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Abstract

A comprehensive study of the development of a novel electrochemical sensor based on
iridium-gold nanocomposite (IrAuNPs) modified electrodes for the detection of antidepres-
sants, paroxetine (PRX) and citalopram (CIT) was conducted. The sensing platform, based
on a glassy carbon electrode, was modified by drop-casting IrAuNPs, which allowed for
enhanced conductivity. IrAuNPs, along with their counterparts iridium nanoparticles (IrNPs)
and gold nanoparticles (AuNPs), were synthesized from coffee waste extract (CWE) via
complete green chemistry. The physicochemical properties of synthesized nanomaterials
were characterized using ultraviolet-visible spectroscopy, dynamic light scattering, high-
resolution transmission electron microscopy, Fourier-transform infrared spectroscopy, cyclic
voltammetry and square wave voltammetry. Results showed that the CWE could reduce the
respective metallic salts to form mostly near-spherical to spherical IrAuNPs, IrNPs and
AuNPs with core sizes ranging from 2.02 nm to 13.27 nm. The electrochemical sensor could
determine PRX and CIT in the concentration ranges of 20 to 200 nM and 1 to 10 uM, with
detection limits of 0.072 nM and 0.085 uM, respectively. The sensor showed a recovery of
86 to 115.1 %. The proposed sensor demonstrated good precision and accuracy, with
excellent sensitivity and selectivity for drug identification in a rapid analysis time, which is
crucial for applications in biological matrices.
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Introduction

Depression is a common and widespread mental disorder affecting ~350 million people world-
wide [1]. It has become the leading cause of disability and has been listed as the third largest cause of
disease burden since 2008 and is expected to rank first by 2030 [2]. Selective serotonin reuptake
inhibitors (SSRIs) are one of the most prescribed classes of antidepressants [3]. Paroxetine (PRX)
(3S,4R)-3-[(1,3-benzodioxol-5-yloxy) methyl]-4-(4-fluorophenyl) piperidine [4] and citalopram (CIT)
(1-[3-(dimethylamino) propyl-]-1-(4-fluorophenyl)-1,3 dihydroisobenzo furan-5 carbonitrile) are
potent SSRIs [5] commonly prescribed for the treatment of patients suffering from depression and for
the management of generalized panic and anxiety disorders, obsessive-compulsive disorders [6], post-
traumatic stress, and social phobia [7]. These SSRIs have also been recommended for treating body
dysmorphia, premenstrual dysphoric disorder, presumed serotonergic component [8] and Huntington
as well as multiple pain conditions [9].

These SSRIs act by selectively inhibiting the presynaptic recovery of serotonin at the serotonin
transporter, causing an increase in serotonin at the postsynaptic membrane in the serotonergic
synapse, thus improving depressive symptoms and the cognitive function of patients [10].

Antidepressant drug therapy has shown a high variability in the individual’s response, ranging
from severe adverse effects to failure or delayed therapeutic responses [11]. Paroxetine is the least
well-tolerated SSRI and is associated with high rates of treatment discontinuation [12]. Citalopram
is among the most frequently prescribed antidepressants in paediatric patients, yet 50 % of these
patients fail to respond [13]. A few side effects of these SSRIs consumption are known as vision
changes, weakness, drowsiness, dizziness, sweating, anxiety, sleep problems (insomnia), loss of
appetite, constipation, and suicide risk in underage individuals, as well as nausea, tremors, and coma
or seizures [14]. There are numerous case reports of cardiac and neurologic toxicities and serotonin
syndrome in overdose. Even death from overdose has been reported [15]. However, it is still one of
the most prescribed antidepressant drugs [16].

Quantitative determination of paroxetine and citalopram in human fluids and the environment
is of practical importance for diagnosis, monitoring of disease [17], and optimization of therapeutic
interventions of depression, as it may explain a non-response or adverse effects [1] and reduce
unnecessary fatality cases among highly depressed patients resulting from hepatotoxicity and other
drug-related issues [18].

Paroxetine and citalopram have been previously determined in pharmaceutical compounds and
some real samples using spectroscopic [8] and chromatographic techniques [11]. The reported
methods have many shortcomings such as potential loss of drugs in the re-extraction process, need
of lengthy, tedious, and time-consuming plasma sample preparation and extraction process [19] as
well as very low detection limits, expensive to perform procedures, and the need for trained expert
personnel to complete complicated operations and the use of bulky instruments that have limited
portability and make them inconvenient and unreliable for rapid detection and everyday use or on-
site measurements [20].

Electrochemical sensors possess the desired characteristics for on-site measurement, and thus
their application in the analysis of drugs, pharmaceuticals, and biological samples has increased
greatly over the last few years [21]. Owing to the electroactive properties of SSRIs, electrochemical
methods have been used for the detection of these drugs, providing adequate insight into the redox
properties and metabolism of these compounds [22].

A typical electrochemical sensor is thought to consist of a sensing working electrode, a reference
electrode and a counter electrode, all separated from each other by a layer of liquid electrolyte [23].
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With a conventional bare or unmodified working electrode, the electrochemical detection of SSRIs may
incur common problems, which include a low detection of SSRIs in real samples because of the low
concentration of the analytes, the high overpotential at the working electrodes, as well as the
interference of other biomolecules present in the sample having similar oxidation potential. Considering
that SSRIs are adsorbed onto the surface of the electrode during the oxidation/reduction reactions, the
reproducibility and reuse of the bare electrode are limited. The performance of electrodes in electro-
chemical methods can be improved by surface modification with various nanomaterials [24].

Nanomaterials are one of the most promising supporting materials for surface modification of
electrodes, due to their unique properties such as good biocompatibility, high surface-to-volume
ratio [25], substantial mechanical power and electrical and electrocatalytic properties [26]. These
properties accelerate the rate of heterogeneous electron exchange between the nanomaterial-based
electrode surface and the analyte of interest in solution and increase the effective surface area of the
working electrode [27]. Iridium nanoparticles (IrNPs) and gold nanoparticles (AuNPs), owing to the
nanoscale dimensions at the electrode surface, increase the effective surface area of the elec-
trode [28]. Furthermore, the electrocatalytic properties of these nanoparticles facilitate electron
transfer and increase the electrode sensitivity to the target species. The combination of the two
nanoparticles with electrocatalytic properties develops electroactive composites that, as modifiers,
can enhance the electrochemical sensitivity of the electrode and its overall performance. Moreover,
as the sensitivity of detection in nanomaterial-based sensors is enhanced, probe materials are
required at extremely low concentrations. By tuning the surface properties of the nanomaterials,
these sensors can be easily employed for selective and specialized detection. An efficient detection
system can help manage many problems in our modern-day lives. Sensors not only provide simple
sample handling but also enable rapid analysis with higher sensitivity and better accuracy [19].

In the current study, a novel technique is developed by modifying a glassy carbon electrode (GCE)
with an iridium-gold nanocomposite (IrAuNPs) on its surface, termed IrAu-GCE, to serve as a highly
sensitive and selective electrochemical sensor for estimating paroxetine and citalopram. The
electrochemical behaviours of paroxetine and citalopram at the IrAu-GCE were studied using cyclic
voltammetry (CV) and square wave voltammetry (SWV). To appraise the efficacy of the modified
electrode for analytical uses, it was applied for the voltametric determination of paroxetine and
citalopram in real samples such as urine. The success of this study illustrates the potential for
prompt point-of-care measurements of biological samples among depression patients diagnosed
whose conditions seem worse even after being placed on treatment regimes.

Experimental

Materials and reagents

Dark horse coffee (coffee arabica) roasted capsules were purchased from local vendors in Cape
Town, South Africa, hydrogen tetrachloroaurate (lll) hydrate (HAuCls-3H;0), Sodium dihydrogen
phosphate (NaH2POa), disodium hydrogen phosphate (Na;HPOa4), sulfuric acid (H2S04) and ethanol
(99.9 %) were obtained from Sigma Aldrich (Cape Town, South Africa), hydrochloric acid was
purchased from Amresco (Ohio). All electrochemical experiments were carried out using a 0.1 M
phosphate buffer (PB) solution with pH of 7.4 as electrolyte. Alumina polishing pads and powder
(0.05, 0.3 and 1.0 micron) were obtained from Buehler (lllinois, USA). Ultra-pure water by a Milli-
QTM system (Millipore) was used in all aqueous solutions and throughout the experiments.
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Coffee waste extract preparation

Coffee waste was extracted by the espresso method, where the coffee grounds were then
collected, washed and dried in an oven at 65 °C. To the coffee ground, boiled, double-distilled water
was added and left to stir at 65 °C for 1 hour. The coffee waste extract (CWE) was centrifuged at 10,000
rpm for 20 minutes and the resultant supernatant was then filtered using Whatman 0.4-micron filter
paper. The filtrate was collected, kept at -80 °C overnight, and then lyophilized using the lyophilizer.
The extracts were stored in a desiccator at room temperature for further experiments.

Synthesis of iridium nanoparticles

Iridium nanoparticles (IrNPs) were prepared with iridium chloride hydrate (IrClsxH,0). The opti-
mum conditions of IrNPs synthesis were tested. Among the variables, 5 mM IrCls with 12 mg ml? of
CWE at a volume ratio of (1:2) and a pH adjustment to pH 10 using HCI, exposed at 65 °C for 2 hours,
were ideal for IrNPs preparation.

Synthesis of gold nanoparticles

To determine the biogenesis of gold nanoparticles (AuNPs), hydrogen tetrachloroaurate (lll)
hydrate (HAuCls) was used as a precursor salt for their synthesis. The ideal conditions for AuNPs
synthesis were 1 mM HAuCls with 12 mg ml* of CWE at a volume ratio of (1:4) at 65 °C for 1 h.

Synthesis of iridium-gold nanoparticles

For the synthesis of iridium-gold nanocomposites (IrAuNPs), various conditions were tested to
determine the optimum conditions of synthesis. Among the variables, 5 mM IrClz and 1 mM HAuCls
with 12 mg ml* of CWE at a volume ratio of (1:2:2) and a pH adjustment to pH 10 using HCI, exposed
at 65 °C for 2 hours, was ideal for IrAuNPs preparation. The synthesized IrAuNPs were purified by
washing with distilled water followed by centrifugation at 10,000 rpm for 10 minutes to remove any
unbound coffee waste phytochemicals. The purified nanoparticles were collected in pellet form,
dried in an oven, and used for characterization.

Characterization of nanomaterials

The optical properties of synthesized IrNPs, AuNPs and IrAuNPs were characterized using the
POLARstar Omega microplate reader (BMG Labtech, Cape Town, South Africa). The Zetasizer (Malvern
Instruments Ltd., UK) using dynamic light scattering (DLS) was used to analyse the hydrodynamic size
distribution, polydispersity index (PDI) and zeta potential (ZP) values. High-resolution transmission
electron microscopy (HRTEM) obtained from the FEI Tecnai G2 20 field-emission gun (Field Electron
and lon Company, Hillsboro, OR, USA) was used to characterize the morphology and the particle size
distribution. Energy dispersive spectrum (EDX) using an EDAX liquid nitrogen cooled lithium doped
silicon detector confirmed the elemental composition of the nanoparticles and selected area electron
diffraction (SAED) analysis was also performed on the same samples using HRTEM. PerkinElmer spec-
trum one FTIR spectrophotometer (Waltham, MA, USA) was used to determine the functional groups.

Preparation of nanocomposite platforms

The electrochemical experiments were carried out with a three-electrode system comprising the
glassy carbon electrode (GCE) as the working electrode with a surface area of 0.0201 cm?, Ag/AgCl
(3 M KCl) as the reference electrode and platinum wire as the counter electrode. All electrodes were
obtained from Bioanalytical Systems (BASi) in West Lafayette, USA. GCE was mechanically cleaned
with alumina slurry followed by electrochemical cleaning, which was carried out by cyclinginal M
solution of sulfuric acid between the potentials of -1000 and 1500 mV or until a reproducible
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voltammogram was obtained using cyclic voltammetry (CV) carried out on a PalmSens potentiostat
(Palm Instruments BV, Netherlands). Onto the clean GCE surface, 5 pl of each nanomaterial was
drop-casted and the electrode was dried in an oven at 50 °C. The resulting electrodes will be called
Ir-GCE (Ir modified glassy carbon working electrode), Au-GCE (Au modified glassy carbon working
electrode) and IrAu-GCE (IrAu modified glassy carbon working electrode).

Electrochemical measurements

IrAu-GCE was used for the electrochemical analysis of paroxetine (PRX) and citalopram (CIT). All
measurements were carried out with 0.1 M phosphate buffer solution (PBs), pH 7.4, as the electrolyte.
Cyclic voltammetry (CV) and square wave voltammetry (SWV) techniques were used for electro-
chemical measurements ranging from a potential of -0.2 to 1.4 V. CV was performed with an equili-
bration (E) time of 5 s and an E step of 0.00595 V. SWV had an equilibration time of 5 s, E step of 0.02 V
and an amplitude of 0.05 V at a frequency of 10 Hz. SWV was the preferred method for detecting
paroxetine and citalopram because it is a more sensitive technique. All measurements were
performed at room temperature.

Results and discussion

Green synthesis and characterization of IrNPs, AuNPs and IrAuNPs

IrNPs, AuNPs and IrAuNPs were synthesized through the interaction of CWE, which acted as
reducing and stabilizing agents, with hydrogen tetrachloroaurate (lll) hydrate (HAuCls3H,0) and
iridium chloride (111) hydrate (IrClz'xH,0) at 65 °C. The initial confirmation of nanoparticle syntheses
was achieved through visual observation of a purple-blue colour change in the reaction suspension
for IrNPS and a red wine colour for AuNPs from brown (Figure 1a). These colour changes are
characteristic of colloidal AuNP solution, which is a result of the collective oscillation of free
conduction electrons or surface plasmon resonance (SPR) and were also observed in green chemical
syntheses of IrNPs [29] and AuNPs [30] found in literature. An initial colour change from brown to
grey was observed for the synthesis of the IrAuNPs. These optical changes confirmed the presence
of the respective IrNPs, AuNPs and IrAuNPs and that the phytochemicals or/secondary metabolites
present in the CWE could reduce metal ions to metal nanoparticles.

Ultraviolet-visible (UV-Vis) spectroscopy analysis of the purple blue (IrNPs), red (AuNPs) and grey
(IrAuNPs) solutions confirmed the formation of nanoparticles with strong absorption bands in the
visible region 500 to 600 nm. Observation of an absorption band in the mentioned wavelength is a
distinct feature indicating the presence of IrNPs and AuNPs, respectively [30]. As is clearly seen in all
three UV-Vis spectra (Figure 1b), IrNPs exhibited a maximum absorbance (Amax) of 56242 nm, AuNPs
of 557£0.5 nm and IrAuNPs of 560+2 nm. The band generated by AuNPs was more symmetrical and
sharper than that of IrNPs and IrAuNPs, which may be indicative of better uniformity in the size
distribution of AuNPs. IrNPs exhibited a broader and weaker plasmon absorption band, which is
characteristic of inhomogeneity due to the aggregation of particles. The aggregation of the IrNPs may
be attributed to centrifugation during the washing step [31]. In all three NP samples, a minimum
absorption tail was shown towards the near infrared region (NIR), which may be indicative of their
stability and/or lack of anisotropic NPs. Figure 1c displays bimodal size distributions of colloidal IrNPs,
AuNPs, and IrAuNPs using DLS analysis. In all cases, the peak intensity of the large particles was higher
than the peak intensity of the small particles, which was expected since the particle size distribution
based on the light-scattering intensity is greatly influenced by larger particles [32]. DLS charac-
terization of IrNPs, AuNPs and IrAuNPs demonstrated hydrodynamic sizes of 94.63+5.66, 69.36+3.99
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and 82.13+2.84 nm, respectively. In agreement with the distribution curves, the hydrodynamic size of
AuNPs is smaller than that of IrAuNPs and IrNPs, and IrAuNPs is smaller than that of IrNPs.

The stability of the metal nanoparticles was determined by measuring the zeta potential (ZP), which
is a key component for practical applications [33]. As shown in Figure 1d, IrNPs have an average ZP of
-37.74 mV, AuNPs have a ZP of -24,8 mV, and IrAuNPs of -20,3 mV. These negative values of ZP indicate
that the surfaces of the IrNPs, AuNPs and IrAuNPs are negatively charged, suggesting that these
nanoparticles are relatively stable and dispersed due to repulsive forces. Biologic coatings from
various biowaste materials can provide different zeta potentials. The high stability of the particles is
attributed to the presence of bioactive components as capping agents [34].

A strong peak was generated around 3400 cmin the FTIR spectra of the CWE and the synthesized
IrNPs, AuNPs and IrAuNPs (Figure 1e). This peak may be attributed to the stretching vibration of inter-
molecular polymeric bonded O-H and C-O groups, indicating the presence of hydroxyl and carboxylic
groups [35]. Similarly, a sharp peak was observed at 2924.29 cm™ for the CWE and at 2922.5 cm™ for
both AuNPs and IrAuNPs. This is related to the asymmetric stretching of the aliphatic C-H groups [36].
Peaks at 1685.60, 1629.15, 1696.00 and 1633.98 cm revealed C=0 stretching of flavonoids/phenolic
groups and N-H stretching (1°amines, 2°amines) [37]; C-N stretching mode at 1587.80 and 1408.92 cm™;
-C-O-H bending, S=0 (Sulfones, sulfonates); C-N (alcohols; carboxylic acid, esters, ethers) and C-H (alkyl
halides) at 1261.83 cm™[38] and -C-O-C stretching in ethers, alcohols and polyphenols at 1075.00, 1098.85
and 1104.28 cm™. The transmittance of O-H and C-O bands on IrNPs, AuNPs and IrAuNPs may be due to
the involvement of flavonoids, phenolic compounds, terpenoids and/or carbohydrates in the biosynthesis
of these nanoparticles. Researchers in several studies have reported that these hydroxyls and carbonyl-
containing compounds play a role in the reduction, capping and stabilization of the metallic NPs.
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Figure 1. (a) Changes in the color indicative of IrNPs, AuNPs and IrAuNPs synthesis, (b) UV-Vis
spectra and distribution curves displaying the (c) hydrodynamic diameter and (d) ZP, (e) FTIR
spectra of CWE, IrNPs, AuNPs and IrAuNPs

HRTEM image in Figure 2.1a reveals the existence of IrNPs exhibiting a spherical shape with
particles exhibiting a uniform morphology and good monodispersity and a few particles aggregating
to form nanoclusters in the 5 nm range [39]. AuNPs illustrated particles exhibiting an assortment of
geometric shapes that were mostly spherical and relatively monodispersed with good lattice fringes
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in Figure 2.2a. The smaller detected particles had nearly spherical shapes, while larger particles
exhibited pentagons, hexagons, triangles, and truncated triangles shapes [40]. The micrograph image
of IrAuNPs in Figure 2.3a revealed small spherical particles with larger spherical, pentagon, hexagon,
triangle, and truncated triangle-shaped particles. The particles of IrAuNPs are a combination of the
morphology of IrNPs and AuNPs.

The particle size range of IrNPs was between 0 and 3 nm, with the largest number of particles
between 2 and 2.2 nm in diameter (Figure 2.1b). The core diameter of IrNPs was found to be
2.051£0.43 nm, which is typically the size of IrNPs [41]. AuNPs revealed a particle size range of 0 and
55 nm, with the largest number of particles between 2 and 4 nm in diameter (Figure 2.2b). The core
diameter of AuNPs was found to be 34.5+13.27 nm, which is typically the size of AuNPs [42]. In
Figure 2.3b, the particle size range of IrAuNPs was between 0 and 18 nm, with the largest number
of particles between 2 and 2.2 nm in diameter [35]. The core diameter of IrAuNPs was found to be
5.29+4.46 nm. These results are reflective of the DLS data. In DLS analysis, the capping agent of the
nanoparticle is considered in the hydrodynamic diameter, whereas in HRTEM, the electron beam
does not measure carbon-based materials, so the core diameter is measured.

a
E
Fy
1 :
[
2
w
W
25
20
£~ 16
Z
3 F 10
[ ]

R

Ao
0 2 4 6 B8 10 12 14 16 18 20

— = Particle size, nm

Figure 2. HRTEM images of the respective IrNPs, AuNPs and IrAuNPs displaying the morphology (1a-3a),
the size distribution (1b-3b), and the crystalline nature (1c-3c)

The crystalline nature of the IrNPs, AuNPs and IrAuNPs was confirmed by the selected area
electron diffraction (SAED). In Figure 2.1c, the identified Bragg reflections (bright rings) correspond
tothe (111), (220) and (311) sets of lattice planes, which can be indexed based on the face-centered
cubic (FCC) structures of iridium as aligned by the arrows. Figure 2.2c also confirms that AuNPs is
crystalline. Bragg reflections as indicated by arrows correspond to the (111), (200), (220) and (311)
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sets of lattice planes of gold. IrAuNPs form crystalline structures as confirmed by the Bragg
reflections as indicated by arrows, which correspond to the (111), (200), (220) and (311) sets of
lattice planes, which are indexed on the FCC structures of both iridium and gold (Figure 2.3c).

Electrochemical behaviour of paroxetine and citalopram at GCE and IrAu-GCE

The electrochemical behaviour of PRX and CIT was investigated at the bare GCE and IrAu-GCE in
0.1 M PB (pH 7.4) under a nitrogen atmosphere to eliminate the presence of interfering oxygen
molecules at the electrode surface [43] and the resultant peak currents were used for the
guantitation of PRX and CIT.

SWV technique revealed oxidation peaks at 0.879 V for both PRX and CIT on the bare GCE, while
no visible reduction peaks were present (Figure 3a and Figure 3b). These oxidation peaks are
attributed to PRX [4] and CIT [44] and are in accordance with those found in the literature. This
suggests that the oxidation of PRX and CIT is irreversible, or that the subsequent reduction of these
drugs is difficult and may require more energy than that provided by the potentiostat [45]. The
oxidation peaks for PRX and CIT could clearly be distinguished from the bare GCE in the absence of
PRX and CIT, as GCEs are inherently chemically inert and present no attributed peaks in buffer [43].
For this purpose, the oxidation peaks were chosen to be monitored at 0.879 V for the detection of
PRX and CIT, respectively. IrAuUNPs on the GCE enhance the oxidation peak currents of the reactions
of PRX (Figure 3a) and CIT (Figure 3b) compared to the bare GCE. At a concentration of 1 uM PRX,
the GCE produced an anodic peak current (/pa) of 2.293 pA at 0.879 V, whilst PRX at the IrAu-GCE
yields an /pa of 4.663 pA at 0.879 V. At a concentration of 20 uM CIT, the GCE produced an anodic
peak current of 1.568 pA at 0.879 V, whilst CIT at the IrAu-GCE yields an /ps of 2.530 pA at 0.969 V.

a b
7 3.0
4 | = GCE 4 | = GCE
64 = GCE with 1 uM PRX 254 = GCE with 20 uM CIT
= [rAu-GCE ’ IrAu-GCE
1 | =—IrAu-GCE with 1 uM PRX 1 | ——IrAu-GCE with 20 uM CIT
54 2.0-
< -1
E 44 E 1.5
5 ] :
(8]
34 1.0+
24 0.5+
1 AN S DL DL BN NN SN SN BN BN B 0.0 T T T T v T v T v
04 05 06 07 08 09 10 11 1.2 13 14 0.2 0.4 0.6 0.8 1.0 1.2
Potential, V Potential, V

Figure 3. Anodic SWVs in the absence and presence of (a) 1 uM PRX and (b) 20 uM CIT at bare GCE and IrAu-
GCE in 0.1 M PB (pH 7.4)

These large increases in peak current density are facilitated by a greater electron transport [16]
brought about by the electroactivity and catalytic properties of IrAuNPs on the GCE surface [46].
The nanocomposite thus acts as an effective electrocatalyst for the respective detection of PRX and
CIT, resulting in a current increase of nearly 2- to 3-fold. This electrocatalytic behaviour of IrAuUNPs
could be due to its large surface area, catalytic metal center, or active sites, and enhanced electrical
conductivity, all of which aid in the oxidation of PRX and CIT [47].
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Influence of accumulation potential and time

The experimental performance of IrAu-GCE towards the detection of PRX and CIT was maximized
by testing the effect of accumulation potential and accumulation time on the oxidation peak current
of 10 uM PRX and 20 uM CIT in 0.1 M PB (pH 7.4). The oxidation peak current was compared after
90 seconds of accumulation at different potentials from -1 to 0.6 V. The results show that the
accumulation potential of -0.2 V for PRX (Figure 4a) and -1 V for CIT (Figure 4b) displayed the
greatest peak current, but based on the consistency of the peak current produced, -0.2 V was
selected as the optimum accumulation potential.

a b

Current, pA

1.0 -08 -06 -04 -02 00 02 04 06 ' 1.0 -08 -06 -04 -0.2 00 02 04 0.6
Potential, V Potential, V
C d

Current, pA
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Time, s Time, s
Figure 4. Bar graphs of the average peak current versus accumulation potential (up) and accumulation time
(down) of IrAu-GCE in 0.1 M PB (pH 7.4) containing (a,c) 10 uM PRX and (b,d) 20 uM CIT

As observed in Figure 4c and Figure 4d, the oxidation peak current increases greatly within the
first 90 seconds, reaching its optimum peak and due to the saturation of the electrode [48], the
current then levels off. This accumulation time of 90 seconds causes the metallic ions to be reduced
more completely, leading to higher peak currents. However, when the accumulation time is
extended, the reduced ions cover the entire effective surface of the electrode, causing saturation
for the IrAu platform and hence a decrease in the peak current response. These results reveal that
IrAu-GCE exhibits effective accumulation at 90 seconds for PRX and CIT detection and thus it was
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selected as the optimum accumulation time, as it combines good sensitivity and relatively short
analysis time and was used throughout.

Electrochemical detection of paroxetine and citalopram

The relationship between the anodic peak current and the concentrations of PRX and CIT was
studied at the bare GCE and at the IrAu-GCE. SWV was carried out in a potential window of -0.2 to
1.4V to detect PRX and CIT in a phosphate buffer at pH 7.4, in the presence of oxygen, to mimic real
conditions in which the sensor could be applied.

With the respective addition of 20 nM PRX and 1 uM CIT, the oxidation peaks appear at 0.899 V
(Figure 5a) and 0.919 V (Figure 6a), which is attributed to the drugs being electro-catalysed by the
IrAuNPs at the GCE surface. With the further increase in the analyte concentration, the anodic peak
potential (Epa) shifted anodically from 0.899 to 0.919 V for PRX and from 0.919 to 0.939 V for CIT
and the oxidation peak currents gradually increased.
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Figure 5. SWV detection of paroxetine (0 to 200 nM) at (a) IrAu-GCE and (b) GCE surface in 0.1 M PB
(pH 7.4), and (c) linear calibration plots of peak currents versus concentration of PRX

Calibration graphs reveal that the detection of PRX was linear in the range of 20 to 200 nM with
a correlation coefficient of R?> = 0.996 and a sensitivity of 0.0024 pA nM* (Figure 5c). The limit of
detection (LOD) and limit of quantification (LOQ) were calculated using Equations (1) and (2):
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LOD=330g/s (2)

LOQ=100/s (3)

where o is the standard deviation of blank samples and s is the slope of the regression equation.
The values of these limits are LOD of 0.072 nM and LOQ of 0.240 nM for the detection of PRX. The
detection of CIT was found to be linear in the range of 1 to 10 uM with a correlation coefficient of
R?=0.991 and a sensitivity of 0.035 pA uM* (Figure 6c¢). The LOD of 0.085 uM and LOQ of 0.285 pM
for the detection of CIT at the IrAu-GCE were calculated.
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Figure 6. SWV detection of CIT (0 to 10 uM) at (a) IrAu-GCE and (b) GCE surface in 0.1 M PB (pH 7.4) and
(c) linear calibration plots of peak currents versus concentration of CIT

In a comparative study, bare GCE was used to detect PRX concentrations ranging from 20 to
200 nM (Figure 5b) and CIT concentrations from 1 to 10 uM (Figure 6b).

GCE was unable to detect 20 nM of PRX, and the peak potential shifted anodically with increased
concentration from 0.879 to 0.899 V (Figure 5b). With the addition of 1 uM CIT, the oxidation peak
appeared at 0.895 V and the peak potential shifted anodically from 0.895 to 0.899 V with increased
concentration from 1 to 10 uM (Figure 6b). The calibration plot for PRX exhibited a correlation coef-
ficient of R? = 0.967 and a sensitivity of 0.0019 uA nM* with a LOD of 2.791 nM and LOQ of 9.304 nM
in the linear range of 40 to 200 nM (Figure 5c). In Figure 6c¢, the calibration plot for CIT exhibited a
correlation coefficient of R? = 0.989 and a sensitivity of 0.020 pA uM* with a LOD of 0.212 uM and
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LOQ of 0.707 uM in the linear range of 1 to 10 uM. These values show an enhanced detection of these
antidepressants at the modified electrode compared to the bare glassy carbon electrode.

The obtained values fall within the range reported by other researchers regarding PRX oxidation at
the chemically modified electrode surface. However, this was not observed for the oxidation of CIT,
where higher values were achieved at the chemically modified electrode surface. The linear range and
detection limit of the developed electrochemical sensor, as two important analytical factors, are
presented in Table 1 along with those reported previously for the measurement of PRX and CIT.

Table 1. Analytical performance of IrAu-GCE and some previously reported electrodes for the detection of

PRX and CIT
Coating Technique  Analyte Linear range, uM  LOD, uM Ref.
GCE/Nafion/MWCNT DPV Paroxetine 0.1to 2.5 0.06 [45]
CSS-SPE® SWV Paroxetine 1to 10 0.67 [49]
rGo/PWA/PGEP DPV Paroxetine 0.008 to 6 0.0009 [16]
MIPP,S/Sol-Gel/PWA/rGO/PGE*® adDPV?  Paroxetine 0.005 to 2.2 0.0007 (4]
Poly(pL-met)/AuNPs-GCE® DPV, EIS"  Paroxetine  0.00005 to 100 0.00001 [50]
Au/PANSAPoly-2D68 cv Paroxetine 0.005 to 0.05 0.002 [51]
IrAu-GCE SWV Paroxetine 0.02t00.2 0.00007  Present work
Au-PdNPs-GR-AuE" SWYV, EIS Citalopram 0.5to 50 0.049 [52]
ZnO-MWCNT-CPE ASWV'  Citalopram 0.012to 1.54 0.005 [53]
Fe;0.@[(EtO)3Si-L]/MWCNTs-GCE! DPV Citalopram 0.3 to 10 000 0.0532 [44]
ZIP-8/g-CsN4/RGO-CPEX DPV Citalopram 0.1to0 10 0.05 [14]
P(pABSA)/B-CD/MWCNT-GCE' EIS Citalopram 0.09 to 100 0.044 [6]
JUK-2-MWCNTs-AuNPsGCE™ EIS Citalopram 0.05to 115 0.011 [38]
IrAu-GCE SWv Citalopram 1to 10 0.085 Present work

acarbon spherical shells screen-printed electrode, PPolyoxometalate/reduced graphene oxide modified pencil, graphite ‘molecular imprinted
polymer/sol-gel/polyoxometalate/rGO, Yadsorptive DPV, ¢conducting polymer poly-methionine/gold nanoparticles-modified, felectrochemical
impedance spectroscopy, 8poly cytochrome P450-2D6 enzyme encapsulated in nanotubular poly (8-anilino-1-napthalene sulphonic acid) on gold,
hgold-palladium bimetallic nanoparticles decorated graphene modified gold electrode, 'adsorptive SWV, icore shell structured functionalized iron
oxide nanoparticles with Schiff base ligand, zeolite imidazolate framework on graphite carbon nitride zeolite imidazolate framework, 'multiwall
carbon nanotube/(poly(p-aminobenzene sulfonic acid)/B-cyclodextrin), "manganese-based metal-organic framework

In contrast to all the modified electrodes presented in Table 1, the fabricated IrAu-GCE is easy to
construct and does not require the use of harmful solvents like DMF. Moreover, at all stages, from
the synthesis of the IrAuNPs to the construction of the IrAu-GCE platform and the quantification of
PRX and CIT, only reagents neutral for the environment were used, promoting the principles of green
analytical chemistry. These results demonstrate that the IrAu-GCE exhibited enhanced detection of
PRX, detecting lower concentrations of this antidepressant with a greater sensitivity of 0.0024 pA
nM-1, a lower LOD of 0.072 nM, and an LOQ of 0.240 nM.

Precision studies: reproducibility and stability of sensor

To investigate the reproducibility of the IrAu-GCE, five electrodes were freshly prepared with IrAuNPs
and used to measure 10 pM PRX and 20 uM CIT, respectively, in 0.1 M PB (pH 7.4) under optimum
conditions. It was observed that the peak currents for PRX and CIT were almost constant with relative
standard deviations (RSD) of 2.47 and 3.4 % respectively, determined by recording the peak current
responses for five replicate measurements. IrAu-GCE demonstrated high reproducibility.

The stability of IrAu-GCE was tested by measuring the current response of 10 uM PRX and 20 uM
CIT, respectively, in 0.1 M PB (pH 7.4) solution intermittently after being stored in dry conditions at
4 °C for seven consecutive days. There were no changes in the oxidation peak potentials for PRX and
CIT at 4 °C, and the electrodes maintained a current response of 87.9 to 94.6 % for 4 °C (Figures 7a

12 (co) T



S. Barry et al. J. Electrochem. Sci. Eng. 16 (2026) 2919

and 7b) in comparison to the original responses, respectively. The sensor presented excellent stability,
as shown by the current responses. These results revealed that the designed IrAu-GCE has suitable
stability and reproducibility for practical applications in the detection of PRX and CIT.
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Figure 7. SWVs of IrAu-GCE in 0.1 M PB (pH 7.4) containing (a) 10 uM PRX and (b) 20 uM CIT
stored at 4 °C for seven (7) days, insets: plots of peak currents vs. number of days

Selectivity: interference studies of IrAu-GCE

The analytical selectivity of sensors plays an important role in the analytical determination of drugs
coexisting with common excipients and matrix complexity. To evaluate the selectivity of the method
for the determination of PRX and CIT, the influence of potentially interfering substances such as
acetaminophen (APAP), ascorbic acid (AA), caffeine, sertraline (STR), and dexamethasone (DEX) was
evaluated. The maximum concentrations of these potential interfering species were taken as a
tolerance limit that caused 5 % relative error in the determination of PRX and CIT. In accordance with
the data in Figure 8, AA (Figure 8.1b) and caffeine (Figure 8.1c) had no interference with the detection
of PRX and CIT even at concentrations 3-fold higher than these analytes. APAP (Figure 8.2a) and DEX
(Figure 8.2d) had no significant interference with CIT at concentrations 3-fold higher than CIT. APAP
(Figure 8.1a), DEX (Figure 8.1d) and STR (Figure 8.1e) showed some interference with the detection of
PRX, whilst STR (Figure 8.2e) showed some interference with the detection of CIT. PRX and CIT can be
selectively determined in the presence of probable biological molecules and pharmaceutical species
without any significant pretreatment steps. However, when used with other drugs or SSRIs, detecting
PRX and CIT becomes difficult. This sensor, therefore, offers a selective determination of PRX and CIT
in compounds found in human bodily fluids. This sensor is also very useful, and it can be optimized for
the co-detection of other compounds.

Accuracy: real sample studies of IrAu-GCE

The analytical applicability and reliability of IrAu-GCE were investigated by the respective
measurements of PRX and CIT in a more complex matrix, such as synthetic urine, by a standard
addition method. Various concentrations of PRX and CIT were detected in 20 % synthetic urine,
which was prepared in a 1:5 ratio with pH 7 PB.

The detection of PRX and CIT was carried out in 20 % synthetic urine in the concentration ranges
of 2 to 20 uM (Figure 9a) and 10 to 55 uM (Figure 9c) using SWV. With the addition of PRX from 2 to
20 uM and CIT from 10 to 55 uM, the peak potentials at 0.899 and 1.059 V shifted anodically to 0.919
and 1.1V, respectively.
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Figure 8. SWVs of IrAu-GCE in 0.1 M PB (pH 7.4) containing (1) 10 uM PRX and (2) 20 uM CIT
with: (a) APAP, (b) AA, (c) caffeine, (d) DEX and (e) STR as interfering substances
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Figure 9. SWV detection (a,c) and calibration plots of peak current versus concentration (b,d) of
paroxetine (up) and citalopram (down) at IrAu-GCE in 20 % synthetic urine

The resulting sensitivity was higher for synthetic urine compared to the sensitivity obtained for
detecting PRX and CIT in PB within their respective ranges. The effect of synthetic urine on the linear
range of the detection of PRX and CIT is quite greater compared to pure PB, with a greater sensitivity
of 0.064 and 0.012 pA uM! (Figure 9b and Figure 9d). However, concentrations lower than 2 uM of
PRX and 10 uM of CIT in the synthetic urine presented erratic responses and were not analytically
feasible. The LOD was determined to be 1.168 uM for PRX and 5.669 uM for CIT, with a LOQ of 3.896
and 18.891 puM. The dynamic linear range was much higher in the case of synthetic urine than in the
case of the buffer and this is due to the interfering substance that makes up urine.

Recovery studies of IrAu-GCE

The prepared IrAu-GCE sensor was used for recovery tests in synthetic urine. The 20 % synthetic
urine sample was spiked with various amounts of PRX and CIT solutions and SWV was used to record
the resultant responses. The amount of PRX and CIT in the urine solution was then calculated from
the calibration plots (Figures 9b and 9d). The recovery of PRX and CIT was determined by comparing
the peak currents of the drug in urine with those of pure PRX using the calibration plot in Figures 9b
and 9c. It was observed that the recovery ranged from 90 to 115.1 % for PRX and 86 to 113.3 % for
CIT. Based on the data obtained, it can be concluded that the fabricated modified chemical sensor
represents acceptable recoveries for analytical applications.
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Conclusions

In this work, IrAUNP was successfully synthesized from CWE and employed to modify GCE for the
rapid and sensitive detection of PRX and CIT. The anodic peak currents of PRX and CIT showed
enhanced responses at IrAu-GCE than at the bare GCE due to a greater electron transfer rate ensured
by the electroactivity and catalytic properties of the nanocomposite. The electrocatalytic behaviour
of IrAuNPs could be attributed to its large surface area, catalytic metal centres or active sites, and
enhanced electrical conductivity, all of which aid in the oxidation of PRX and CIT. Under the optimized
conditions, the IrAu-GCE displayed a low LOD of 0.072 nM and 0.085 uM in the linear ranges of 20 to
200 nM and 1 to 10 uM for PRX and CIT, respectively, with good sensitivity in a rapid analysis time of
90 seconds. The bimetallic nanocomposite electrochemical sensor showed excellent recovery of 86
and 115.1 % for the analytes in urine, with good stability performance of 87.8 to 94.6 % over a period
of 7 days. The reproducibility of paroxetine and citalopram detection was plausible with RSD of 2.47
to 3.4 %. The results of this study suggest that the IrAu-GCE is suitable for the selective determination
of PRX and CIT in real samples such as urine. The electrochemical sensor provides a portable and easy-
to-use mode of detection, enabling point-of-care analysis and rapid response time. This sensor can
thus be successfully applied as a form of therapeutic drug monitoring during antidepressant treatment
to minimize the adverse drug reactions brought on by the treatment of the disease.
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