behavior of ATX molecules at the
bare carbon paste electrodes and those modified with different
metal oxide nanoparticles (Figure S1). At the bare carbon
paste electrode surface, ATX recorded a single broad
irreversible oxidation peak at 125 V with a limited peak
height. Based on the electrocatalytic activity of different
metallic nanoparticles, the recorded peak current was gradually
enhanced to its maximum value by the modification of
nanostructures with FeONPs. Both copper oxide and zinc
oxide nanoparticles exhibited relatively lower peak currents
compared with FeONPs due to the difference in their overall
redox potentials and bandgap values.

Next, carbon paste working electrodes fortified with different
ratios of FeONPs were applied for the voltammetric
determination of ATX (Figure 2). The peak heights were
gradually improved based on the incorporation of the electrode
matrix with FeONPs, with the maximum value at 5.0%
FeONPs (about S-fold amplification compared with the bare
electrode). At a higher FeONP content, lower peak currents
were achieved due to the change in paste properties and the
requirement for additional amounts of paraffin oil.

The electrochemical behavior of the constructed sensors
integrated with the iron oxide nanostructure was explored in a
ferricyanide (FCN) solution. The peak heights were gradually
improved via modification with FeONPs based on their
electrocatalytic activity and enhancement of the electron-
transfer process (Figure 3 and Table 1). Cyclic voltammo-
grams recorded at the bare carbon paste showed an anodic
peak current (Ipa) value of 3.8 yA; next, the I, values were
enhanced to 7.1, 10.2, and 17.4 uA for 1.5, 3.5, and 5.0%

https://doi.org/10.1021/acsomega.3c01726
ACS Omega 2023, 8, 19006—19015
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Figure 5. (a) Recorded CVs for 3.0 ug mL™" ATX at different scan rates; (b) values of the peak current at different scan rates against the square
root of the scan rate; (c) estimated logarithmic value of the peak current at different scan rates against the logarithmic value of the corresponding
scan rate; and (d) the recorded peak potential against the logarithmic value of the scan rate.

FeONPs, respectively. The highest performance was recorded
for sensors incorporated with 5.0% FeONPs, confirming the
role of FeONPs in the improvement of the electron-transfer
process and sensor performance.

To estimate the electroactive surface area (EASA) of the
integrated carbon paste electrodes, CVs were recorded in the
FCN redox couple, applying different scan rates. The estimated
peak currents were linearly correlated to the square root values
of the scan rate [v (V s7')]"2 confirming the diffusion-
controlled mechanism of FCN at the electrode surface. The
EASA for each electrode was calculated following the
Randles—Sevik equation.”””” The estimated EASA values
were enhanced from 0.025 to 0.115 cm® for the bare and
7.0% FeONP carbon paste electrodes, respectively.

3.3. Dependence on pH. The nature and pH value of the
supporting electrolyte controlled the course of the ongoing
electrochemical behavior of the oxidizable analyte and,
subsequently, the shape and peak current of the recorded
voltammograms. As illustrated in Figure 4a, the recorded CVs
at 5.0% FeONPs/CPE in BR buffer with different pH values
were pH dependent. The oxidation peaks were shifted toward
the negative direction by increasing the pH values, sustaining
the involvement of hydrogen protons in the electrode
reaction.’® The peak potential was linearly correlated to the
pH value as follows: Epy) = —0.0474 + 0.0012 pH + 1.3067 (r
= —0.9957), with a near Nernstian slope value. Therefore, it
can be concluded that an equal number of electrons and
protons were involved in the electrode reaction. The obtained
slope value disagrees with the previously published ATX
voltammetric methods.**

In addition, the recorded CVs registered the maximum peak
current value at pH 3.0, which continuously decreased at
higher pH values; therefore, voltammetric analysis of ATX will
be carried out at pH 3, which is close to the optimum pH in
the case of previous ATX sensors.””

3.4. Electrochemical Behavior at Different Scan
Rates. Cyclic voltammograms for ATX at FeONPs/CPE
recorded at different scan rates offer more insights into the
electrochemical behavior of ATX molecules at the FeONPs/
CPE surface and the number of electrons transferred.”® As
illustrated in Figure Sa, CVs for ATX molecules were scanned
over a wide scan rate ranging from 0.010 to 0.110 V st
(Figure Sa). The estimated peak currents increased with the
scan rate, and the oxidation peak potentials were shifted
toward the positive direction, indicating the irreversibility of
the electrooxidation of ATX molecules. Plotting the peak
current against the square root of the scan rate ([v (V s7')]"/?)
revealed a typically linear relationship (r = 0.9995), confirming
the irreversibility of the electrooxidation process at the
electrode surface (Figure Sb). Next, the logarithmic value of
the recorded peak current showed a linear equation against the
corresponding logarithmic value of the scan rate (log (I,4) =
0.43935log v (Vs™") + 0.44675; r = 0.9998) (Figure 3c). The
slope value was close to the theoretical value (0.5) for the
diffusion-controlled reaction,’"*> which is in agreement with
the ATX behavior at GCE and SP/BDDE.****

Eventually, the potential values were shifted toward the
positive direction following a linear relationship with the
logarithmic value of the scan rate (EPV =0.0610logv (Vs™') +
1.2503; r = 0.9986, Figure S5d). Based on the Laviron
equation,™ two electrons participated in the electrooxidation
of the ATX molecule at the FeONPs/CPE compared with four
electrons on GCE and SP/BDDE.>*%3

The reported oxidation pathway of the ATX molecule
involved a multistep oxidation process with the formation of
the corresponding aldehyde and amine derivatives with the
involvement of four electrons and four protons.32 Herein,
based on the present scan rate and pH studies, the oxidation of
the ATX molecule includes the transfer of only two electrons
and two protons. In addition, molecular orbital calculations

19010 https://doi.org/10.1021/acsomega.3c01726
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Scheme 1. Proposed Oxidation Mechanism of the Atomoxetine Molecule at the FeONP-Integrated Sensor
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performed on atomoxetine molecules (Tables S1, S2, and
Figure S2) indicated the highest electron density at nitrogen,”
and the postulated redox mechanism is displayed in Scheme 1.

3.5. Linear Range and Analytical Parameters. At the
optimized measuring conditions, the electroanalytical perform-
ance of the fabricated carbon paste sensors was validated. The
peak current values of the recorded differential pulse
voltammograms were plotted against the corresponding ATX
concentrations (Figure 6 and Table 2). The constructed
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Figure 6. Differential pulse voltammetric determination of atom-
oxetine at FeONPs/CPE.

Table 2. Electroanalytical Performance of FeONPs/CPE
Atomoxetine Sensors”

parameters
peak potential (V) 1.17
measuring pH 3.0
linear range (ng mL™") 45—8680
slope (uA mL™" ng™") 0.003
SD of slope (uA mL™'ng™") 47 x 107°
intercept (uA cm™?) 0.4257
SD of intercept (A cm™) 0.010S
multiple R 0.9999
R square 0.9995
repeatability 0.55
intermediate precision 1.22
RSD % 1.83
LOD (ng mL™") 11.55
LOQ (ng mL™") 35

“Average of five experiments.

calibration graphs were linear (r = 0.9999) within a wide
concentration range from 45 to 8680 ng mL™". The estimated
values of the limit of quantification (LOQ) and limit of
detection (LOD) were 35.0 and 11.55 ng mL™, respec-
tively.”>*°

Compared with the previously reported ATX voltammetric
methods based on GCE and SP/BDDE as working electro-

des,®*? the present FeONPs/CPE showed improved
sensitivity over a wide linear range. Moreover, the simple
fabrication protocol with a prolonged lifetime indicates a
promising future of the presented sensors compared with SP/
BDDE sensors (Table S3). Moreover, compared with
chromatographic and spectrophotometric techniques, electro-
metric approaches show a short analysis time, avoid exposure
to hazardous organic solvents, and involve low instrumenta-
tion.

The repeatability and stability of the DPVs were evaluated
over a prolonged operation period. After continuous operation
for 28 days, the peak performance remains constant, with
94.69% of the original peak, which then diminished to reach
about 88.8% after 60 days (Figure S3).

3.6. Specificity of the Method. Drug additive and
degradation profiling involves the study and quantification of
the degradation products and various impurities in bulk drug
materials and pharmaceutical formulations. Nowadays, mon-
itoring of such contaminants represents one of the most crucial
considerations in the pharmaceutical industry. Analytical
approaches applied for the determination of active pharma-
ceutical compounds and formulations represent an integral
part of the quality-by-design concept that is recommended in
the ICH Guideline.””® However, many of the unidentified
impurities are potential health hazards, and therefore, to ensure
the safety of a pharmaceutical formulation, the identification of
degradants and impurities should be taken into consideration
for a new analytical approach.””’ %" Moreover, the pharma-
ceutical formulation should show adequate stability throughout
its shelf life with respect to its purity, identity, and quality.
However, forced degradation studies provide information to
support the identification of degradation pathways and possible
degradants. This type of holistic consideration of the nature
and fate of impurities is considered a key piece of the overall
analytical control strategy.

Herein, ATX was exposed to hydrolytic and forced
degradation studies as described elsewhere.'”®" Forced
degradation studies of ATX solution indicated the degradation
of about 25% ATX when refluxed in an acidic medium after 1
h, while complete degradation was recorded after 3 h. A similar
degradation rate was monitored in an alkaline medium.
Oxidative stress degradation resulted in the degradation of
32% of the initial ATX. Considering the thermal degradation of
ATX, about 12—15% of the initial ATX was degraded after
heating for 1 h, with complete degradation after contentious
heating for 7 h. In contrast, negligible photolytic degradation
(<2%) was recorded for the ATX capsule irradiated with UV
light for 2 days. Voltammetrically, the ATX acidic degradants
recorded DPVs with the appearance of a new signal at about
0.85 V, which did not interfere with the primary atomoxetine
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Table 3. Voltammetric Determination of Atomoxetine in Pharmaceutical and Biological Samples

sample added (ng mL™") found (ng mL™") bias %““ recovery (%) HPLC**
atomox 150 148 1.33 98.67 100.51
550 552 0.36 100.36 100.12
1850 1860 0.54 100.54 99.94
4500 4510 0.22 100.22 98.93
mean 99.95 99.88
variance 0.75 0.4S
observations 4 4
df 3 3
t-test 0.45
F-test?? 1.65
t critical two-tail 2.45
F critical one-tail 9.28
sample added (ng mL™") found (ng mL™") bias % recovery (%) HPLC“*
urine S0 49.8 0.40 99.60 100.61
450 453 0.67 100.67 100.40
750 752 0.27 100.27 99.98
6650 6645 0.08 99.92 9891
mean 100.11 99.98
variance 0.21 0.57
observations 4 4
df 3 3
t-test 0.38
B’ 273
t critical two-tail 2.45
F critical one-tail 9.28
sample added (ng mL™") found (ng mL™") bias % recovery (%)“" HPLC**
serum 360 364 —1.11 101.11 100.05
2900 2880 0.69 99.31 100.35
6500 6520 —-0.31 100.31 99.98
7500 7525 —-0.33 100.33 99.91
mean 100.27 99.90
variance 0.54 0.19
observations 4 4
df 3 3
t-test 0.38
B’ 2.793231
t critical two-tail 2.45
F critical one-tail 9.28

“Each result is an average of three determinations. YTabulated F and f values at p = 0.05.

signal at 1.17 V (Figure S4). This can be attributed to the
presence of a terminal amino group in the degradation
products. For alkaline hydrolysis, UV irradiation, and
thermolysis degradation, no obvious change in the ATX peak
was observed, with a diminished peak height.

According to the manufacturer, some excipients are present
in the commercial ATX pharmaceutical formulation, including
corn starch and dimethicone. None of these additives showed
noticeable interference with the atomoxetine signal. The
aforementioned degradation and interference studies used
the voltammetric approach for the selective quantification of
atomoxetine in pharmaceutical formulations as the stability-
indicating protocol without the necessity of pretreatment or
separation steps.

3.7. Sample Analysis. After oral administration of ATX, it
is converted into 4-hydroxy (4-HATX) and N-desmethylato-
moxetine (N-DATX) as the main metabolites. Nearly all of the
ATX metabolites are eliminated by excretion into urine within
the first 24 h.'"” Both metabolites have nearly the chemical
structure of the parent compound (Figure SS) and are

19012

expected to exhibit voltammograms similar to that of the
ATX molecule. The molecular orbital calculations confirm the
highest electron density at the nitrogen atom, similar to the
parent compound; therefore, the presented approach is
suitable for the quantification of ATX and its metabolites in
biological fluids.

The presented iron oxide nanoparticle-integrated sensors
exhibited enhanced sensitivity and selectivity toward ATX;
therefore, their suitability for voltammetric assaying of ATX in
biological samples and pharmaceutical formulations was tested.
The analyzed samples were spiked with known ATX
concentrations and analyzed according to the presented
voltammetric method and HPLC-UV method at 270 nm.
Acceptable recovery values with lower relative standard
deviation values indicate the applicability of the proposed
analysis protocol for the determination of atomoxetine (Table
3).
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4. CONCLUSIONS

The present study investigated the construction and electro-
chemical prospects of a novel atomoxetine voltammetric
analytical approach based on carbon paste sensors integrated
with iron oxide nanoparticles. Based on the electrocatalytic
activity of the FeONPs, the atomoxetine molecule was
irreversibly oxidized following a diffusion-controlled reaction
mechanism with the participation of two electrons/protons, as
confirmed by molecular orbital calculation studies. Calibration
graphs were linear within the ATX concentration range from
4S5 to 8680 ng mL™!, with an LOD value of 11.55 ng mL™L
Modification with FeONPs offers a sensitive and reliable
voltammetric protocol for ATX in the presence of its
degradants and metabolites and is explored for simple and
reliable assaying of ATX in pharmaceutical and biological
samples with acceptable average recoveries comparable to that
of reported chromatographic methods. Compared with
previously reported ATX voltammetric sensors, FeONPs/
CPEs showed improved sensitivity, along with ease of
fabrication and a prolonged operational lifetime.
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