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Abstract: Approximately 4% of women of reproductive age are estimated to suffer from premenstrual
dysphoric disorder (PMDD), a condition likely underdiagnosed due to various biases, suggesting
that actual prevalence may be higher. Addressing this, a novel electrochemical sensor was devel-
oped using a screen-printed electrode of reduced graphene oxide modified with a Cu(II) triazole
complex, Cu(LNO2), /rGO/SPCE. This sensor aims to determine levels of serotonin and 173-estradiol
rapidly, and simultaneously, key analytes implicated in PMDD. The method demonstrated high
sensitivity for both analytes, achieving sensitivity levels of 0.064 uA/umol L~! for serotonin and
0.055 pA/pumol L~ for 17B-estradiol, with a linear detection range of 2 to 42 pmol L~!1. Detection
limits were 42 nmol L~ for serotonin and 53 nmol L~! for estrogen. The sensor also exhibited high
stability and selectivity against common interferents found in biological fluids. It was successfully
used to measure serotonin and 17f3-estradiol in human serum and urine, with recovery percentages
within the expected ranges. This demonstrates that the sensor proposed in this work holds signif-
icant potential to contribute not only to the accurate diagnosis of such disorders but also to their
treatment. We hope that this research will pave the way for the development of devices that have
a positive impact on the quality of life of women suffering from multisystem diseases caused by
hormonal malfunctions.
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1. Introduction

Premenstrual disorders consist of a set of somatic and psychiatric symptoms that occur
in the luteal phase of the menstrual cycle [1]. The International Society for the Study of Pre-
menstrual Disorders (ISPMD) classifies premenstrual symptoms into 3 groups: (i) women
who have presented occasional psychiatric and somatic symptoms during the luteal phase;
(ii) women who present Premenstrual Syndrome (PMS) where the symptoms can affect
daily life; and (iii) Premenstrual Dysphoric Disorder (PMDD), where severe and disabling
symptoms occur, significantly affecting quality of life and female productivity [1-3]. It has
been reported that 80% of women of reproductive age have experienced minor symptoms
associated with PMS, 12% have been diagnosed with PMS and 4% suffer from PMDD, the
latter comes with much uncertainty because the symptoms are similar to those of bipolar
affective disorder (BAD), confusing its diagnosis [2—4]. PMS is associated with somatic
symptoms such as headaches, muscle pain, a feeling of fullness, weight gain, change in
appetite, lack of energy, insomnia or hypersomnia, breast tenderness, pelvic pain, and
abdominal distention [5]. The diagnostic criteria for PMDD, as defined by the American
Psychiatric Association (APA) in the DSM-V, include somatic symptoms described and
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psychiatric symptoms such as anger outbursts, anxiety, mental confusion, depression,
irritability, social withdrawal, difficulty concentrating, and subjective feeling of being
overwhelmed [5].

The affective symptoms related to these disorders represent a considerable and wor-
rying burden, as they can make women particularly susceptible to suicidal tendencies,
including ideation, planning, or even attempts. In this context, several studies have success-
fully associated suicide attempts in women with specific phases of their menstrual cycle and
with levels of steroid hormones such as estrogen and progesterone [6-12]. Papadopoulou
et al. [9] found that 59% of suicide attempts by women occurred during the last four days
of the luteal phase and the first four days of menstruation. On the other hand, Leenaraars
et al. [8] carried out a study to evaluate the influence of the menstrual cycle on suicide.
They performed autopsies on 56 women who had completed suicides and compared the
findings with 44 women who died from other causes. The results indicated that 25% of
the women who had committed suicide were menstruating at the time of death, compared
to 4.5% of the control group. This led to the statistical conclusion that there might be an
association between menstruation and suicide in women.

The etiology of PMDD is still an area of active research. Among the potential causes
under investigation are genetic factors and stress-related mechanisms [13]. Identified
mechanisms include involvement of the following: steroid hormones such as progesterone,
estradiol [14], and cortisol [15]; neurosteroids like allopregnanolone [16]; and neurotrans-
mitters including GABA, receptors and serotonin [17]. The progesterone metabolite
involved in PMDD is allopregnanolone (APc). This neuroactive steroid acts as a positive
allosteric modulator of the GABA 5 receptor, exhibiting anxiolytic, anesthetic, and sedative
properties. On the other hand, estradiol exerts potent effects on multiple neurotransmitter
systems, playing a crucial role in regulating mood, cognition, sleep, eating, and various
other behavioral aspects. Research has established that ovarian steroids alter the expres-
sion of the 5-HT2A receptor and the serotonin transporter (SERT). Clinically, women with
PMDD exhibit specific abnormalities in serotonin (5-HT) levels, particularly evident in the
late luteal phase when estrogen levels have decreased. These abnormalities manifest as low
mood, cravings for specific foods, and poor cognitive performance [1,6,18,19].

Although previous studies have linked PMS or PMDD with suicidal tendencies and
have identified the involved analytes, research on this condition remains limited. Of the few
studies conducted, most focus on the psychiatric aspect, often overlooking physiological
investigations in both diagnosis and treatment. This limitation can be attributed to the use of
analytical techniques such as liquid chromatography, fluorescence and gas chromatography,
as well as enzyme-linked immunoassay techniques for detecting estrogen, progesterone,
and serotonin [20-27]. Despite their excellent analytical capabilities, these methods pose
challenges, such as cost and analysis time, for conducting studies that accurately profile
the variation of these analytes in the menstrual cycle. In this field, electrochemical sensors
are in a unique position to allow the miniaturization of a clinical laboratory.

Currently, no electrochemical device capable of simultaneously determining estradiol
and serotonin with a focus on PMDD detection and control has been developed. Regard-
ing serotonin, several analytical methodologies have been reported for its detection in
human serum and urine samples using electrodes modified with various materials. Yilmaz
et al. [28] reported ultrasensitive electrochemical sensors for the simultaneous determina-
tion of dopamine and serotonin, using a SPCE modified with TiO,NP, achieving detection
limits of 2.47 nmol L1 for serotonin. In contrast, Gholivand et al. [29] developed a method
for the simultaneous determination of dopamine, serotonin, and tryptophan using a carbon
paste electrode modified with ZrO;—CuO co-doped with CeO,, reaching detection limits
of 3.49 nmol L~!. Both methodologies exhibit excellent detection limits; however, they do
not include estradiol in their determinations. Regarding estradiol determination, Honey-
church et al. [30] developed a methodology using SPCE modified with tGO-AuNPs/CNT,
reporting a detection limit of 3 nmol L~!. However, this methodology was used for water
samples. Conversely, Lingling et al. [31] reported a method applied to human serum
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samples. They modified a glassy carbon electrode with a wrinkled mesoporous carbon
nanomaterial, obtaining a detection limit of 8.3 nmol L.

In this context, with the aim of developing a portable, fast, and direct analytical method
for the simultaneous determination of serotonin and estrogen, we fabricated a sensor based
on the modification of a reduced graphene oxide screen printed electrode (rGO/SPCE) with
a Cu(Il) triazole complex substituted with nitro groups on the phenyl ring (see Figure 1).
This complex was synthesized by Nelson et al., who studied its capacity for hydrogen
peroxide and sulfite detection [32,33]. In these studies, the authors reported the excellent
electrocatalytic properties of Cu(LN92), complex, attributing them to the resonance effect
between the triazole and phenyl rings substituted with electron withdrawing groups. In
addition, the nitro group in the phenyl ring enhances the reduction capacity of the complex
due to its electron-accepting nature, thereby improving the electroactive capacity in the
oxidation of species.

O,N
g NN OH,
\N h

NN P oo
Pt

070" T N

OH; N-N

Figure 1. Chemical structure of copper(II) complexes Cu(LNO2), [32].

2. Materials and Methods
2.1. Reagents

Serotonin (CAS 50-67-9), Estrogen 17(3-estradiol (CAS 50-28-2), Ethanol (CAS 64-17-
5), dihydrogen phosphate (KH,POy) (CAS 7778-77-0), dipotassium hydrogen phosphate
(KoHPOy) (CAS 7758-11-4), dopamine (CAS 62-31-7), uric acid (CAS 69-93-2), ascorbic
acid (CAS 50-81-7), potassium chloride, potassium hexacyanoferrate (II) trihydrate, potas-
sium hexacyanoferrate (II) trihydrate, and human serum (P2918) were purchased from
Sigma-Aldrich. Synthetic human urine (BR-397) was purchased from Bio-Rad Laboratories.
Screen-printed reduced graphene oxide (refs.110-RGPHOX) was purchased from DropSens
(Madrid, Spain). Deionized water for sample preparation, dilution of reagents, and rinsing
purposes was obtained from the laboratory water system Adrona CB 1901 (resistivity:
18.2 MQ)).

2.2. Apparatus

SEM images were obtained using a Hitachi FE-SEM SU5000 (Hitachinaka, Japan)
with XFlash 6130, Bruker detector. Raman spectra were collected using a Confocal Raman
Microscope (Jasco, NRS-4500, Easton, MD, USA), equipped with an air-cooled Peltier
CCD detector, and employing a 785 nm wavelength laser. The scanned range was from
50 to 4000 cm 1, at a data interval of 1 cm ™1, collecting three accumulations of 90 s each,
and using a laser power of 0.3 mW to avoid damage to the samples. Electrochemical
measurements were carried out on a Potentiostat/Galvanostat Origaflex OGF05A with an
impedance module OGFEIS.

2.3. Fabrication of Cu(LN©?),/rGO/SPCE

The preparation of the Cu(Il) triazole complex was carried out as described by Nelson
et al. [32]. Cu(LNO92), was diluted to 1 mg mL~! in DMF reagent and sonicated for 30 min.
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This solution was homogenized by stirring, and then 2 pL. was coated over the working
electrode’s surface and dried at a temperature of 60 °C for 10 min. This procedure was
repeated successively until reaching a total volume of 10 uL of Cu(Il) triazole complex
(Img mL™1).

2.4. Electrochemical Measurements

The electrochemical cell was composed of a modified Cu(LN92), /+GO screen-printed
electrode and supporting electrolyte with a 40%/60% (v/v) mixture of ethanol and phos-
phate buffer solution. PB was prepared by mixing K;HPO, and KH,POy solutions at 0.1 M
and pH 7.0, and the pH was adjusted with 4.0 mol L~! of sodium hydroxide solution. For
analyte measurement, a mixture of 10 mmol L~! serotonin and 10 mmol L~ 17p-estradiol
stock solution was prepared in ethanol. A solution of 1 mmol L~! serotonin and 1 mmol L~?
17B-estradiol was prepared daily from this stock solution and diluted in a mixture of 40%
ethanol and 60% 0.1 mol L~! phosphate buffer solution. Linear sweep voltammetry (LSV)
was carried out over a potential range of 0.0 to 1.0 V at a scan rate of 50 mV s~!. Cyclic
voltammetry (CV) was performed from —800 to 800 mV with a sweep speed of 50 mV s~ 1.
Impedance measurements were performed with frequency from 0.1 to 400 kHz, pulse
amplitude of 10 mV, and open circuit using KCl1 0.1 mol L1 /[Fe(CN)g]3~/4~.

3. Results
3.1. Morphological Characterization of Cu(LN©?),/rGO/SPCE

Morphologically, characterization by field emission scanning electron microscopy
(FE-SEM) and elemental mapping of SPCE, rGO/SPCE, and Cu(LN®?), /rGO/SPCE were
performed, as shown in Figure 2a—c. SPCE and rGO/SPCE exhibited typical morphology
of commercial electrodes (Figure 2a,b). Elemental mapping corroborated the presence of
Cu on the surface of the modified rGO/SPCE and revealed a smooth film, indicating that
Cu(LNO?), covered the electrode surface with a homogeneous film (Figure 2c). The Raman
spectra of pure SPCE, rGO/SPCE, Cu(LN®?), /rGO/SPCE, and Cu(LN®?), pure complexes
were analyzed and depicted in Figure 3. The G and D bands, corresponding to the in-plane
stretching vibrations of the sp? carbons and the ring breathing mode from the sp? carbons
ring, respectively, were throughout the electrode preparation process. Furthermore, pure
SPCE exhibited the highest intensity of the characteristic G and D bands, indicating the
successful dispersion of the complex and rGO on the electrode by comparing the Raman
spectra. Additional evidence is obtained by examining the peak shapes, which generally
broaden as the bare electrode is prepared with rGO and subsequently with the complex.
The latest spectra show the widest peaks, as these signals include the Raman modes present
in the same region as the complex.

Figure 2. Cont.
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Figure 2. SEM and EDS element mapping images of (a) SPCE, (b) rGO/SPCE, and
(c) Cu(LNO2), /+GO/SPCE. See EDS spectra in supporting materials (Figure S1).
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Figure 3. Raman spectra of a SPCE, rtGO/SPCE, Cu(LN®?), /rGO/SPCE, and Cu(LN®?), pure complex.

3.2. Electrochemical Characterization of Cu(LN?),/rGO/SPCE

The electrochemical performance of unmodified SPCE and modified rGO/SPCE
and Cu(LN9?),/rGO/SPCE was studied using cyclic voltammetry in the presence of
5 mmol L~! [Fe(CN)¢]>~/4 in 0.1 M KCl. Electrochemical impedance spectroscopy (EIS)
was utilized to evaluate the interfacial properties of the Cu(LN®?), modified electrode.
Cyclic voltammograms are shown in Figure 4a. A well-defined redox peak appears at
SPCE and rGO/SPCE; however, when the electrode was modified with Cu(LN92),, the
reversibility of the model system [Fe(CN)g]>~/4~ decreased, shifting the signals to less pos-
itive potentials. The current intensity of the redox couple peaks increased when Cu(LN®?),
was deposited on the electrode surface, demonstrating that its conductive characteristics
facilitate electron transfer. The Nyquist diagram and equivalent circuit model used for the
three electrodes are represented in Figure 4b, where R; indicates the resistance to the elec-
trolyte, Rt is the resistance to charge transfer and W, is the Warburg resistance. The results
obtained showed that the R; for the rGO electrode was 2.24 () which is lower than that for
Cu(LNOZ)z /1GO and SPCE, with resistance values 2.75 and 2.31 (), respectively, indicating
that rGO improves the electrode wettability. However, the Cu(LN92), addition increased
the resistance of the electrolyte probably due to the polar properties of 4-nitrophenyl-1,2,3-
triazole groups in the complex structure (see Table S2 in supporting materials). On the other
hand, the charge transfer resistance (R.t) was determined, showing a lowest semicircle in
the Nyquist diagram for Cu(LN®?), /rGO/SPCE (see inset of Figure 4b). The determined
resistance values were 767.40, 836.70, and 869.40 Q) for Cu(LN©2), /rGO/SPCE, rGO/SPCE,
and SPCE, respectively, demonstrating that the addition of the Cu(LN02)2 complex on the
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rGO electrode surface improves the charge transfer attributable to the conjugated character
of Cu(LN9?), structure. This property allows greater charge transfer [32]. Finally, the
electron-withdrawing properties of the -NO; group caused a shift of the copper redox cou-
ple towards more cathodic potentials, allowing a rapid charge transfer and a higher electron
flow at a lower energy cost than electrodes. This can also be demonstrated with the War-
burg resistance (Wo), which is related to the diffusion processes at the electrode/electrolyte
interface. The values obtained for Cu(LNY2), /rGO/SPCE/ was 5.34 Q), while that for the
electrode of rGO/SPCE was 6.57 () and SPCE was 10.34 (), indicating that the complex
improves electronic transfer processes and shows less dependence on controlled processes
by diffusion and mass transport.
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Figure 4. (a) Cyclic voltammograms (b) Nyquist plot of SPCE, rGO/SPCE, and
Cu(LN2), /rGO/SPCE in 5 mmol L ! [Fe(CN)¢]3~/4~ 0.1 mol L ~! KCL.

3.3. Electrochemical Performance of Cu(LN©?),/rGO/SPCE

Initially, the electrochemical oxidation of serotonin and 17[3-estradiol were studied
by linear sweep voltammetry (LSV) on four different electrochemical platforms: (i) SPCE;
(ii) nAu/SPCE; (iii) nPEDOT/SPCE; and (iv) rGO/SPCE, all modified with 1 mg mL~"! of
Cu(LN9?), (Figure 5a,b). The analytes signals were monitored in a potential range from
0.0 to 1.0 V and at a scan rate of 50 mV /s. The results showed that when the Cu(LN°?),
complex was added to the SPCE surface, a very small signal current was observed for
17B-estradiol (0.31 pA). Similarly, for nAu/SPCE, the signal current intensity was low for
both analytes (0.38 pA for serotonin and 0.51 pA for 173-estradiol). Better results were
obtained with nPEDOT; however, the increase in the current response was significantly
higher with rGO/SPCE. This enhancement is attributed to the wrinkled surface of rGO,
which increases the effective electrode area [34].

The electrochemical processes of serotonin and 17(3-estradiol were investigated si-
multaneously by cyclic voltammetry (CV) using the Cu(LN9?), /rGO/SPCE in a potential
range from 0.0 to 1.2 V and at a scan rate of 50 mV/s. As shown in Figure 6, two peaks
were observed with modified Cu(LN92), /rGO/SPCE, indicating the simultaneous oxi-
dation of serotonin and 173-estradiol (Figure 6, red line). In contrast, the unmodified
rGO/SPCE shows a peak corresponding to the serotonin and a very weak oxidation peak
for 17B-estradiol (see inset of Figure 6). The signal enhancement observed when using
Cu(LNO2), /rGO/SPCE can be ascribed to the synergistic effect between Cu(LN92), and
rGO which improves the electrocatalytic ability for the oxidation of 173-estradiol. On the
other hand, no reduction peak was observed for any of the analytes, indicating that the
electrochemical process of serotonin and 17(3-estradiol are irreversible. The oxidation peak
of serotonin and 17(3-estradiol was +0.20 and +0.42 V (vs. Ag/AgCl), respectively.
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Figure 5. Electrochemical response of 25 umol L~! (a) serotonin and (b) 17B-estradiol obtained
with different electrochemical platforms modified with 1 mg mL~! of Cu(LN®?),. Conditions:
40/60 EtOH/PB 0.1 mol L1, pH 7.0, Cu(LN®?), 1 mg/mL scan rate of 50 mV /s.
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Figure 6. Electrochemical response simultaneous oxidation of 25 pmol L ~1 serotonin and 17p-
estradiol. Conditions: 40/60 EtOH/PB 0.1 mol L ~!, pH 7.0, Cu(LN®?), 1 mg/mL scan rate of
50 mV/s.

For a better understanding of the mechanism behind the electrochemical behavior
of serotonin and 173-estradiol on the Cu(LN9?), /rGO/SPCE and the possible role of at-
mospheric oxygen in the oxidation process, we carried out electrochemical measurement
without oxygen, by continuous bubbling of N, into the solution, observing that the ox-
idation peaks of serotonin and 173-estradiol remained unchanged at +0.20 and +0.42 V
(vs. Ag/AgCl), respectively, which was indicative that the process electrochemical oxi-
dation is independent of the presence of oxygen (see Figure S2 in supporting materials).
The proposed mechanism for simultaneous serotonin and 173-estradiol oxidation on the
surface of Cu(LN9?), /rGO/SPCE is presented in Figure 7. According to the experimental
results, the oxidation of serotonin is generated by a process via two electrons, similar
to processes described for serotonin and dopamine [35-38], while the oxidation of 17§3-
estradiol corresponds to a process via one electron, similar to process previously described
for 173-estradiol [39-41], estriol [42], and bisphenol A [43].
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Figure 7. Proposed mechanism of serotonin and 17-(3-estradiol oxidation at Cu(LNO2), /+GO/SPCE.

3.4. Optimization of Parameters for LSV Serotonin and 17 B-Estradiol Simultaneous Detection

The effects of the concentration of Cu(LNO?), and pH of HPO,?~ /PO,3 solution on the
oxidation current response of a mixture of serotonin and 17(3-estradiol were investigated
using linear sweep voltammetry (LSV). As shown in Figure 8a, the serotonin oxidation
peak current increased between pH 5.0 and pH 7.0, followed by a decrease at pH 8.0 and
pH 10.0 which is attributable to the possible decomposition of the Cu(LN®?), complex as
suggested by Nelson et al. [32]. Moreover, 173-estradiol maximal current response was
observed at pH 6.0. On the other hand, for both analytes, a progressive shift of the Ep to
less positive potentials were observed, indicating a pH-dependent behavior. The slope of
the linear relationship between the E,, and pH for serotonin and 173-estradiol were —51
and —54 mV, respectively, close to the theoretical value of —59 mV. This confirms that an
equal number of protons and electrons are involved in the electro-oxidation process of
serotonin and 173-estradiol, as reported by Yu et. al. [34] and Brett et al. [44] (see Figure S3
in Supporting Materials). The concentration of Cu(LN©?), deposited over the electrode
surface was evaluated in a range of 0.4 to 1.2 mg m L~! (Figure 8b). The maximal current
response for both analytes was obtained at complex concentration of 1.0 mg mL~!. Adding
higher concentrations of the complex led to a decrease in the signal current, which can
be ascribed to the fact that at greater concentrations, 4-nitrophenyltriazole groups in the
complex structure overlap each other, hindering electron transfer. Consequently, taking
into account the equilibrium of the current response for serotonin and 173-estradiol, the op-
timum conditions selected for future studies were as follows: pH 7.0 for the HPO,2~ /PO,
solution and a Cu(LN©2), concentration of 1.0 mg mL~1.

3.5. Analytical Performance of Cu(LN®?),/rGO/SPCE

Linear sweep voltammetry (LSV) was used for the simultaneous detection of sero-
tonin and 173-estradiol under the optimum conditions previously described. Figure 9a
shows the oxidation curves at Cu(LN9?), /rGO/SPCE and Figure 9b the linear relationships
between the current response and concentrations for both analytes. The oxidation peak
current for serotonin and 173-estradiol increases linearly with the concentration in a range of
2.0-42 umol L~ (R? = 0.9981 for serotonin and R? = 0.9978 for 173-estradiol). For serotonin,
the sensitivity was 0.064 £ 0.001 pA/pmol L1 and intercept was 0.069 £ 0.02 A /pmol L1
For 17-B-estradiol, the sensitivity was 0.055 + 0.002 pA/pumol L' and the intercept was
—0.087 + 0.005 wA /pumol L™, The LOD was calculated (S/N = 3) as described by Shri-
vastava et al. [45] for six measurements of blank. The values determined were 42 and
53 nmol L~! for serotonin and 173-estradiol, respectively.
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Figure 8. Optimization of experimental conditions of (a) pH and (b) Cu(LNO2), concentration for
LSV electrochemical response of Cu(LN92), /rGO/SPCE for simultaneous analysis of 25 pmol Lt
serotonin and 17[3-estradiol.
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Figure 9. (a) Calibration curves and (b) LSV responses of Cu(LNO2), /rGO/SPCE for the simultaneous
analysis of 25 umol L1 serotonin and 17B-estradiol. Conditions: 40/60 EtOH/PB 0.1 mol L1, pH7.0,
Cu(LNO2), 1 mg/mL and scan rate of 50 mV/s.

The methodology developed based on the preparation of Cu(LN®?), /rGO/SPCE was
compared with other electrochemical sensors previously reported since 2020 (Table 1).
The LDs for the analytes, serotonin, and estradiol were considerably low. The use of
the bidentate triazole complex combined with the characteristics of rGO increased the
electrocatalytic capacity and allowed a speciation of these analytes through the difference
in their oxidation potential.
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Table 1. Comparison of the Cu(LNO2), /rGO/SPCE with other electrochemical sensor-modified
electrodes for detecting serotonin and 173-estradiol.

Lineal Range

-1

Analyte Electrode umol L1 LOD nmol L Sample Ref.
FeC-AuNPs-MWCNT/SPCE 0.05-20 17 urine [46]
DGNW/SPGE 1-500 280 urine [47]
TiO2NP/ AuNP/PNBDES/SPCE 0.3-20 247 h“n;:?ulr’rllo"d [28]
CDP-Choline/MCPE 10-30 3960 No reported [48]

. human
Serotonin ZrO,-CuO-CeO, /Gr/CPE 7.9-205 3.49 urine/plasma [29]

samples
ITO/CuO-CuyO 2-100 120 human blood [49]

serum

p-AZ/MWCNT-GR/CFMEA 0.1-20 14.2 human serum [50]

human

NO2 ;
Cu(L™~4), /rGO/SPCE 2-42 42 serum /Urine This Work
pharmaceutical /lake
«-Fer, O3-CNT/GCE 0.005-0.1 44 water/synthetic [51]
urine

rGO-AuNPs/CNT/SPE 0.05-1.00 3 drinking water [30]
NiFe,04-MC/GCE 0.02-0.566 6.88 estradiol in tablet [52]
wMC/GCE 0.05-10.0 8.3 Milk/real water [31]

. human
17p-estradiol CDs-PANI/GCE 0.001-100 3 serum /different [35]

types of water
CeO, NPs/CPE 0.01-0.1 1.3/43 underground and (53]
lake water

MIP-MWCNT/GCE 0.05-5.00 10 natural water [54]

samples

human

NO2 :
Cu(L™%9), /rGO/SPCE 2-42 53 serum /Urine This work

3.6. Repeatability, Stability, and Selectivity of the Cu(LN®?),/rGO/SPCE

The repeatability of the analytical method was determined from the responses at 15
consecutive measurements in the presence of 25 umol L~! of a mixed solution of sero-
tonin and 173-estradiol. The relative standard deviations obtained were 10.6 and 9.1%,
respectively. For stability studies, the electrode was stored at 4 °C for 15 days and the mea-
surements were made every day. Figure 10a,b shows that the fabricated sensor exhibited a
relative standard deviation (RSD) for serotonin of 6.1% after 10 days and 15% after 15 days.
The RSD for 17§ estradiol is 14.6% after 10 days and 15% after 15 days, suggesting satisfac-
tory storage stability. The effect of some electroactive substances with similar oxidation
potential of serotonin and 173-estradiol was investigated utilizing LVS in the potentials
range of 0.0 to 1.2 V and at a scan rate of 50 mV /s in 40/60 EtOH/PB 0.1 mol L1 pH7.0.
Initially, 20 pmol L~! of uric acid and ascorbic acid were studied, though no current signal
was detected (see Figure 54 in supporting materials). Dopamine, which has a catechol
group, was investigated at three concentration levels: 5, 10, and 20 pmol L~!. No current
signal was detected at 5 and 10 pmol L~!; however, at 20 umol L~1, a current signal was
detected at 0.41 V (see Figure S5 in supporting materials). The effect of 20 pmol L~! of
dopamine on the oxidation peak of 20 umol L~! of serotonin and 17B-estradiol was investi-
gated. The percentage values of current change in the presence of dopamine were 16.9%
for serotonin and 6.1% for 17(3-estradiol and the current signal peaks were shifted to more
positive potentials, 0.31 V for serotonin and 0.52 V for 173-estradiol (see Figure 10c). The
similar oxidation potential of dopamine can be explained because the bidentate nature of
catechols, such as dopamine, favors interactions with Cu(Il) complexes, facilitating the
oxidation of dopamine instead of serotonin and 173-estradiol [55-57].
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Figure 10. Current measurements of 25 umol L~! (a) serotonin, (b) 17B-estradiol and (c) 20 pmol L1
of a mixture of serotonin and 173-estradiol in presence of 20 umol L1 of dopamine. Conditions:
40/60 EtOH/PB 0.1 mol L1, pH 7.0, Cu(LN®?), 1 mg/mL and scan rate of 50 mV/s.

3.7. Evaluation of the Performance of Cu(LN©?),/rGO/SPCE for Detection Serotonin and
17B-Estradiol

In order to assess its applicability, the fabricated Cu(LN®?),/rGO/SPCE and the
analytical method were evaluated for measuring the quantity of serotonin and 173-estradiol
in serum and synthetic human urine using the standard addition method. The pH of human
serum was measured at 7.3 and that of synthetic human urine at 6.0. Due to the complexity
of the matrices, the current of the oxidation signals exhibited a negative shift in both
matrices, as illustrated in Figure 11a,b. According to the calibration curve obtained, the
recovery concentration values of the spiked samples are shown in Table 2. These values
ranged between 85 and 96%, with a RSD% of <7.0%, indicating that the electrode fulfills its
intended purpose under the optimal parameters.

Table 2. Determination of serotonin and 17(3-estradiol in synthetic serum and human urine samples
using Cu(LN®?), /rGO/.

Added, Found o o
Sample Analyte mmol L-1 mmol L1 Recovery, %  RSD, %
Human Serotonin 0.15 0.134 89.3 2.8
Serum * 17B-estradiol 0.15 0.121 85.1 6.9
Human Serotonin 0.15 0.145 96.7 1.9
Urine * 17B-estradiol 0.15 0.144 96.0 4.3

* Serotonin levels in human serum 0.28 and 1.14 umol L~1; 17B-estradiol levels in human serum 0.11 to

1.5 nmol L1 [58,59]. * Serotonin levels in human urine > 2.5 umol L~ [46].
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Figure 11. Electrochemical response of human serum (a) and synthetic human urine (b) spiked with
different concentrations of a mixture of serotonin and 17p-estradiol. Conditions: 40/60 EtOH/PB
0.1mol L1, pH?7.0, Cu(LNO2), 1 mg/mL, and scan rate of 50 mV/s.

4. Conclusions

As has been described, the rapid and direct effect of 173-estradiol on brain membranes
is capable of modifying the availability of the serotonin receptor, which underscores its
importance in the regulation of emotional disorders in women. However, to date, no
research has been reported where methodologies are developed that allow the simultaneous
determination of these analytes in diseases with a gender focus. In this work, it was possible
to achieve significantly low detection limits for Cu(LN©2), /rGO/SPCE, considering levels
reported in previous works (Table 1). It was also possible to simultaneously determine
serotonin and 17(3-estradiol in enriched samples of human serum and urine with good
accuracy and validity. Therefore, it can be concluded that the proposed method has
a high potential for monitoring these analytes in samples of human biological fluids.
Nevertheless, further research is required to achieve the quantification of 173-estradiol with
the required accuracy. On the other hand, it is important to highlight that the development
of these devices could bridge the gap between sophisticated analytical techniques and user
demands for convenience, ease of operation, versatility, and prompt results, and contribute
to improving the diagnosis and treatment of multisystemic diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /chemosensors12080164 /51, Figure S1. EDS spectra of Cu(LN©?), /
rGO/SPCE. Table S1. Equivalent circuit element values obtained by full nonlinear least squares fit of
the EIS spectra. Figure S2. LSV electrochemical response of Cu(LNO2), /vGO/SPCE for simultaneous
analysis. Figure S3. Effect of pH on the oxidation peak potential of 25 umol L1 of serotonin and
17B-estradiol. Figure S4. LVS of 20 umol L~! of ascorbic and uric acid. Figure S5. LVS different
concentrations of dopamine.
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