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This work aims to develop a modified

N-doped electrode with N-doped carbon dots (CPE/

ﬂ carbondots  N_CD) for the voltammetric detection of
—> 17a-ethinylestradiol (EE2) in solution.

Citric acid %- Q u u
5 Hydrothermal N-doped carbon dot nanoparticles (N-CD)

W:t?\, Urea - treatment were synthesized using citric acid and urea
as the nitrogen source. The N-doped

carbon dots were characterized by
absorption and emission spectroscopy in
the ultraviolet and visible regions, electronic
absorption spectroscopy in the infrared
region, and Raman spectroscopy, which

= |nitial Conditions
— Optimized Conditions
— Blank

- S showed evidence of the formation of the
8 material. Electrochemical analyses were
20 17a-ethinylestradiol conducted utilizing differential pulse

voltammetry (DPV). After optimization of
S electrochemical parameters, a calibration

plot was produced for the sensor,
demonstrating a linear range of 0.01 to 0.80 umol L' (R? = 0.9969). Additionally, the sensor exhibited a
detection limit (LOD) of 0.59 nmol L' and a quantification limit (LOQ) of 2.00 nmol L. The studies on
reproducibility and repeatability revealed RSDs of 1.63% and 3.61% respectively. The results obtained
using CPE/N-CD indicate that the developed electrode exhibits excellent analytical performance, making
it suitable for identifying and quantifying EE2 in solution.
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INTRODUCTION

The increase in the global consumption of synthetic products has contributed to water pollution, with
several effects on human health and aquatic life. Among these compounds are micropollutants, which are
contaminants at very low concentrations (ng-ug L) that generate environmental problems.’

Micropollutants comprise a wide range of materials and compounds, including pesticides,
pharmaceuticals, surfactants, and cosmetics. Within the realm of water quality, a notable presence of
emerging contaminants, encompassing personal care products, medicinal substances, and endocrine-
disrupting compounds (EDCs). These specific pollutants demonstrate a recurrent detection pattern in
water samples. The United States Environmental Protection Agency (USEPA) defines EDCs as exogenous
agents that interfere with the synthesis, secretion, transport, binding, action, or elimination of natural
hormones from the body, which are responsible for maintaining homeostasis, reproduction, development,
and/or behavior. These compounds are mainly represented by hormones, such as 17a-ethinylestradiol.?*

17a-ethinylestradiol (EE2) is a synthetic hormone derived from the natural hormone estradiol, which is
used in hormone replacement therapies, discontinuation of breastfeeding, and oral contraceptives. It is a
pharmacologically active compound that can be introduced into aquatic bodies via excretion from humans
and animals. Therefore, these compounds are released into rivers, affecting some of the living organisms
that inhabit them, since the sewage treatment carried out at most stations is ineffective, mainly related to
the regulation and scant inspection of environmental agencies.®>®

EEZ2 is highly persistent in the environment, with a half-life of 10 to 81 days, in addition to bioaccumulation
and bioconcentration. In fish, exposure to this substance is frequently related to decreased fertility,
changes in anatomy, induction of vitellogenin production, and feminization of male species.® The detection
of 17a-ethinylestradiol can be carried out by an electrochemical route,' along with the application of
nanomaterials that can improve electroanalytical strategies. Among nanomaterials, carbon dots (CD)
are fluorescent carbonaceous nanoparticles that exhibit excellent properties such as good electrical
conductivity and stability, low cost, and toxicity, since in vitro tests were performed on mice and they
weren’t affected negatively.3

Nanomaterials are commonly employed as electrode modifiers to improve the electrochemical signals.™
Carbon dots exhibit better electrical properties than conductive polymers and are cheaper than noble
transition metals." In this context, Fu. et.al. developed a glassy carbon electrode modified with carbon dots
doped with nitrogen for the detection of nitrogen peroxide and paracetamol, obtaining limits of detection of
157.0 nmol L-"and 41.0 nmol L™, respectively.'® Pudza et. al. developed a screen-printed carbon-modified
electrode using fluorescent carbon dots derived from tapioca and gold nanoparticles (AuNPs) for sensing
copper (Cu?*), lead (Pb?*), and cadmium (Cd?*), resulting in detection limits of 0.0028, 0.0042, and 0.014
ppm, respectively.”

Because of environmental problems involving synthetic hormones, especially EE2, their identification,
and monitoring are necessary. The present work proposes the development of a modified electrode with
carbon dots for the determination of 17a-ethinylestradiol.

MATERIALS AND METHODS
Chemicals

CH,N,0 (99,0%) was acquired from Vetec. NaOH (99.0%) was acquired from IMPEX. H,BO, (99.9%) was
acquired from Reagen. H,PO, (85.0%) and NaH,PO, (PA) were acquired from Synth. 17a-ethinylestradiol
(98.0%, C,H,,0,) and graphite powder (99.9%, C) were acquired from Sigma-Aldrich. KBr (99.5%) was
acquired from Merck. Citric acid (99.7%, C¢HsO7), ethanol (99.8%, C,H,OH), and Na,HPO, (PA) were
purchased from NEON. K Fe(CN), (99.5%) was acquired from J.T. Barker. K,Fe(CN)..3H,O trihydrate
(99.0%) was acquired from Carlos Erba. Paraffin was acquired from GM Waxes. Hexane (99%, CH,,)
was acquired from Dinamica. The solutions were prepared utilizing ultrapure water obtained from a
Milli-Q system (Merck Millipore). Phosphate (0.20 mol L") and Britton-Robinson (B-R) (0.50 mol L") buffer
solutions were utilized, and the pH was adjusted using a solution of NaOH or HCI with a concentration of
3.00 mol L'. The EEZ2 stock solution (10.00 mmol L") was prepared by dissolving the standard in ethanol,

and less concentrated solutions were prepared by dilution.
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Synthesis of N-doped carbon dots

N-doped carbon dot (N-CD) nanoparticles were synthesized using citric acid and urea as carbon and
nitrogen sources, respectively, following the procedure proposed by Zhu et al.®; citric acid (1.0 g, 5 mmol)
and urea (2.0 g, 33 mmol) were dissolved in 30.00 mL of ultrapure water, stirred for 30 min, and transferred
into an 85 mL autoclave that was kept in hydrothermal treatment in an oven at 180 °C for 8 h. The
system was then cooled to room temperature, and a dark green solution was obtained and stored under
refrigeration at 4 °C."®

Sample characterizations

Ultraviolet-visible absorption spectra were obtained using a Varian Cary 100 Scan UV-Visible
Spectrophotometer (UV-Vis), quartz cuvettes with a 1.0 cm optical path were used, and the ultrapure
water was used as the reference solvent. Fourier transform infrared spectroscopy (FTIR) analyses were
carried out utilizing a Shimadzu IRPrestige-21 model spectrometer, with a KBr pellet. Raman spectroscopy
measurements were conducted using a confocal Raman microscope: Senterra I, manufactured by Bruker
Optik GmbH, equipped with a 785 nm diode laser and a beam intensity of 100 mW. Emission spectroscopy
analysis was performed using a JascoFP-8000 instrument in the 200—800 nm region. A quartz cuvette with
a 1.00 cm optical path was used, where the N-CD suspension diluted in ultrapure water was deposited.

Electrochemical procedure

The analyses were performed using an AutoLab potentiostat/galvanostat model Autolab 100N, and
the data obtained were processed using NOVA 2.1.5 software. A 15 mL electrochemical cell composed
of three electrodes was used: the unmodified (CPE) or modified with N-doped carbon dots (CPE/N-CD)
carbon paste electrode as the working electrode, platinum wire as the counter electrode, and Ag/AgCl/
(3.00 mol L' KCI) as the reference electrode. The experiments were conducted in triplicate under ambient
temperature and pressure.

The unmodified electrode (CPE) was obtained using a mixture of powdered graphite and paraffin in a
ratio of 3:2 (w:w). The modified electrode (CPE/N-CD) was obtained maintaining the proportion of paraffin
at 40.0%, while the amount of graphite powder was adjusted to the percentage of and N-doped carbon dot
desired (2.5%, 5.0%, 7.5%, 15%, and 30%). The electrode constituents were weighed in a microtube, and
the total mass of the paste was 200 mg. Next, 400 uL of hexane was added, and the microtube was placed
in an ultrasound bath at 60 °C for 15 min to melt the paraffin. The system was then opened for 3 min and
vortexed for 1 min. The walls of the microtubes were then washed with hexane (200 uL). After complete
solvent evaporation in an ultrasonic bath, the paste was transferred into a Petri dish and subjected to
thermal treatment at 60 °C for 12 hours in an oven.

A consistent paste was prepared and placed inside a polypropylene tube with an inner diameter of 4.8
mm. Electrical contact was achieved by inserting a copper wire with a diameter of 3.0 mm. After each
analysis, the electrode surface was manually polished against filter paper to renew it.

RESULTS AND DISCUSSION
Characterization of the N-doped carbon dots

The FTIR spectra (Figure 1a) show an intense O-H stretching band at 3645 cm™ for the citric acid
sample. In the urea sample, an N-H stretching band can be identified at 3363 cm™', and in the same region
in the N-CD sample, the N-H and O-H stretching bands appear superposed, suggesting the existence
of two bonds in the N-CDs, which can be attributed to the precursors and water uptake by the N-CDs. It
was observed that in the region at approximately 1719 cm™', the C=0 stretching bands appeared in the
precursors, and the sample of N-CD and the C-N stretching band at 1391 cm, which suggests that the
nitrogen-derived urea was well incorporated into the structure of N-CD. 2!

The Raman spectrum of N-CD (Figure 1b) shows that the D band at 1254 cm™ can be attributed to
the presence of sp? and sp® hybridized carbon-carbon bonds, indicating structural disorder or defects
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in the N-CD. The G band at 1593 cm indicates the presence of graphitic carbon, that is, conjugated
C=C bonds. The absorption spectra obtained in the range of 400-800 nm are shown in Figure 1c. The
presence of absorption bands at 230 nm is attributed to -11* transitions, and that at 330 nm is attributed
to n-1r* transitions arising from the C=0 bond of N-CD. The n-1r* transitions are of great importance in
N-CDs because they are related to doping and functionalization of the material surface. The - band
can be assigned to the charge transfer of a C=C conjugated bond.??2* The emission spectrum (Figure 1d)
shows that the N-CD sample excited at different wavelengths in the range of 320 and 380 nm, presents its
maximum peak at 437 nm under an excitation wavelength of 350 nm. This result indicates that the N-CD
did not display any emission pattern that varied with the level of excitation, which can be attributed to the
composition of the nanomaterial.?*
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Figure 1. a) FTIR spectra of urea, citric acid, and N-CD. b) Raman spectrum of
N-CD. c) Absorption spectra of N-CD. d) Emission spectra of N-CD.

Electrochemical performance of CPE/N-CD

The analyses initially aimed to evaluate the electrochemical behavior of EE2 using CPE and CPE/N-CD
containing 11:1:8 (w:w:w) proportion of the graphite powder, mineral oil and N-CD modifier as the working
electrode. Anodic differential pulse voltammograms were measured using EE2 10.0 ymol L of in the
presence of the supporting electrolyte (blank).

The results (Figure 2a) show that the anodic peak of EE2 can be seen between +0.35 and +0.55 V (vs.
Ag/AgCl) for both electrodes. The current intensity of CPE/N-CD was approximately 36.5% higher than that
of CPE. This can be attributed the enhancement of the interaction with the analyte by the surface groups
contained in the N-CD, which corroborated with the greater detectability presented by the electrode.

Influence of parameters optimization

The influence of the supporting electrolyte was studied using, phosphate and B-R buffers (pH = 7.00),
and the obtained data are shown in Figure 2b. It can be observed that there is no significant difference
between the oxidation signals obtained in the two electrolytes, with an increase in the current intensity
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in the B-R buffer of only 13.2% for the phosphate buffer. Thus, the electrolyte chosen was B-R buffer
because of its high buffering capacity over a wide pH range (2.0 — 12.0).

a 4.0 b 4.0

Blank = Blank
CPE B-R
w— CPE/N-CD
3.04 304 = Phosphate
< <
= 204 =20
1.0 4 1.0
0.0+ 0.0 T T T T
02 03 04 05 06 07 038 02 03 04 05 06 07 08
E/V (vs. Ag/AgCI/KCI) E/V (vs. Ag/AgCI/KCI)

Figure 2. (a) Comparison between CPE and CPE/N-CD electrodes. (b) Anodic
differential pulse voltammograms using CPE and CPE/N-CD 5% in Britton-Robinson
and phosphate (pH 7.0) buffers, scan rate (v) = 20 mV s, pulse amplitude (PA) =
100 mV, pulse time (t) = 10 ms, accumulation time (AT) = 60 s for detection of (EE2
10.0 pmol L7).

The pH of the electrolyte solution is one of the most influential parameters in the study of the
electrochemical behavior of species, particularly the oxidation/reduction potentials. The study of this
influence was carried out with the previously chosen B-R buffer, in the pH range of 2.0 — 10.0. From the
results in Figure 3a, it can be observed that as the pH increased, the oxidation potential of EE2 shifted
to less positive values. This is most evident in Figure 3b, which shows the linear relationship of the peak
anodic current with the pH and potential. The slope of the linear equation (R? = 0.9974) was 59.7 mV ApH-'
which is close to the Nernst coefficient (59.2 ApH-") suggesting that the number of electrons involved in the
oxidation process is equal to the number of protons (Figure 3c.).2*2° The pH chosen for further study was
8.0. Although the peak width was slightly larger than that at pH 7.0 and 9.0, it has a potential less positive,
closest to the physiological pH which favors EE2 oxidation with less energy spent in the process.
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Figure 3. a) Anodic differential pulse voltammograms using CPE/N-CD 5% in B-R
buffer pH (2.0 — 10.0, v=20 mV s, PA= 100 mV, t = 10 ms, AT = 60 s) for detection
of EE2 10.0 ymol L. b) Variations in the potential and current intensity as a function
of pH. c) Suggested oxidation mechanism of EE2.%5

The study of accumulation time was carried out between 0 and 600 s. The graph in Figure 4a shows
that the accumulation technique does not offer advantages in terms of current intensity. It is evident that as
the contact time of CPE/N-CD with the analyte in the electrolytic medium increased, lower signal intensity
values were obtained. This indicates that there is a possible saturation of the electrode surface at times
longer than 30 s. Therefore, we decided to proceed with the optimization without using an accumulation
technique. The results offer the advantage of shorter and more dynamic analysis times.
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Figure 4. a) Variation in anodic peak current intensity with accumulation time.
b) Anodic differential pulse voltammograms using different proportions of N-CD
modifier (2.5, 5.0, 7.5, 10.0, 15.0, and 30.0%) in Britton- Robinson buffer (pH 8.0),
v=20mV s, PA=100 mV, and t = 10 ms for detection of EE2 10.0 ymol L.
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The influence of the proportion of the N-CD modifier on the anodic peak intensity of EE2 was studied
to analyze the interaction of the modifier with the analyte. The voltammograms in Figure 4b demonstrate
that an increase in the proportion of the modifier in the electrode composition by up to 10% made it
possible to increase the anodic peak current intensity related to EE2. At 7.5, 15, and 30% of the modifier,
the appearance of an anodic peak adjacent to the EE2 peak is visible. This may have been caused by the
leaching of the modifier into the solution because, during the analysis, the supporting electrolyte turned
from colorless to green, resulting in an N-CD oxidation process at that potential.?” In addition to the lower
intensities, large amounts of modifiers did not produce good analytical results for EE2. Therefore, the
proportion chosen for follow-up experiments was 10%.

The scan rate plays a key role in the voltammetric analysis as it controls the speed at which the applied
potential is scanned. Therefore, high scan rates tend to decrease the size of the diffuse layer and cause
an increase in peak intensity.?® In this study, voltammetric analyses were performed at different scan rates
in the range of 5.0 to 30 mV s™' to analyze their effect on the analytical signal of EE2. The voltammograms
contained in Figure 5a shows an increase in the scan rate, providing an increase in the anodic peak
intensities and width at half height (W, ,). However, the scan rate of 30 mV s, despite having an intense
peak compared to the others, presented a significant W, , of the peak, making its choice unfeasible owing
to the low selectivity. A scan rate of 20 mV s was chosen to follow the other optimizations because it had
a smaller W, , and still had a high anodic peak intensity.
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Figure 5. a) Anodic differential pulse voltammograms using CPE/N-CD 10% in
Britton-Robinson buffer (pH 8.0, v = 5.0, 10.0, 15.0, 20.0, 30.0 mV s, PA= 100 mV,
and t = 10 ms) for detection of EE2 10 umol L. b) Current intensity variation and W, ,
as a function of scan rate.

Different pulse amplitudes in the range of 5-125 mV were evaluated to study the relationship of this
variation with electrode selectivity and EE2 oxidation intensity. Considering the voltammograms in Figure
6a, an increase in the intensity of the anodic peak was noticeable as the pulse amplitude increased. For
values above 100 mV, there was a decrease in W, , (Figure 6b) and intensity with the highest amplitude
value and the potential shift to lower values, favoring the detection of the analyte under better conditions.
Therefore, an amplitude of 100 mV was chosen for further experiments.

Pulse time optimization occurred at intervals of 2.5 and 50 ms. The data in Figure 6¢ show an increase in
the anodic peak current with a decrease in the pulse time. In Figure 64, it is noticeable that W, , decreases
with increasing time, but this is not a significant difference. The time of 2.5 ms presented higher current

intensity. Therefore, this was chosen for further experiments.
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Figure 6. a) Anodic differential pulse voltammograms using CPE/N-CD 10% in
Britton-Robinson buffer pH 8.0, v =20 mV s, PA= 5, 10, 25, 50, 75, 100, 125 mV,
t = 10 ms for detection of 10.00 umol L' of EE2; b) Variation of current intensity and
W,,, as a function of pulse amplitude; c) Anodic differential pulse voltammograms
using CPE/N-CD 10% in Britton- Robinson buffer pH 8.0, v = 20.0 mV s, PA =
100.0 mV, t = 2.5; 5.0; 7.5; 10.0; 25.0; 50.0 ms for detection of 10.00 ymol L of
EEZ2; d) Variation of current intensity and W, , as a function of pulse time.

The difference between the current intensities with CPE/N-CD under initial and optimal conditions
represented a gain in the analytical signal of 145.4%, which reinforces the importance of conducting
previous studies on technical and instrumental variables. Outlined below (Table I) is a condensed overview
of the parameters studied and optimized to obtain the analytical curve.

Table I. Optimized conditions obtained for the developed methodology

Parameters Optimal conditions

Support Electrolyte B-R buffer
Measurement medium

pH 8.0

Accumulation time None
Analytical Methodology

Modifier 10.0% (w/w)

Pulse time 2.5ms
Technique parameters Pulse amplitude 100 mV

Scan rate 20.0mV s

54



Development of a Modified Electrode with N-doped Carbon Dots for
Electrochemical Determination of 17a-ethinylestradiol

Analytical curve

Analytical curves were obtained in the presence of different concentrations of EE2. The linear behavior
was observed between 0.01 and 0.80 umol L. The limits of detection (LOD= 3(Sd/b)) and quantification
(LOQ= 10 (Sd/b)) were calculated, and the standard deviation (Sd) of the blank measurements (n= 3),
as well as the slope of the linear equation (b), were estimated. The voltammograms in Figure 8a shows
that the increase in the intensity of the oxidation peaks was proportional to the concentration of the EE2
solution. In Figure 8b, it is possible to observe the linear behavior with R = 0.9969, resulting in the following
equation: I, = 6.38.10% + 0,75 X C__, The LOD was 0.59 nmol L' and the LOQ was 1.99 nmol L.
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Figure 7. a) Differential pulse voltammograms for the CPE/N-CD 10% electrode in
the concentration range of 0.01 - 0.80 pmol L' Britton-Robinson buffer (pH 8.0, PA =
100 mV, t = 2.5 ms, v = 20.0 mV s™). b) Calibration curve from the EE2 anodic peak
currents.

All figures of merit are shown in Table Il with a comparison between the electrode from this study
and other sensors reported in the literature for the determination of EE2. The analytical curve showed
favorable results for the detection of EE2 using CPE/N-CD. Through a comparison with other sensors in
the literature, it is possible to visualize that the electrode obtained in this work has similar sensitivities,
considering the detection limit and concentration range of the analytical curve. It is important to emphasize
that the composition of CPE/N-CD is simple, and its modifier is easy to obtain. Also, the LD value of the
method is low compared to the studies presented in the literature, which reinforces the ability to contribute
to studies of electroanalytical methods for the detection of EE2.

Table Il. Comparison between the results obtained with CPE/N-CD and those reported in the literature

Electrodes LDR / ymol L LOD / nmol L Ref.
Au/Fes0.@TA/MWNT/GCE 0.01-120.00 3.30 29
(mag@MIP)-GQDs-FG-F/SPE 0.01-2,50 2.60 30
PVP/Chi/rGO_Laccase 0.00025 - 0.02 0.00015 31

CPE/CPB 0.05-20.00 30.00 32
ErGOAs15% 0.04 - 8.28 6.79 33
CPE/N-CD 0.01-10.08 0.59 a

LDR: Linear Dynamic Range; LOD: Limit of detection; Au/FesO.@TA/MWNT/GCE: multiwall carbon nanotubes and magnetic
nanoparticles functionalized with tannic acid and Au nanoparticles; (mag@MIP)-GQDs-FG-NF/SPE: Electrode modified with
functionalized graphene, graphene quantum dots and magnetic nanoparticles coated with molecularly imprinted polymers; CPE/CPB:
Carbon Black Modified Electrode; ErGOAs15%: modified carbon paste electrode with reduced graphene oxide; a: Present work.
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Reproducibility assessments were conducted by obtaining six electrodes on different days under
conditions. Anodic differential pulse measurements were taken for each electrode in the presence of EE2
10 umol L, revealing a relative standard deviation (RSD) of 1.61%. Repeatability tests were conducted
using CPE/N-CD with a concentration of 10 umol L' EE2 under optimized conditions. The tests involved
performing six measurements, and the anodic peak current exhibited a relative standard deviation of
3.61%. To ensure consistency, the electrode surface was renewed after each measurement. These
outcomes demonstrate the reliable and consistent performance of the developed sensor, affirming the
method’s robustness.

CONCLUSIONS

The CPE/N-CD electrode demonstrated a higher detection sensitivity of EE2 concerning CPE, and
optimization of the parameters showed a greater analytical response to the analyte. The analytical curve
provided information regarding the linearity of the electrochemical signal in the concentration range of 0.01
— 0.80 umol L', and low detection and quantification limits as well as good relative standard deviations
were observed. Thus, the electrode modified with N-CD had good electrochemical characteristics for the
determination of the analyte in aqueous solutions.
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