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Abstract

In this study, a simple and effective approach was developed for the quantitative detection
of serotonin. Hexagonal copper selenide nanostructures (CuSe) were employed to modify
a disposable screen-printed carbon electrode (SPCE), and their ability to electrochemically
detect serotonin in serum samples was investigated. The fabricated CuSe nanostructures
exhibited an interconnected, cluster-like morphology composed of irregularly shaped
particles with a distinct hexagonal crystal structure. The electrochemical results revealed
that the CuSe/SPCE sensor showed better electrochemical activity and good analytical
sensing performance towards serotonin detection. The sensor exhibited a linear response
in the concentration range of 10 to 1000 nM, with an excellent correlation coefficient
(R2 = 0.9998) and a low detection limit of 3 nM. Furthermore, the CuSe/SPCE showed
better selectivity, impressive sensitivity (12.45 µM/µA cm−2), and good reproducibility
toward serotonin detection, making it a promising electrochemical biosensor for serotonin
detection in various real biological samples.

Keywords: CuSe nanoparticles; serotonin; biosensor; synergistic effect; serum samples

1. Introduction
Serotonin (5-Hydroxytryptamine, 5-HT) belongs to a biogenic amine that remains in

biological systems, as a neurotransmitter in the central nervous system and as hormones in
the gastrointestinal tract [1,2]. Serotonin plays a preliminary role in regulating neuronal
activities and mood-related behaviors, indirectly regulating mood, sleep, appetite, and sex-
ual desires. Serotonin deficiency causes depression, migraines, sexual disorders, carcinoid
syndrome, mood-related disorders, Parkinson’s, Alzheimer’s, Huntington’s, and infant
death syndrome [3–7]. Serotonin level diagnoses are linked to understanding neuron roles
and neuronal disorders [8]. The typical range of serotonin concentration in body fluids
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was found to be 500–1200 nM in whole blood, 295–687 nM in urine, and <0.0591 nM in
cerebrospinal fluid, limiting sample treatment and making it a time-consuming and tedious
process [9–11]. There is a necessity to fabricate a promising technique for accomplishing
facile, rapid, susceptible, and point-of-care analysis for serotonin recognition. Presently,
electrochemical sensor-based approaches are receiving enormous attention since they ex-
hibit higher sensitivity and an exceptional detection limit. Major challenges in serotonin
detection that co-exist via complex matrices are eliminated by modifying the electrode sur-
face in serum or plasma samples since they possess similar oxidation potential on pristine
electrode surfaces [12–15].

In recent decades, various analytical techniques have been employed to detect sero-
tonin across different biological systems, including liquid chromatography (LC), fast-scan
cyclic voltammetry (FSCV), and high-performance liquid chromatography (HPLC) [16,17].
These chromatographic approaches are often coupled with advanced detection tools such
as mass spectrometry to enhance sensitivity and specificity. Moreover, FSCV has indeed
emerged as a gold standard technique for in vivo serotonin detection due to its high tempo-
ral resolution and sensitivity [18]. While effective in identifying serotonin, these methods
come with notable limitations, as they typically require large, complex instrumentation and
skilled personnel, making them less suitable for routine screening or point-of-care diag-
nostics [19,20]. These constraints highlight the need for alternative strategies that are more
practical and accessible. In response, a range of sensing and biosensing technologies has
been developed, with electrochemical methods emerging as particularly promising. Electro-
chemical sensors offer a reliable, rapid, and cost-efficient solution for detecting electroactive
neurotransmitters like serotonin, making them well suited for real-time monitoring in
clinical and research settings [21–24].

SPCE boosts the analyte sensitivity of the target molecules because of the large
surface-area-to-volume ratio of catalytic materials. Initially, carbon nanomaterials such
as graphene oxide, carbon nanotubes, reduced graphene oxide, carbon nanospheres,
and carbon quantum dots had been used as electroactive catalytic materials for sensor
applications [13,25–29]. Carbonaceous materials were employed, as they enhance elec-
trochemical behavior and electron transport, increasing active areas, which indisputably
increases the active adsorption sites, exhibiting the greater improvement in sensing capa-
bilities. Currently, semiconductor nanoparticles are utilized for electrochemical sensors
by enhancing the electron mass transport. Majorly, noble semiconductors and transition
metal-based halide materials were employed for sensing target molecules due to their
electrocatalytic activity by transducing the immobilization of biomolecules [30–32]. The
presence of halide moieties on the edge of the fabricated catalysts aids in biosensing because
of their high intrinsic electrical conductivity, faster heterogeneous electron transfer, high
surface energy, and interlayer van der Waals interface instigated by layer stacking and
agglomeration [33–35]. Chaudhary et al. have fabricated monophasic molybdenum tetrase-
lenide on the surface of reduced graphene oxide (mn Mo3Se4@rGO) to sense serotonin with
an ultrasensitivity of 18.4 µA nM−1 cm−2 [36]. Selvam et al. developed self-assembled
silver selenide (Ag2Se) nanoparticles on the surface of rGO sheets, and the nano-catalysts
attained were utilized for serotonin detection with real-time application by spiking in
Alzheimer’s patient serum samples [37]. Umapathi et al. utilized CuSe nanostructures
fabricated on the carbon cloth electrode surface using hydrothermal synthesis and elec-
trodeposition approaches for sensing dopamine at a potential <0.18 V vs. Ag/AgCl with
a sensitivity of 8.8 µA µM−1 cm−2 (HT) and 26.8 µA µM−1 cm−2 (ED) [38]. Murtada
et al. fabricated CuSe nanoparticles doped with Al on the surface of SPCE to detect
L-tyrosine over a linear range of 0.15 µM–10 µM, possessing a lower LOD of 0.04 µM
with an application extending to pharmaceutical samples [39]. Umapathi et al. devel-



Chemosensors 2025, 13, 264 3 of 16

oped CuSe nanostructures to sense glucose using non-enzymatic approach selectively at
0.15 V vs. Ag/AgCl exhibiting a sensitivity of 19.4 mA mM−1 cm−2 over a linear range of
100 nM–40 µM with an LOD of 0.196 µM [40]. Yaseen et al. synthesized nanocomposites
of CuSe/PVP/GO and CuSe/MWCNTs to sense glucose non-enzymatically, displaying a
sensitivity of 2328 µA mM−1 cm−2 and 4157 µA mM−1 cm−2 along with an LOD of 0.2 µM
and 0.3 µM [41].

In this study, CuSe nanostructures were employed for the selective and sensitive
detection of serotonin. To the best of our knowledge, this is the first report on the fabrication
of sensors based on CuSe for serotonin detection. The developed biosensor efficiently
detected serotonin over a wide linear range of 10–1000 nM, with a notably low detection
limit of 3 nM and a high sensitivity of 12.45 µM/µA cm−2.

2. Experimental Section
2.1. Materials

Analytical-grade copper (II) acetate monohydrate (Cu(C2H3O2)2·H2O), sodium se-
lenite (Na2SeO3), serotonin hydrochloride (C10H12N2O·HCl), electrolyte salts, commercial
serum samples, dopamine, ascorbic acid (C6H8O6), uric acid, various other analytes, and
hydrazine hydrates were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used
without further purification.

2.2. Materials Characterization and Instrumentation

The structural characteristics of the synthesized CuSe nanostructures were analyzed
using X-ray diffractometry (XRD, D8-Advance, and Bruker, Billerica, MA, USA). The sur-
face morphology and the chemical composition of the CuSe nanostructures were examined
via field-emission scanning electron microscopy (FE-SEM) and in situ energy-dispersive
X-ray spectroscopy (EDX, Clara LMH electron microscope, Tescan, Brno, Czech Republic),
respectively. All electrochemical measurements were carried out using a CHI 660B elec-
trochemical analyzer (CH Instruments, Austin, TX, USA). SPCE (TE-100, ø = 0.071 cm2)
was purchased from Zensor Tech. (Taiwan, China) [42]. The carbon working surface of
the SPCE was modified with a dispersed CuSe suspension. The integrated carbon and
pseudo-Ag/AgCl electrodes served as the counter and reference electrodes, respectively.
All measurements were performed at room temperature. Prior to the experiments, inert
argon gas was purged through the supporting electrolyte for 5 min to remove dissolved
oxygen. Additionally, the electrochemical impedance spectroscopy (EIS) measurement was
conducted with a frequency range of 1 Hz to 100 kHz with a bias potential of 0.18 V vs.
Ag/AgCl in a standard redox probe of ferricyanide as a supporting electrolyte. Differential
pulse voltammetry (DPV) measurements were employed to evaluate the analytical perfor-
mance of the fabricated sensor under optimized conditions, using the following parameters:
pulse amplitude of 100 mV, pulse width of 2 ms, and pulse period of 1000 ms. All glassware
was thoroughly washed with diluted nitric acid (0.7 M) solution followed by rinsing with
deionized (DI) water and ethanol.

2.3. Microwave-Assisted Synthesis of CuSe Nanoparticles

CuSe nanoparticles were prepared by rapid microwave-assisted method [43]. Typically,
the equal concentrations (1 mmol) of copper acetate monohydrate and sodium selenite
were prepared using DI water and mixed under continuous stirring at 500 rpm for 40 min at
room temperature. Subsequently, 1 mL of hydrazine hydrate and 1 mL of liquid ammonia
were added dropwise to the reaction mixture to maintain an alkaline pH. Afterward, the
reaction mixture was transferred into a glass container and placed in a microwave reactor
(Samsung, Suwon, Republic of Korea) at 400 W for 10 min. A mass of black product was
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collected after reaching room temperature. The product was collected, thoroughly washed
multiple times with DI water until a neutral pH was achieved, and then vacuum filtered
and dried in a vacuum oven at 90 ◦C for 12 h. Next, the obtained dry product was dispersed
in ethanol (2 mg/mL) and used for electrochemical biosensor fabrication. About 3 µL of the
dispersed CuSe suspensions was drop-casted onto the SPCE working electrode surface and
allowed to dry at room temperature and used for further electrochemical measurements.

2.4. Electrochemical Studies

Electrochemical characterization of the fabricated CuSe-modified SPCE (CuSe/SPCE)
for serotonin detection was carried out under neutral pH (0.1 M PBS at 7.4) conditions.
In addition, the different concentrations of serotonin standard solutions (~30 µL) were
dropped onto the miniaturized SPCE surface, and their signal responses were measured.
Cyclic voltammetry (CV) measurements were performed at a potential range of −0.5 to
0.5 V at a scan rate of 50 mV/s. Preceding each measurement, the CuSe/SPCE was dipped
in 0.1 M PBS solution (blank), and CV was measured to confirm the absence of serotonin
anodic signals. After each measurement, the modified SPCE surface was covered with
a few µL of DI water for 120 s to remove the serotonin for reclaiming and to restore the
active surface.

3. Results and Discussion
Figure 1 shows the XRD pattern of the CuSe nanostructures. The CuSe showed the

various diffraction angles at 25.17, 26.89, 31.17, 40.06, 44.58, 52.72, 64.85, and 71.39◦ corre-
sponding to the crystal planes of (101), (102), (006), (106), (110), (018), (207), and (213) for the
hexagonal klockmannite phase of CuSe (JCPDS card no: 00-006-0427), respectively [44–47].
Furthermore, no other peaks were observed in the prepared material, demonstrating the
high purity of the material.

Figure 1. XRD pattern of the CuSe nanoparticles.

The surface morphology of the prepared CuSe material was examined using FE-SEM
measurements. Figure 2a–c display the different magnification FE-SEM images of the CuSe
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material. The CuSe exhibited an agglomerated, interconnected cluster-like morphology
composed of irregularly shaped nanoparticles. The chemical composition of the CuSe
nanoparticles was characterized by in situ EDX measurement. Figure 2d shows the EDX
spectra of the nanostructures. The CuSe nanostructures revealed their own intrinsic Cu
and Se constituents, indicating that the fabricated materials have high purity with no
other impurities.

Figure 2. (a–c) Different magnification FE-SEM images of CuSe nanoparticles and (d) EDX spectra of
CuSe nanoparticles.

The electrochemical behavior and electrode–electrolyte interfacial properties of the
fabricated CuSe/SPCE were initially examined by using CV measurements. CV is a widely
utilized technique for preliminary assessment of electrode surfaces in half-cell systems,
as it provides critical information about both capacitive and Faradaic processes over a
broad potential window. Figure 3a shows the CV results of both unmodified and CuSe-
coated SPCEs in 5 mM of [Fe(CN)6]3−/4− in 0.1 M KCl solution with a sweeping potential
of −0.5 to 0.5 V vs. Ag/AgCl at a scan rate of 50 mV/s. Based on the CV results, the
unmodified SPCE showed a minimal peak of Epa: 0.27 V, Ipa: 58.57 µA, Epc: −0.008 V,
and Ipc: −66.54 µA with a peak-to-peak separation (∆Ep) of 0.27 mV. The CuSe/SPCE
showed enhanced redox performance with Epa: 0.23 V, Ipa: 102.1 µA, Epc: 0.03 V, and
Ipc: −93.34 µA with a low ∆Ep of 0.19 mV attributed to a fast electron transfer nature
with an enhanced active surface area. In addition, one of the main reasons for the redox
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current enhancement on the CuSe/SPCE is due to the enhanced electroactive surface,
which results in enhancing the electrocatalytic performance towards serotonin oxidation.
To verify the electrochemical active surface area, CV with different scan rates was examined
in standard redox (5 mM of [Fe(CN)6]3−/4− in 0.1 M KCl) solution with both electrodes,
and the results obtained are shown in Figure 3b. The CV results revealed that the redox
peak current was linearly increased while increasing scan rates from 20 to 300 mV/s. By
using the Randles–Sevcik formula, the electrochemically active surface was estimated from
the redox current vs. square root of scan rates (Figure 3c) as per our earlier reports [48,49],
and the estimated active surface area of the unmodified SPCE 0.0632 and CuSe/SPCE of
0.1759 cm2 is enhanced 2.7-fold. These results revealed that the enhanced electrochemical
active surface area during SPCE modification and the redox current response increased.

Figure 3. (a) CV results of unmodified and CuSe-modified SPCEs in 5 mM of [Fe(CN)6]3−/4− in 0.1 M
KCl solution; (b) effect of different scan rates (20 to 300 mV/s) in similar experimental conditions of
CuSe; (c) relationship between ν1/2 vs. redox current of CuSe; (d) EIS results of different electrodes
in 5 mM of [Fe(CN)6]3−/4− in 0.1 M KCl solution with an applied potential of 0.18 V vs. Ag/AgCl.

EIS techniques are a significant technique for analyzing electrode–electrolyte interfacial
changes in the modified surfaces. The impedance measurements showed how surface struc-
ture modification significantly influences electrochemical performance. Figure 3d shows
the Nyquist graphs of both unmodified and CuSe/SPCE sensors in 5 mM of [Fe(CN)6]3−/4−

in 0.1 M KCl solution. The EIS results were further fitted with the Randles equivalent circuit
model. The results indicate that the semicircle part corresponds to the charge transfer
resistance (Rct) because of the electron transfer kinetics in the electrode–electrolyte interface.
The unmodified SPCE showed Rct of 224.1 Ω, while the CuSe/SPCE showed a smaller
semicircle Rct of 145.2 Ω. Based on the EIS, the CuSe/SPCE exhibited enhanced electrical
conductivity with minimal charge transfer resistance. From the EIS and Rct values, the
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exchanged current density (jo) was estimated, based on our previous reports [50,51] and the
noted jo values, to be 0.0574 and 0.3541 cm−2 for the unmodified and CuSe/SPCE sensors,
respectively. Moreover, the CuSe/SPCE exhibited 6.1 times the enhanced current density
compared with unmodified SPCE, and these results revealed outstanding electrochemical
performance related to other electrodes.

The electroanalytical studies of the fabricated CuSe/SPCE were examined for serotonin
detection using CV techniques. The unmodified and CuSe/SPCE sensors were used to
detect 20 µM of serotonin in 0.1 M PBS (pH-7.4), and the results are shown in Figure 4a. The
unmodified SPCE showed poor oxidation (sensing) performance at an oxidation potential
of 0.16 V with a lower current of 2.23 µA. The CuSe/SPCE showed a lower oxidation
potential of 0.07 V with an enhanced peak current of 6.15 µA (Figure 4b). This greater
electrochemical sensing performance of the CuSe/SPCE towards serotonin detection is
attributed to an enhanced electrochemical active surface area with rapid electron transfer
kinetics and the synergistic effect of the developed nanostructures. Under optimized
experimental conditions, CV techniques were applied for serotonin detection with different
concentrations (Figure 4c). From the CV results, as serotonin concentrations increased,
their corresponding oxidation peak current increased linearly in the concentrations from
5 to 300 µM (Figure 4d), with a good correlation coefficient of 0.9964. The CV results
suggest that the fabricated CuSe nanostructures based electrochemical biosensors were
highly applicable towards the detection of serotonin.

Figure 4. (a) CV results of unmodified and CuSe-modified SPCEs towards serotonin detection;
(b) bar chart of serotonin oxidation current obtained from CV results; (c) CV results of different
concentrations of serotonin detection of (5–300 µM) in 0.1 M PBS (pH-7.4) as supporting electrolytes
at a 50 mV/s scan rate of CuSe/SPCE (d) corresponding linear concentration graph (5–300 µM).
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In addition, the fabricated CuSe/SPCE used for the detection of serotonin was opti-
mized with different experimental parameters including supporting electrolyte pH and
concentrations of supporting electrolytes, and different scan rate influences and stabilities
were examined to better determine analytical detection performance. The effect of sup-
porting electrolytes (buffer solutions) was examined using 20 µM of serotonin. Different
electrolytes including acetate buffer, phosphate buffer (pH range of 5.5 to 8.5), and KCl
and NaCl (0.1 M concentrations) were tested using DPV techniques. Among the different
electrolytes, the phosphate buffer (pH-7.4) showed an enhanced oxidation peak current.
Moreover, most neurotransmitters showed a better oxidation response under a neutral pH
condition because the serotonin pKa of 9.97 can easily form the protonated amine group
as a result of the effective electrostatic interaction with the modified electrode surface and
the effective electrochemical oxidation process, which are more favorable in the neutral
medium [42,51,52]. Thus, 0.1 M PBS (pH-7.4) was used as a supporting electrolyte towards
effective detection of serotonin in the electrochemical measurements. The viability of the
electron transfer kinetics for serotonin detection was examined using CuSe/SPCE with
different scan rates (20 to 300 mV/s), and the results obtained are shown in Figure 5a. Here,
with enhancing the scan rate, the serotonin oxidation peak current increased linearly with
a linear relationship between the different scan rates and their corresponding oxidation
and reduction peak current, given by the following: Ipa = 2.1205ν + 2.2275, R2 = 0.9843 and
Ipc = 3.6711ν − 0.6205, R2 = 0.9619 (Figure 5b). These results suggested that the serotonin
oxidation process on the CuSe/SPCE surface is basically ruled by a quasi-reversible ad-
sorption process [51]. Hereby, only the oxidation peak potential is observed, indicating
the ability of electrochemical oxidation of serotonin to form quinone-like species, whilst
the reduction kinetics is obscured, which typically indicates that the sensing mechanism is
less reversible.

Figure 5. (a) CV results of different scan rates (20–300 mV/s) for the redox response of CuSe/SPCE
in 0.1 M PBS containing serotonin and (b) corresponding current vs. ν1/2 of CuSe/SPCE.

The analytical performance of the fabricated CuSe/SPCE was effectively applied
for the DPV technique analysis of different concentrations of serotonin under optimized
experimental conditions (Figure 6a). For the DPV results, the oxidation peak gradually
increased, while raising the serotonin concentrations from 10 to 1000 nM. Figure 6b shows
a linear relationship between the serotonin concentrations’ oxidation current and their
corresponding concentrations. The achieved linear regression formula is Ipa (µA) = 3.3930
(serotonin) + 0.1146 with a correlation coefficient of (R2) 0.9997. In addition, the estimated
detection limit (S/N = 3) is 3 nM, and these results are highly suitable concentrations for
the detection of serotonin in serum samples. Explicitly, patients suffering from mental
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illness can have overly low concentrations of serotonin or fluctuating concentrations, which
are difficult to detect with standard diagnostic sensing techniques. The sensitivity of the
fabricated CuSe/SPCE was estimated to be 12.45 µA/µM cm−2. Moreover, the analytical
performance results achieved were benchmarked with earlier reports and are shown in
Table 1. Based on the benchmarked results, the fabricated CuSe/SPCE could be qualified as
a biosensing approach for the detection of serotonin with an enhanced electroactive surface,
fast electron transfer kinetics with high conducting nature, and enhanced electrocatalytic as
well as synergistic performance. In addition, compared with earlier reports, the CuSe/SPCE
showed lower oxidation potential towards serotonin detection.

Figure 6. (a) DPV results of CuSe/SPCE for different concentrations of serotonin detection and
(b) corresponding linear concentration vs. current graph (10–1000 nM) of CuSe/SPCE.

Table 1. Benchmarking the analytical performance of the different electrochemical biosensors for the
detection of serotonin.

Electrodes Technique Synthesis
Approach

Range
(nM)

Sensitivity
(µA/µM cm−2)

LOD
(nM) Ref.

CuSe/SPCE DPV Microwave 10–1000 12.45 3 This
work

Fc-AuNPs-
MWCNT/SPCE SWV Chemical 50–2000 - 17 [53]

P-WO3NS/GCE LSV Hydrothermal 10–10,000 0.2 60 [54]
Nb2CTx/PCN/CCT DPV Chemical 1000–10,000 - 63.24 [55]

Fe3O4/CSs/GCE DPV Hydrothermal 200–25,000 5.503 4 [56]
Nafion-

CNT/ECCFMEs CV - 100–1000 0.074 140 [57]

CM-oCNT/GCE LSV Electrodeposition 10,000–170,000 - 11,000 [58]
OMC-SPE/Lac SWV Chemical 100–1200 - 316 [27]
FVMX@SPCE DPV Chemical 25–750 3.0 5.88 [51]

MWCNT-
AONP/SPCE SWV Chemical 16–166 - 25 [59]

The feasible electrochemical detection mechanism for serotonin using CuSe/SPCE
is shown in Figure 7. Evidently, several features are synergistically valuable for highly
specific and sensitive detection of serotonin. Initially, the serotonin oxidation reaction
process involves the conversion of the hydroxyl (-OH) group to the keto (C=O) group,
and this conversion process started from the surface adsorption of serotonin through the
coordination of a hydroxyl group containing serotonin with active catalytic metal sites.
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A Lewis acid (transition metal active sites) participated in the oxidation reaction to ac-
commodate an electron-rich Lewis base; as a result, the redox potential of these transition
metal active sites had excessive influence on the ease of hydroxyl group connection on
the sensor surface, which is reflected in the bias potential required for serotonin oxidation.
Typically, hydroxyl group connections on the active metal sites will occur at lower potential
if the neighboring oxidation process occurs at the lowest potential [38]. Earlier, it was
suggested that the oxidation process at local active sites followed by the adsorption of
hydroxyl groups to the transition metal active sites can be modified by altering the ligand
coordination environment near the active sites. Normally, minimizing the electronegativity
and enhancing covalent connection around the active sites leads to a reduction in the local
site oxidation potential and high facile hydroxyl group attachment on the sensor surface at
the lowest applied potential. Thus, it can be expected that the reduced electronegativity and
enhanced covalent connection of Se compared with O could create serotonin absorption
on the surface of selenide-based catalysts at the lowest oxidation potential compared with
metal oxides, thereby achieving the lower serotonin oxidation potential of the proposed
CuSe/SPCE. Moreover, interfacial electron transfer (electrode–electrolyte) behavior occurs
during serotonin oxidation, and adsorption on the sensor surface results in the oxidation
of serotonin-to-serotonin quinoneimine. Notable electron transfer will be assisted by the
enhanced conducting nature of the developed nanostructures. In addition, the increased co-
valent nature of the anionic ligand also enhances conductivity by minimizing the bandgap
in the selenides. Serotonin’s oxidized form can willingly detach from the nanostructures’
surface while the electro-catalytic surfaces are restored. Moreover, the coordination geo-
metrical structure near the active catalytic sites of Cu can also participate in the serotonin
adsorption process. The CuSe crystal structure has two coordination sites for Cu, which are
trigonal and tetragonal coordination structures [60,61]. The lowest coordination numbers
with a layered geometrical structure can start to facilitate the connection of serotonin. Fi-
nally, the high active surface area of the CuSe nanostructures showed that the ultra-thin
edges of the nanoflakes improve the coverage of the metal active sites to the serotonin,
leading to the enhanced efficacy of serotonin detection through a direct oxidation process.
Hence, the synergistic effect of surface morphology, porosity, coordination of geometrical
structure, enhanced conductivity, and enhanced anionic covalent nature leads to serotonin
oxidation on the CuSe/SPCE surface occurring at a lower potential with an enhanced
oxidation peak current with increased sensitivity, achieving the lowest detection limit.

To examine the competence of the fabricated CuSe/SPCE, the interference effect of
foreign species during serotonin detection (110 µM) was investigated for several specific
interfering species in the samples studied, including ascorbic acid, urea, glutathione,
glucose, cysteine, epinephrine, dopamine (5-fold excess concentrations), and Na+ and K+

ions (10-fold excess concentrations), and the DPV results obtained are shown in Figure 8a,b.
There were no significant signal changes observed, even when other interfering species
present in 5-fold excess concentrations suggested that the fabricated CuSe/SPCE has better
selectivity towards serotonin detection. However, 5 µM of dopamine was minimally
affected during serotonin oxidation (~2.1 µA current reduced). The possibility of potential
interference was studied when an analytical deviation of above 30% compared to the
analytical signal achieved with the developed method was present in the absence of
interfering species. These interference results revealed that the fabricated CuSe/SPCE-
based electrochemical biosensor has better anti-interference ability towards the detection
of serotonin.
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Figure 7. Possible electrochemical detection mechanism of CuSe/SPCE for serotonin.

The reproducibility measurement of the fabricated CuSe/SPCE was performed by
inter- and intra-assay methods. First, the intra-assay examination was carried out by
detecting 30 nM serotonin with four separately fabricated SPCEs using the same fabrication
protocol, followed by the DPV measurement, and the results are shown in Figure 8c,d with
an RSD of 2.58%. In addition, inter-assay examinations were carried out with five successive
additions of 30 nM, and their oxidation current responses were observed with four different
parallel SPCEs showing an RSD of 9.87%, 8.32%, 6.54%, and 6.74%, respectively. These
reproducibility results suggest that the fabricated CuSe/SPCE has better reproducibility
for the detection of serotonin. In addition, the long-time sensing stability performance
of the fabricated sensor was examined over two weeks, and the sensor exhibited a stable
and better oxidation current response towards serotonin detection. After two weeks, the
sensor exhibited <4% of the oxidation current due to the surface fouling process or other
interference effects on the SPCE. To prevent the sensor surface fouling process and ensure
the nanostructure’s stability, the sensor was stored in an air-tight glass container under
ambient conditions for future electrochemical detection purposes.

After the successful detection of serotonin in PBS medium, the fabricated CuSe/SPCEs
were used for sensing in commercial serum samples using facile standard addition ap-
proaches. The commercial serum samples were obtained from Sigma-Aldrich. Serum stock
solutions were diluted 100-fold using 0.1 M PBS (pH-7.4). Then, 50 µL of diluted serum
was added with different concentrations of serotonin, and the serotonin detection mea-
surements were effectively applied. The DPV method was utilized to measure the serum
serotonin concentrations, and the results obtained exhibited recoveries from 96.86% to
102.14% with RSD of 2.48% and 1.79%. The serotonin recovery details are shown in Table 2.
These recovery results suggest that the possible interfering species within the serum sample
matrix did not effectively affect the serotonin detection process. Hence, the fabricated
CuSe/SPCE exhibits better sensing ability towards serotonin in a real serum matrix.
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Figure 8. (a) DPV results for CuSe/SPCE towards selective detection of serotonin in the presence of
possible interfering species; (b) bar graphs of different interfering species and their oxidation current
response; (c) reproducibility studies of different CuSe/SPCEs for serotonin detection DPV results;
(d) serotonin oxidation current obtained from different CuSe/SPCEs.

Table 2. Serotonin detection in commercial serum samples with CuSe/SPCE.

Real Sample Added (nM) Found (nM) * Recovery (%) RSD (%)

Serum
0 19 ± 0.05 - 1.12
30 29.06 ± 0.08 96.86 2.48
50 51.07 ± 0.24 102.14 1.79

* Average value of the four repeated measurements (n = 4).

4. Conclusions
CuSe nanostructures were successfully synthesized using a facile and efficient

microwave-assisted method. The as-prepared CuSe nanostructures were thoroughly char-
acterized using various spectroscopic, microscopic, and electrochemical techniques to
confirm their structural and functional properties. The electroanalytical performance of
the fabricated CuSe/SPCE was effectively utilized for serotonin detection and achieved
wide linear concentrations (1 to 1000 nM) with a low detection limit (3 nM) and high
sensitivity (12.45 µM/µA cm−2). Moreover, the fabricated sensor demonstrated superior
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specificity in the presence of potential interfering species with highly reproducible results.
Further, the real-time application of the fabricated CuSe/SPCE was successfully utilized
for serotonin detection in commercial serum samples and obtained excellent recoveries.
Since serotonin is a significant neurotransmitter, sensing and diagnosis have become more
popular for screening for mental-health-related illnesses. These findings can pave the way
toward designing miniaturized serotonin biosensing platforms and will help to realize the
correlation between serotonin as a biomarker and the advancement of neurodegenerative
illness.
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