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ABSTRACT

A new electrochemical sensor was developed using a hydrophobic deep eutectic solvent (HDES) and carbon
nanohorns (CNH) to modify a glassy carbon electrode (GCE). The HDES was based on decanoic acid (DecA) and
tetrabutylammonium bromide (TBAB). The performance of the sensor was characterized and optimized using
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS), which allowed to determine the
ideal amount of HDES in the electrode. Scanning electron microscopy (SEM) and atomic force microscopy (AFM)
were used to physically characterize the modified film on the GCE surface. The analytical performance for se-
rotonin (5—-HT) determination on the modified electrode (DecA:TBAB(5mg)-CNH/GCE) was evaluated using
optimized square-wave voltammetry (SWV). The addition of HDES resulted in a more uniform surface, enabling

enhanced electron transfer at the electrode interface and improving the performance for 5S—HT detection. The
sensor exhibited high sensitivity (0.20 pA L pmol™") in the concentration range from 0.50 to 32.71 umol L™! and
a low limit of detection (LOD) (0.09 pmol L™!) for 5-HT. Additionally, the sensor demonstrated excellent
selectivity for detecting S—HT in the presence of common interferents (concomitants) and displayed good
repeatability, reproducibility, and stability. Finally, the sensor was successfully utilized for determining 5S—HT in

biological fluids, yielding good recovery results.

1. Introduction

Deep eutectic solvents (DES) have sparked significant interest in the
field of chemistry due to their well-known characteristics, such as
biodegradability, simple preparation process, low toxicity, excellent
stability at high temperatures, extraction capacity, and electrochemical
characteristics [1]. In addition to this, as a class of environmentally
friendly solvents, a comparative study revealed that the EcoScale scores
for the DES synthesized, for example, by the heating and stirring were
97, while those for microwave synthesis were 94. According to the au-
thors, scores above 75 indicate an excellent green procedure based on
the EcoScale criteria, reinforcing the greener characteristic of these
solvents [2]. Moreover, in a study by Simone et al. (2024) [3], focusing
on a 3-hour synthesis, the DES used in the work demonstrated successful
reusability over four consecutive cycles, achieving a low E-factor of

* Correspondent author.
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13.48 and an EcoScale score of 84.5.

In the context of electrochemistry, the use of DES has greatly
increased due to their conductive properties, wide potential ranges, and
ability to dissolve metal ions. These characteristics make them well-
suited for a wide range of electrochemical uses, such as electrodeposi-
tion, electropolishing, electroanalysis, and metal extraction and refining
[4,5]. Studies have demonstrated the ability of DES to synthesize
nanoparticles and electropolymerize conductive polymers, being effec-
tive in stabilizing nanomaterials formed in solutions when compared to
conventional aqueous mediums. These materials prepared in eutectic
medium have been used to modify electrodes for sensing applications
[5-8]. Gomes-Junior et al. [9,10], for example, utilized DES to synthe-
size metallic nanoparticles, which were used to modify the surface of
GCE and for applications in food and biological fluids analyses. Partic-
ularly, ultrasmall platinum nanoparticles with an average size of 0.208
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nm were synthesized using a DES based on choline chloride and urea,
owing to its exceptional stabilization properties. Moreover, Buoro et al.

[11] used ternary deep eutectic solvents for the electrodeposition of poly
(cresyl violet) on multiwalled carbon nanotube-modified glassy carbon
electrodes. The modified sensor was then used for the determination of
hydroquinone in dermatological creams.

Moreover, regarding biological compounds, the literature reports the
use of DES to develop new electrochemical sensors that can enhance the
detection of important substances such as biomarkers and neurotrans-
mitters, as these compounds play a crucial role in diagnostic applica-
tions [10,12—-15]. Prathish et al. [12], for example, explored the
electropolymerisation of poly(3,4-ethylenedioxythiophene) (PEDOT)
films on glassy carbon electrodes, using DES as the polymerisation me-
dium. The study revealed that the DES played a crucial role in the
morphology, size, surface characteristics, electrocatalytic activity, and
overall sensing properties of the PEDOT films. The modified electrodes
exhibited excellent performance in the simultaneous detection of bio-
markers. Moreover, in a 2024 study by Uysal et al. [14], the authors
developed a novel electrochemical sensor for detecting epinephrine by
electropolymerizing toluidine blue onto glassy carbon electrodes
modified with Fe;04 nanoparticles on DES medium. The incorporation
of Fe;O4 nanoparticles and DES significantly enhanced the sensor’s
electrocatalytic activity, leading to improved sensitivity and selectivity
in epinephrine detection.

In particular, serotonin (5-HT), as a vital neurotransmitter, plays an
important role in the human body by regulating emotions, mood,
appetite, and sleep. Monitoring 5—HT levels in the body is crucial as
abnormal concentrations can be linked to various diseases and disorders
[16]. Normal 5—HT levels typically range from 270 nM to 1490 nM in
serum samples and from 300 nM to 1650 nM in urine [17]. Therefore, it
is important to invest in sensitive methods capable of detecting 5-HT in
a simple and rapid manner. Electrochemical techniques are promising in
these aspects owing to their low cost and ease of operation, short
analysis times and production of results characterised by high precision
and sensitivity [17,18].

The literature presents various electrochemical sensors modified
with different materials, such as metallic nanoparticles, conductive
polymers, and carbon materials for the 5—HT determination [19-23].
Tertis et al. (2017) [19], for example, developed an electrochemical
sensor featuring a three-dimensional structure made with polypyrrole
nanoparticles integrated with gold nanoparticles. The polypyrrole
enhanced the active surface area, while the gold nanoparticles
contributed to the catalytic properties of the sensor, which improved the
5—HT detection. The sensor showed an analytical performance 320
times superior to the bare electrode, with a limit of detection of ~33 nM,
emphasising the benefits of this customized hybrid surface. On the other
hand, utilizing atomic layer deposition, Ran et al. (2021) [20] con-
structed a sensor using a nanocomposite based on Ni nanoparticles-
reduced graphene oxide. This sensor showed a broad linear detection
range from 0.02 to 2 uM with a detection limit of 0.01
UM. The authors presented its remarkable electrocatalytic activity to-
wards 5—HT detection. Although these works have shown excellent
electrochemical performance towards 5S—HT determination, some of
them involve complex synthesis processes or the use of expensive ma-
terials for sensor development. For example, in a work reported by
Babulal et al. (2023) [21], the authors developed an electrochemical
sensor for serotonin detection with excellent performance, catalytic
activity, anti-fouling properties, high selectivity, and reproducibility.
However, the electrode modification process was labour-intensive. In
another example, Koluagik et al. (2018) employed a pre-treatment
process for multi-walled carbon nanotubes involving boiling the
carbonaceous material in concentrated nitric acid [22].

To enhance the sensitivity, conductivity, and analytical response of
electrodes, it is convenient to use simpler materials that can be easily
prepared for the electrode modification process. Ideally, this process
should avoid the use of excessive toxic chemicals or harsh conditions,

ensuring both efficiency and sustainability. In view of this, DES is an
interesting choice based on their electrochemical properties. Many re-
searchers investigated the role of these solvents in the preparation of
electrodes for different target analytes [9—11,24-26]. However, while
most studies focus on using DES as a medium to prepare materials for
electrode modification, few have employed DES directly in the modifi-
cation process itself. Nevertheless, there are notable studies that have
successfully utilised DES for electrode modification. In previous studies
[26], it was demonstrated that using a deep eutectic solvent composed of
choline chloride and glycerol together with carbon black and a cross-
linked chitosan film improved the kinetic parameters of the glassy car-
bon electrode. On the other hand, Augusto et al. (2022) [24] investigated
the use of various hydrophobic deep eutectic solvents to modify carbon
paste electrodes for hydroquinone determination. The study showed that
incorporating HDES into the carbon paste signifi- cantly improved the
electroanalytical properties of the electrode. Other studies of using DES
in the development of carbon paste electrodes revelled lower charge
transfer resistance for electrodes modified with natural deep eutectic
solvents, which yielded higher peak currents for the oxidation-reduction
of dopamine and ascorbic acid [25]. Moreover, the use of a DES based
on choline chloride and 4-methoxybenzyl alcohol in combination with
SWCNT-ZrO, to form a CPE/DES/SWCNT-ZrO2 electrochemical
sensor showed excellent catalytic activity for the simultaneous
determination of paracetamol and rizatriptan [27].

Regarding serotonin detection, only few works have investigated the
performance of electrodes modified with DES [28,29]. For example,
Atici et al. (2023) [28] constructed a modified electrode by integrating zinc
oxide nanorods (ZnONR), polymethylene blue (PMB), which was prepared
in 90 % DES ethaline solution and 10 % 50 mM pH 8.0 phosphate buffer,
and gold nanoparticles (AuNPs) on screen-printed carbon electrodes
(SPCEs). The synergistic effects of ZnONRs, PMB, and AuNPs enhanced
the sensor’s electrochemical properties, such as electron transfer rate and
conductivity, making it highly effective for serotonin detection. Also,
Kabaca et al. (2023) [29], utilised a deep eutectic solvent based on ethylene
glycol and choline chloride to elec- tropolymerise Nile blue on the surface
of SPCE/TiO,NP/AuNP elec- trode. The resulting
SPCE/TiO,NP/AuNP/PNBpgs sensor was used for the simultaneous
determination of dopamine and serotonin in blood serum. Again, DES
served only as a medium for preparing a polymer and not as a modification
agent as performed in this proposed work.

This paper provides a detailed investigation of the effects of HDES as
a modifier on the electrode surface. The electrochemical sensors were
constructed using a suspension of carbon nanohorns in HDES (prepared
from decanoic acid and tetrabutylammonium bromide), which was
applied on the surface of glassy carbon electrodes. We aimed to find the
optimal amount of HDES in the suspension to achieve enhanced elec-
trochemical performance towards serotonin detection. This study was
performed by electrochemical impedance spectroscopy and cyclic vol-
tammetry. The morphology and topography of the composite film were
also characterized. Finally, the modified electrode was used to quantify
serotonin in synthetic biological fluids.

2. Experimental
2.1. Chemicals

All chemicals were of analytical grade and used as received without
any further purification. All solutions were prepared with ultrapure
water (resistivity = 18.0 MQ cm) obtained from a Millipore Milli-Q
system (Billerica, USA). Tetrabutylammonium bromide (299.0 %), se-
rotonin hydrochloride (< 100 %), bovine calf serum (sterile-filtered,
hemoglobin <35 mg/dL), and carbon nanohorns were purchased from
Sigma-Aldrich (St. Louis, USA). Decanoic acid (= 98.0 %) was acquired from
Neon (S™ao Paulo, Brazil). Potassium phosphate monobasic (= 99
%) and potassium phosphate dibasic (2 99 %) were acquired from Synth
(Diadema, Sa”o Paulo). A phosphate buffer solution (PB) of 0.20 mol L™



pH 7.0 was used as a supporting electrolyte. A 1.0 X 1072 mol L™ 5-HT
standard stock solution was prepared by dissolution in PB solution.
Dilution processes were adopted to obtain different concentrations of
standard solutions.

2.2. Apparatus

DSC curves were obtained in a Q10 Differential Scanning Calori-
metric module, controlled by the Thermal Advantage Series® software
(v.5.5.24), while sub ambient temperatures were reached with the help
of a RCS cooling accessory, all from TA Instruments (New Castle, USA).
Analyses were carried out using sample mass of (5.0 £ 0.1) mg, at a
heating rate of 10 °C min™!, under a dynamic N, atmosphere flowing at
50 mL min~". Closed aluminium sample holders with a pin hole in the
centre of the lid (¢ = 0.7 mm) were used in all experiments. The mea-
surements were performed in the temperature range of 223.15 — 393.15
K. The endothermic peak temperatures were used to characterize the
melting event.

Morphological characterization of the composite films was carried
out on a field-emission gun scanning electron microscopy (FEG/SEM,
FEI Magellan 400 L). Also, an atomic force microscopy (Bruker Nano-
scope 6 Multimode 8) was used to acquire the film topography and for
roughness characterization.

Electrochemical measurements were conducted using an Autolab
(Metrohm) potentiostat/galvanostat model PGSTAT101, and data was
collected using NOVA 2.1.6 software. EIS measurements were per-
formed in the frequency range of 0.1 Hz to 65 kHz, applying a potential
of 0.35 V and 0.010 V of signal amplitude to perturb the system on a
Sensit Smart potentiostat (PalmSens, The Netherlands) using the PStrace
5.9 software for data acquisition. A conventional three-electrode system
was used, with a platinum plate as a counter electrode (area 1.0 cm?),
the reference electrode used was Ag/AgCI/KCl (3.0 mol L"), and a GCE
(with or without modification) as the working electrode (d = 3.0 mm).
The catalytic rate constant (k.,) of S—-HT oxidation in the proposed film
was carried out using chronoamperometry, applying a potential of 0.35
V and an interval time of 0.01 s.

2.3. Preparation of hydrophobic deep eutectic solvent

The hydrophobic deep eutectic solvent used in this work was based
on decanoic acid and tetrabutylammonium bromide in a molar ratio of
2:1 (DecA:TBAB), as previously reported by Augusto et al. (2022) [24].
The synthesis was conducted in a closed glass vessel at a temperature of
353.15 K and stirring at 500 rpm for approximately 1 h (heating plate,
RH basic 1, IKA), resulting in a uniform liquid. The melting point of the
HDES was assessed through DSC.

2.4. Preparation of glassy carbon electrodes modified with DecA:TBAB

Herein, we modified the GCE using a suspension containing DecA:
TBAB and CNH. The effect of DecA:TBAB amount (0, 3, 5, 8, and 10 mg) in
the suspension was carefully studied by CV and EIS. Prior to the
modification, the GCE surface was polished with 0.5 pm alumina slurry
and washed with deionized water. The modifying dispersions containing
DecA:TBAB and CNH were prepared as follows: 1.0 mg of CNH was
suspended in 980 pL of N,N-dimethylformamide (DMF) with 20 puL of
Nafion™, and DecA:TBAB. The suspensions were sonicated for 30 minin an
ultrasonic bath for complete dispersion of the materials. Then, 10.0 pL
of these suspensions were dropped on the GCE surface and allowed to dry in
a desiccator for roughly 2 huntil the film was formed.

2.5. Synthetic urine and bovine serum preparation
Synthetic urine samples were prepared using the method previously

described by Laube et al. [30], with 0.20 mmol L™ KCI, 0.18 mmol L™
NH,4CI, 0.10 mmol L™! NaCl, 0.10 mmol L™"' CaCl,, 0.15 mmol L™!

KH,PO,, and 0.18 mmol L™" urea in a 25 mL volumetric flask. This
sample was spiked with three concentrations of 5—HT (2.0, 3.0 and 5.0
pmol L', respectively) and recovery percentages were calculated
accordingly. Similarly, the serum (bovine serum) sample was diluted 10
times with ultrapure water, spiked with three known concentrations of
5-HT (2.0, 3.0, and 5.0 pmol L™, respectively), and analysed by
calculating the recovery percentage.

3. Results and discussion
3.1. HDES: green synthesis

To better assess the environmental sustainability of the HDES syn-
thesis, we quantified its greenness by calculating the Environmental
Factor (E-factor) [31], the electrical energy consumption during the
synthesis [2], and the EcoScale [32] for producing approximately 10 mL
of HDES over a 1-hour process.

The E-factor is a metric used to evaluate the environmental impact of
a chemical process. It is calculated as the ratio of the total waste mass-
generated to the desired product’s mass [31]. For DES, the E-factor
calculation is generally straightforward because these solvents are
typically synthesized through simple mixing without producing signif-
icant byproducts. As a result, waste is often negligible, with the com-
ponents almost entirely incorporated into the final product (100 %
atomic efficiency) [33].

In this work, the HDES synthesised was based on 1 mol of DecA
(172.26 g) and 0.5 mol of TBAB (161.18 g), yielding 333.44 g of HDES
(100 % atomic efficiency), i.e. the components were fully incorporated
into the product, resulting in an E-factor of 0, reflecting a waste-free
process. The E-factor may increase slightly during synthesis in cases of
minor losses, such as spillage or non-recoverable residues. Nevertheless,
it remains low, highlighting that the DES synthesis has an environ-
mentally friendly nature.

Furthermore, the electric energy consumption for the synthesis of
HDES was assessed through Eq. (1) [2].

P.t/1000
Consumption = 1)

In this context, consumption (kWh) represents the electrical energy
used during synthesis, P is the equipment power (W), ¢ (h) is the time of
synthesis, and V (mL) corresponds to the volume of HDES prepared. The
electric energy consumption calculated for the HDES was 0.0415 kWh
mL~"!, with an EcoScale score of 90. In fact, the HDES synthesis involves
simple mixing of components with low energy consumption, without
byproducts as discussed and yields of approximately 100 %. All these
values are in accordance with previous works in the literature for DES
synthesis and application in different processes [2,3].

3.2. HDES melting point

Melting temperature of the DecA:TBAB HDES was measured using
DSC. Fig. 1 shows the DSC curves for TBAB, DecA, and 2:1 (mol/mol)
DecA:TBAB mixture with the temperatures of all thermic events.

In Fig. la, the curve for TBAB is displayed, where two endothermic
peaks are presented. The first peak at 362.8 K could be attributed to
crystal readjustment and conformational disorder [34]. In contrast, the
second peak at 376.2 K is relative to its melting point, in agreement with
the melting temperature of the pure compound declared by the supplier.
The decanoic acid (Fig. 1b) showed a sharp melting peak at 305.5 K,
which agrees with the reported melting temperature of the pure com-
pound [35].

The DSC curve for the HDES (Fig. lc¢) revealed a melting temperature
below 273.15 K. The thermal behaviour for the DecA:TBAB system
presented four thermal events. Two are related to the characteristic
transitions of the phase transformation of fatty acids (252.7/endo and
260.3 K/exothermic) [36]. A third endothermic peak occurred from the
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Fig. 1. DSC curves with the thermal events of the pure components (a) TBAB
and (b) DecA and for the (c) HDES (DecA:TBAB). Heating rate: 10 °C min™"
under a dynamic N2 flow of 50 mL min~'; measurements were taken from
223.15 to 393.15 K, with endothermic peak temperatures used to characterize
the melting event.

free fraction of DecA at 283.8 K. Lastly, an endothermic peak at 272.9 K
was attributed to the melting temperature of the DecA:TBAB system.

It is worth noting that the first peak of the DSC curve, nearly 225 K for
DecA:TBAB, is related to the thermal inertia effect, which could be
attributed to a gradient of temperature created between the end of the
cooling process and the beginning of the heating of the sample [36],
associated with the experiment process, in which an isotherm was
applied for 5 min during the cooling process prior the heating of the sample.

3.3. Effect of modifying the GCE with HDES: an electrochemical study
towards the 5—HT analytical response

In our first study, we evaluated the impact of adding increasing amounts
of HDES within the suspension with CNH on the GCE surface. The
investigation sought to examine the effectiveness of this approach in
enhancing the performance of the GCE. Different amounts of DecA:TBAB
were studied: 0, 3, 5, 8, and 10 mg. The study was conducted using CV and
EIS, and 100 pmol L™' 5-HT in 0.2 mol L™' PB pH 7.0. Fig. 2a shows the
CV results for all electrodes.

It can be observed that the analytical signal improved as the DecA:
TBAB content in the film increased up to a concentration of 5 mg. From 8 mg
of DecA:TBAB, the oxidation peak for 5-HT slightly decreased. This
phenomenon is more apparent when evaluating the peak currents and
potentials shown in Fig. 2¢ and d. The GCE electrode did not exhibit a
well-defined oxidation peak to 5—-HT, as demonstrated in Fig. 2.
Compared to the CNH/GCE electrode (which had 0 mg of DecA:TBAB),
the 5 mg electrode improved the analytical current by 5-fold (Fig. 2b).
Furthermore, even the electrodes with concentrations of 3 and 10 mg
enhanced the peak current by approximately 3-fold despite presenting
lower peak currents among the electrodes modified with HDES.

It is important to note that all concentrations of DecA:TBAB caused a shift
in the peak potential towards more negative values. This suggests

that modifying the electrode with HDES may have a catalytic effect. The
electrodes with 3 and 5 mg of HDES showed a decrease of 36 mV
compared to CNH/GCE and an increase of current of 8 yA for the 5 mg
HDES modified electrode.

Furthermore, as shown in the EIS results, Fig. 3a and Table 1 the
presence of 5 mg HDES decreased the resistance of charger transfer (R.,)
in 127 and 2-folds compared with GCE and CNH/GCE, respectively.
Also, the higher value of the R, (34.75 kQ) for GCE explains why it was
not possible to observe a defined oxidation peak for the 5—HT at this
electrode, indicating that the bare electrode is not suitable for 5-HT
determination. By modifying the electrode with CNH, the reactions that
occur in the interface between the electrode and the solution have been
improved. The 5-mg electrode has shown better results compared to
GCE and CNH/GCE, with a significant improvement in the apparent
heterogeneous electron-transfer rate constant (k,,,) by 255 and 1.7-
folds, respectively. Furthermore, it performed better compared to all the
electrodes in this study.

The improvement achieved by modifying the electrodes with HDES
may be due to the conductivity provided by the solvent (51.5 pS cm™, as
previously stated by Augusto et al. [24]), which, in turn, enhances the
overall conductivity of the electrode. Additionally, as discussed further,
the HDES could lead to a more uniform suspension by coating the CNH
particles. This could be observed by the a value, which was 0.81 for the
electrode modified with 5 mg of DecA:TBAB. This value was close to the GCE
value of 0.85. The a represents the roughness associated with
capacitance measurements in the EIS, where oo = 1 represents a smooth
surface [37]. As mentioned in Section 3.3, it was observed that the
surface of the CNH/GCE electrode is irregular. The a value obtained for
this electrode is consistent with this observation. It is possible that such
unevenness may have also occurred in the other electrodes that were
modified with different amounts of HDES. This is evident as these
electrodes exhibit a similar o value to the CNH/GCE electrode. Addi-
tionally, the decrease in the analytical signal could be attributed to the
higher viscosity of the HDES (597+10 mPa s [24]). The viscosity of the
HDES affects the conductivity of the film, and it could possibly lower the
redox reactions at the electrode surface.

Additionally, using EIS allows for the impedance magnitude to be
used as a comparison parameter, which results from the resistive and
capacitive behaviours of the electrode at a specific frequency [38]. The
Bode plot in Fig. 3b shows a graph of impedance magnitude (|Z|) versus
frequency for all modified electrodes. As expected, at low frequencies
(between 107" and 10' Hz), the graph displays a linear decrease in the
response of |Z|. However, as the frequency increases, the |Z| reaches a
plateau. This pattern can be observed from around 10*> Hz to higher
frequencies [38]. In general, all the modified electrodes demonstrated
lower impedance values compared to the GCE and CNH/GCE electrodes,
indicating that the resistance of the material has decreased, leading to an
improved flow of electrons through the electrode film. This can be
attributed to the inclusion of HDES, as the deep eutectic solvent
contributed to improving the electrical conductivity [24,39]. Hence, the
electrode modified with 5 mg of HDES was chosen for further
experiments.

Additionally, a study related to the storage of faradaic charge
generated by the redox reaction of 5-HT on the sensor surface was
carried out by determining the specific faradaic capacitance, Cs.
Carbonaceous materials can accumulate charges originated from the
diffusional mass transport of the redox reaction of the electroactive
species on their surface [40]. Therefore, Cs of the CNH/GCE and DecA:
TBAB(5mg)-CNH/GCE sensors through the 5-HT electrooxidation pro-
cess was determined by CV to attest the enhancements in faradaic charge
storage properties that may result from the diffusion process of the target
analyte (see Section 3.6), using Eq. (2), which results from the proposed
model for the CV analysis [41]
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where Cs is the specific faradaic capacitance (F g™!), 4 is the integrated
area of the cyclic voltammogram for the 5-HT CVs (A V) (see Figure S1), m
is the mass of active material (g), v is the potential scan rate of CV (V s™
1), and 4V is the potential window of CV (total voltage range). The Cs
values were 0.027 and 0.071 F g~! for the CNH/GCE and DecA:TBAB

(5mg)-CNH/GCE, respectively. These values suggest that when the
electrode is modified with DES, the faradaic responses to 5-HT increase
2.6-fold compared to CNH/GCE, denoting the material’s catalytic
enhancement and ability to store charges in the electrooxidation pro-
cess. Sensor modifications generally increase the faradaic capacitance,



Table 1
EIS data for 100 pmol L™! 5—HT in 0.2 mol L~! PB pH 7.0.

Electrode R,/ Q R/ Q a kapp/cm's
GCE 498.5 34,753.0 0.85 3.8 % 10°
CNH/GCE 349.6 468.5 0.70 5.7 x 103
DecA:TBAB(3mg)-CNH/GCE 238.9 502.6 0.71 5.3 % 10°
DecA:TBAB(5mg)-CNH/GCE 158.0 274.1 0.81 9.7 x 107
DecA:TBAB(8mg)-CNH/GCE 228.4 761.1 0.72 3.5 % 10°
DecA:TBAB(10mg)-CNH/GCE 276.5 456.5 0.75 5.8 x 102

whether with carbonaceous materials or nanoparticles [42]. In the case

of the modification with HDES, functional groups present in the struc-
tures of these solvents are incorporated into the film composition,

making it more efficient in the electrooxidation of serotonin. Although
some works in the literature show adsorptive effects for 5S—HT [43,44],
the HDES-based sensor did not show a pronounced effect, probably due
to the hydrophobic nature of the film. As observed in the AFM results,
the coating of the film made it more homogeneous, which reduces the
adsorptive effects of the target analyte.

3.4. Physical characterization of the electrode

In this study, we used SEM analysis to examine the surface
morphology of the CNH. The SEM image in Fig. 4a displays spherical
aggregates of the CNH within the proposed film with HDES. This is
consistent with previous literature, which has shown that carbon
nanohorns can form spherical aggregates known as dahlia, bud, and seed
aggregates based on their appearances [45].

Based on the SEM image, it seems that the presence of HDES did not
alter the morphology of the carbon material. However, the 3D-topog-
raphy images obtained using AFM (Fig. 4b and c) suggest that the
presence of HDES coated the carbon nanomaterial, resulting in a more
uniform surface compared to the rough surface without HDES. These
results align with those discussed in Section 3.2, where the electrode
with HDES exhibited a higher o value compared to the electrode without
HDES (CNH/GCE), indicating a smoother surface. To confirm this, we
calculated the root mean square (RMS) roughness (R,) for both surfaces
modified with and without the HDES-containing film. The results
showed an R, value of 34.93 nm for the surface without HDES and a
lower value for the film with HDES, 6.32 nm. These findings support the
idea that adding HDES to the suspension generated a more uniform and
thin film, which facilitates electron transfer in the electrode-solution
interface as illustrated in Scheme 1, where the CNH particles are
coated with the eutectic solvent.

3.5. Catalytic rate constant for serotonin oxidation and electroactive
surface area

The catalytic rate constant (k.) of the oxidation of serotonin was
calculated based on data obtained from a chronoamperometry study
using 100 pmol L' serotonin at a fixed potential of 0.35 V (Figure S2).
This study compared the influence of adding HDES in the film to modify
the electrode, and it was carried out using the GCE, CNH/GCE, and
DecA:TBAB(5mg)-CNH/GCE. The ke value of 5-HT oxidation was
calculated using the slope of the plot of I../I vs. t'? (Figure S2 inset)
with the Eq. (3) [46]

Lall, = 7" (ke ct)"? 3)

where /.., and I, are the catalytic and diffusion-limited current (4) re-
sponses in the presence and absence of 5—HT, ¢ is the concentration of
5-HT (mol L"), and ¢ is the time (s). The obtained k.. values were 2.7 X
10%,4.1 X 103,and 9.0 X 10° mol~! L s™! for GCE, CNH/GCE, and DecA:
TBAB(5mg)-CNH/GCE, respectively. These values showed an increase of
2.4 and 34—fold in the k. value compared to CNH/GCE and GCE,
respectively. The values obtained for the 4., using the CNH/GCE and
DecA:TBAB (5mg)-CNH/GCE electrodes presented the same magnitude
as a report in the literature for 5S—HT [47]. This supports the results
observed in EIS and CV regarding the catalytic performance of the
proposed modified electrode towards oxidizing serotonin.

Cyclic voltammetry experiments were conducted to assess the elec-
troactive areas of bare GCE, CNH/GCE, and DecA:TBAB(5mg)-CNH/
GCE electrodes. A 100 umol L™ 5—HT solution was prepared in a sup-
porting electrolyte, consisting of 0.2 mol L™ phosphate buffer at pH 7.0,
and cycled at potential scan rates from 15 to 100 mV s—! (see Fig S3a, b,
and c¢). The electroactive area was calculated using the modified
Randles-S ev”cik equation for irreversible systems (Eq. (4)) [48]:

I, = 2.99 x 105a”2cD”2Av”2) “

Following Eq. (4), I, is the anodic peak current (A), D is the diffusion
coefficient of 5—HT (9.0154 X 107° cm?s™! [49]), 4 is the electroactive
area (cm?), ¢ is the concentration of 5—HT (1.0 X 1077 mol cm?), v is the
potential scan rate (V s™'), and o is the transfer coefficient, a measure of
symmetry of the energy barrier for a single electron transfer step. For an
irreversible reaction, o can be calculated from the relation |E,—FE,,»| =
47.7/a [48]. The electroactive areas for bare GCE, CNH/GCE, and DecA:
TBAB(5mg)-CNH/GCE electrodes are 0.012, 0.10, and 0.75 cm?
respectively. These results suggest that adding the HDES into the film
increased the electroactive area by 62 and 7.5-fold, compared to the
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Fig. 4. (a) SEM image of carbon nanohorns at 100,000x magnification. 3D AFM topography images for (b) CNH suspension and (c) DecA:TBAB+CNH suspension.
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Scheme 1. Suggested electrochemical mechanism for serotonin oxidation at the DecA:TBAB(5mg)-CNH/GCE modified electrode.

bare GCE and CNH/GCE, respectivelly The results indicate that, in
addition to the synergistic interaction between HDES and CNH, the
enhanced electroactive surface area also played a crucial role in facili-
tating the serotonin oxidation.

3.6. pH and scan rate studies

To study the dependence of serotonin oxidation on the pH, a study
was carried out using square-wave voltammetry for 100 umol L™' 5-HT
in 0.1 mol L' Britton-Robinson (BR) buffers in the pH range from 2.0 to
12.0 (Fig. S4a). The results in the inset of Fig. S4a show a linear cor-
relation between the peak potential and pH. As pH increased, the E,,
shifted towards more negative values. The slope of E, vs. pH was 47 mV pH~
!, indicating that only one proton was involved in the two-electron
oxidation process of 5—HT. This behaviour has also been reported in
other studies [23,50]. In addition, the /,, vs pH plot (Fig. S4b) shows
that the peak current reaches its maximum at pHs 6.0 and 7.0 and de-
creases in more basic mediums. Considering this result and the lower
standard deviation of the measurements, pH 7.0 was selected for further
experiments. Moreover, in a study of supporting electrolytes, a 0.2 mol
L~' PB solution at pH 7.0 was compared with BR buffer. Due to im-
provements in peak current, PB was chosen as the supporting electrolyte.

A potential scan rate effect on the electrode response was performed
to determine which process controls the oxidation reaction of serotonin
in the interface electrode solution. CV was carried out in 100 pmol L™!
5-HT in 0.2 mol L' PB pH 7.0 at potential scan rate from 15 to 100 mV
s™!, Fig. 83 (a, b, and ¢) shows the voltammograms with the plots for ,,
vs. v'? inset. Table S2 shows the data obtained in the plots for Z,, vs. v
2, log (Iop) vs. log (v), and I, vs. v.

The logarithm of current versus the logarithm of the potential scan
rate plot can help determine whether a process is diffusion-controlled or
adsorption-controlled. A slope closer to 0.5 indicates a diffusion-
controlled process, while a value closer to 1 indicates an adsorption-
controlled process [51]. In this experiment, the logarithm of /,, and v
showed a linear relationship for all the electrodes (Table S2). The slopes
for GCE and CNH/GCE were 0.37 and 0.50, respectively. This means
that the reaction for 5—HT is diffusion-controlled in both electrodes. On
the other hand, the slope of the logarithmic curve for DecA:TBAB
(5mg)-CNH/GCE was 0.80. This indicates that the oxidation of seroto-
nin may be controlled by both adsorption and diffusion. However, it can
be observed from the data of Z,, vs. v'’? plot a linear increase of the peak
current with the square root of the scan rate, indicating a predominance
of a diffusion process. These findings are consistent with other works in
the literature, where the redox reaction of serotonin is also controlled by
the diffusion process [20,52].

3.7. Analytical performance

To improve the determination of 5—HT, the SWV parameters were
optimized. Table S1 shows the results for the optimization of amplitude
(a), frequency ( /), and potential increment (4E;) based on the oxidation
response of serotonin at the proposed electrode, DecA:TBAB(5mg)-
CNH/GCE.

Under optimal conditions, an analytical curve for 5—HT oxidation
was constructed in the concentration ranging from 0.50 to 32.71 pmol
L', Fig. 5 shows the SW voltammograms obtained using DecA:TBAB
(5mg)-CNH/GCE electrode and the corresponding linear plot for this
concentration range. The LOD was calculated using the equation: 3 X
o/slope, where o is the standard deviation of 10 measurements of the
blank (0.2 mol L™! PB pH 7.0). the LOD was 90 nmol L™".

The results obtained in this study were compared to those reported in
the literature for the electrochemical determination of serotonin. As
observed in Table 2, the figures of merit were satisfactory in relation to
the other sensors. It is important to highlight that the electrode proposed
in this work, which was modified with HDES, showed overall good
electroanalytical performance. A significant advantage of this approach
compared to other studies in the literature is the simplicity and sus-
tainability of the fabrication process, driven by the greener nature of
DES. The eutectic solvent was prepared in a simple manner and used
directly to modify the surface of the GCE, without any pre-treatment or
additional steps. This method not only reduces the need for complex
modification steps but also aligns with environmentally friendly prac-
tices, offering a more accessible alternative to other electrodes reported
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Fig. 5. SW voltammograms for 5—HT oxidation in 0.2 mol L~! PB pH 7.0 in a
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Table 2
Comparison of the analytical parameters for the voltammetric determination of
serotonin.
Electrode Technique Sensitivity Linear LOD/ Ref
/pA L range/ umol L~
pmol-! pmol !
L
FesOs-MWCNT-poly  DPV 0.5309 0.5 - 0.08 [53]
(BCG)/GCE 100.0
NDs-AuNPs-Gr-CSN/ DPV 0.18 0.3 — 0.100 [54]
GCE 3.0
MWCNT-PANI/GCE DPV 0.7977 0.1 — 0.033 [22]
12.0
AuNPs@PPyNPs- SWV 0.3316 0.1 - 0.03322  [19]
based sensor 15.0
SPCE/ZnONR/ DPV 0.8976 0.1 - 0.00191 [55]
PMBDES/AuNP 25.0
P-WO3 NS/GCE LSV 0.2 0.01 — 0.06 [21]
100
CS/GCE DPV 0.02144 40 — 0.7 [56]
750
DDF-CNT-TiO»IL/ DPV 0.039 1.0 — 0.154 [57]
GC 650.0
PYMWCNT/PPy/ DPV 0.43 0.50 — 0.15 [58]
AgNPs 5.0
MWCNT/Nafion/ DPV 0.008 nA 0.56 — 0.2 [59]
MAO-A ng ml~! 2.26
cm™2
GCE/MWCNT-NiO SWV 9.96 5.98 — 0.118 [60]
62.8
DecA:TBAB(5mg)- SWV 0.20 0.50 — 0.09 This
CNH/GCE 32.71 work

MWCNT: multiwalled carbon nanotube; BCG: bromocresol green; NDs-AuNPs-
Gr-CSN: a film based on incorporation of nanodiamonds, gold nanoparticles, and
graphite anchored in casein; MWCNT-PANI: multiwalled carbon nanotube- poly
(aniline); CUCR: C-undecylcalix[4]resorcinarene; AuNPs@PPyNPs: poly-
pyrrole nanoparticles decorated with gold nanoparticles; SPCE/ZnONR/
PMBDES/AuNP: zinc oxide nanorod/polymethylene blue (deep eutectic sol-
vent)/gold nanoparticles modified screen-printed carbon electrode; P-WO3 NS:
phosphorous-doped tungsten trioxide nanosheet; CS: Carbon Spheres; DDF-CNT-
TiO2/IL/GC: functionalized carbon nanotubes with titanium dioxide and
benzofuran derivative/ionic liquid modified glassy carbon -electrode; Pt/
MWCNT/PPy/AgNPs: platinum electrode modified with carbon nanotubes/
polypyrrole/silver nanoparticles nanohybrid; MWCNT/Nafion/MAO-A: enzyme
monoamine oxidase-A (MAO-A) immobilized by covalent binding on multi-
walled carbon nanotubes (MWCNT); GCE/MWCNT-NiO: glassy carbon elec-
trodes modified with multiwalled-carbon-nanotube (MWCNT) doped with nickel
oxide nanoparticles;.

for serotonin detection.

Finally, the reproducibility of the serotonin voltammetric signals and
the interference study in the presence of other compounds of interest
using the proposed modified electrode were studied. The inter-day and
intra-day repeatability studies were performed to evaluate the sensor
precision. In the intra-day repeatability, the 5-HT voltammetric
response was measured five times in one day (n =5 for each 5-HT
concentration). For the inter-day repeatability, SWV measurements
were conducted for three days. Fig. S5a shows the square-wave vol-
tammograms obtained for the detection of three different concentrations
of 5-HT using one electrode. The relative standard deviation (RSD)
values obtained were 2.60 % for 10 pmol L', 4.10 % for 20 pmol L,
and 3.52 % for 30 pmol L' of 5—HT. Fig. S5b summarizes the excellent inter-
day reproducibility obtained for detecting three different concen-
trations of 5—HT with three different electrodes showing RSD results
between 1 and 5 %. In addition, the stability of the 5—HT voltammetric

interference of common substances found in biological fluids. The study
involved fixing the concentration of 5-HT at 5.0 pmol L™" and adding
interfering substances at two different concentration ratios: 1:1 and 10:1

([interferent]: [S—HT]). The potential interferents evaluated included
urea, glucose, ascorbic acid, dopamine, caffeine, as well as chloride,
sodium, potassium, and sulphate ions. The results of the study were
analysed by comparing the analytical response of 5—HT in the presence
and absence of interference. Figures S7a and b illustrate the compari-
son of peak current responses of 5—HT in the absence and presence of the
potential interfering compounds. The results indicated that no inter-
ference was observed when the interferents were present in a 1:1 and
10:1 excess. This suggests that the proposed electrode demonstrated
good selectivity over the set of tested species.

3.8. Analysis of serotonin in synthetic biologic fluids

The DecA:TBAB(5mg)-CNH/GCE electrode was used to detect S-HT
in synthetic urine and bovine serum to assess its suitability for biological
fluid analysis. For the analysis, the samples were spiked with three
different concentrations of 5—HT and then analysed using SWV under
optimized conditions. The recovery values obtained from this analysis,
as shown in Table 3, ranged from 92.0 to 101 %. These results indicate
that the proposed method to modify GCE with carbon nanohorns com-
posites in HDES has great potential for successfully detecting serotonin
in biological samples.

response was assessed using cyclic voltammetry, Figure S6. Even after
100 consecutive cycles, the sensor maintained a stable performance,
exhibiting a signal reduction of less than 9 % in the 5—HT oxidation
process. This can be attributed to the excellent homogeneity obtained by
adding HDES in the film suspension to modify the GCE.

The electrode DecA:TBAB(5mg)-CNH/GCE was used to assess the



4. Conclusions

This study presented a green and cost-effective strategy to enhance
the performance of glassy carbon electrodes for serotonin detection by
incorporating the DecA:TBAB hydrophobic deep eutectic solvent. Dif-
ferential scanning calorimetry analysis confirmed the HDES’s low
melting temperature (lower than 273.15 K), demonstrating its suit-
ability for applications at room temperature. Optimization experiments
presented 5 mg of HDES as the ideal amount, achieving improved con-
ductivity, reduced charge transfer resistance, enhanced catalytic effi-
ciency, and increased electroactive surface area.

The simplicity of the HDES-based modification process highlights its
potential for further application in the electrochemical detection of
other analytes with high sensitivity and precision. Additionally, the
environmentally friendly nature of HDES, supported by the EcoScale
score and E-factor, aligns with sustainable practices in sensor
fabrication.

Despite its promising performance, the approach has a restriction.
The viscosity of HDES impacts film conductivity, and higher amounts of
HDES negatively affect the analytical signal, emphasizing the impor-
tance of optimizing the HDES content. Future research should focus on
exploring compatibility with diverse analytes and addressing challenges
associated with HDES viscosity to unlock its full potential in sustainable
sensor technologies.

Table 3
Determination of serotonin in spiked synthetic urine and bovine serum using the
proposed electrode DecA:TBAB(5mg)-CNH/GCE.

Sample® [5-HT]
Added/ pM Found / pM Recovery” / %
Synthetic urine 2.0 1.98+0.09 99.0
3.0 2.79%£0.09 93.0
5.0 5.07+0.03 101
Bovine serum 2.0 1.84+0.03 92.0
3.0 2.87+0.09 95.7
5.0 4.9 £02 98.2
* n=3;.

b Recovery = ([5-HT]Found/[5-HT]Added) X 100 %.
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