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ARTICLE INFO ABSTRACT

Keywords: This work presents the development of a sensor based on reduced graphene oxide (rGO) modified with silver
Estriol nanoparticles (AgNPs) for the oxidation of estriol hormone. The morphology and electrochemical behavior of the
Oxidation mechanisms rGO-AgNPs composite was characterized by scanning electron microscopy and cyclic voltammetry, demon-
Graphene, silver nanoparticles strating that the AgNPs were incorporated into rGO. The transfer of an electron from the estriol molecule for the
Fukui indexes working electrode at + 0.45V, and the consequent loss of an H* ion for the buffer solution was confirmed
combining electrochemical experiments and molecular modelling techniques. The glassy carbon (GC) electrode
modified with the rGO/AgNPs composite was optimized for the determination of estriol using differential pulse
voltammetry (DPV), achieving detection limit of 21.0 nmol L™ ! for estriol hormone. Reproducibility and re-
peatability values of 1.5% and 1.3%, respectively, were obtained compared to the conventional procedure. The
proposed GC/rGO-AgNPs electrochemical device was successfully applied to the determination of estriol in tap

water and synthetic urine samples.

1. Introduction

Graphene, since its discovery in 2004, is one of the most widely used
materials in electrochemistry, especially in the development of elec-
trochemical devices, due to its extensive variety of mechanical, thermal
[1], electronic [2], optical and phonon properties [3-5]. Furthermore,
this molecule has the structure of a crystal lattice, hexagonal and
planar, that offers a high electronic motility, a large specific surface
area and extraordinary electrocatalytic activities [4,6]. The modifica-
tion of graphene with metallic nanoparticles has been studied and ap-
plied for detection of several environmental pollutants, such as sulfa-
methoxazole [7] (SMX), trimethoprim [8] (TMP) and sulfamethazine
(SMZ) [9]. Also, endocrine disruptors, for example, tryptophan [10]
and [-estradiol [11] have been target analytes in electroanalytical
chemistry.

Different metallic nanoparticles (MNPs), such as palladium [12,13],
antimony [14-16], silver [17-19] and gold [20,21] are extensively used
in electroanalysis, due to their good conductivity, high surface area [7],
high chemical stability, tunable surface chemistry and comparatively
low-cost [24]. The modification of carbon based material as carbon
nanotubes [22,23] and graphene oxide [5], with MNPs are widely ex-
plored in electroanalysis. Among these MNPs are the silver nano-
particles (AgNPs) that display excellent antibacterial, electrical, optical,
catalytic and surface-enhanced Raman properties [25]. Because of these
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properties, the AgNPs are used in sensors [8], spectroscopy [26] anti-
bacterial materials [27] and to improve the performance of photo-
voltaic materials [28].

Steroid hormones are generally synthesized from cholesterol and
include androgens, estrogens, glucocorticoids and progestogens. Estriol
(1,3,5,(10)-estratriene-3,16a,17 [-triol) can be found in pregnant
mammals and is one of the essential phenolic estrogen hormone to the
woman body, important in menstrual and reproductive cycles. This
drug is mainly used in the treatment of urogenital diseases in meno-
pausal women and in contraceptive pills, and is usually excreted in the
urine of this patients. This estriol will subsequently enter waterways
and cause major problem in water supplies, because its degradation is
not completely during the water treatment [29-32].

Estriol is found as a water pollutant and can cause adverse effects by
interfering with the function of hormones in human body, it belongs to
the so called endocrine disrupting compounds group that has becoming
a potential environmental risk [33]. Therefore, the determination of
estriol at low concentrations is very important as well as the develop-
ment of modern strategies of analysis. Actually, the determination of
this hormone has been performed using electrophoresis [34], im-
munoassays [35], chromatographic techniques [36] and electro-
analytical methods [37]. Among these, the last method is of great in-
terest due to its operational simplicity, high sensitivity, fast response,
low expense and potentiality for automation.
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In this report, reduced graphene oxide (rGO) was modified with
silver nanoparticles (AgNPs) for the determination of estriol hormone in
tap water samples. The oxidation mechanism of estriol was proposed
combining electrochemical experiments and molecular modelling ana-
lysis. The proposed electrochemical device offers a new tool for elec-
troanalysis of endocrine disruptors.

2. Experimental
2.1. Apparatus and procedures

The electrochemical experiments of differential pulse voltammetry
(DPV) and cyclic voltammetry (CV) were performed using a
PGSTAT128N Autolab electrochemical system (Metrohm) equipped
with Nova 2.0 software (Metrohm). The cell was assembled with a
conventional three-electrode electrochemical system: bare GC, GC/rGO
or GC/rGO-AgNPs as a working electrode (diameter: 3 mm); Ag/AgCl/
KCl (3.0 mol L™ 1) as a reference electrode; and a Pt plate as an aux-
iliary electrode. All experiments were carried out at a controlled tem-
perature (25 * 1 °C). Electrochemical characterization of the elec-
trodes, were performed by using CV in a 0.2 mol L™ ! phosphate buffer
solution (PBS) with a scan rate of 50 mV s~ '. DPV measurements were
obtained with a scan rate of 10 mV s~ !, pulse amplitude of 100 mV,
and a step potential of 5mV in 0.2 mol L™ ! PBS pH 8.0.

The morphology of rGO and the rGO-AgNPs composite was char-
acterized using field-emission gun-scanning electron microscopy (FEG-
SEM) and the images were recorded using a model FEI Inspect F50
microscope (FEI Company, Hillsboro, USA).

2.2. Reagents and solutions

All reagents used in this research were analytical grade and were
used without further purification treatment. All the solutions were
prepared with water purified in a Millipore Milli-Q system with a re-
sistivity =18 M Qcm. A solution of alumina 0.3 pm was used to polish
the glassy carbon electrodes. Potassium phosphate (Dinamica Brazil)
was used to prepare all buffer solutions (PBS). Estriol and graphene
oxide (GO) were obtained from Sigma-Aldrich (Germany).

2.3. Synthesis of rGO and rGO-AgNPs composite

The rGO-AgNPs composite was synthesized using sodium dodecyl
sulphate (SDS) as a surfactant. A ratio by weight of 10:4 GO/SDS
(20 mg of GO: 8 mg of SDS) was dissolved in 15 mL of ethanol (pure
grade) and then the suspension was sonicated for 20 min. An amount of
13 mg of sodium borohydride was then added, and this suspension was
sonicated for another 20 min. A 5mL solution containing 4 mg of
AgNO3 (20% in relation to the amount of GO) was slowly dropped into
the rGO solution, which was kept under constant stirring. Once the
reaction was complete, the rGO-AgNPs composite was dispersed using
an ultrasonic probe for 1 h. The rGO-AgNPs obtained were centrifuged
for 5min at 3000 rpm and washed several times with ethanol pure
grade until the solution became colorless. After that, 5 mL of ethanol
(pure grade) was added to the resulting composite and then the rGO-
AgNPs were dried at 60 °C.

The chemical synthesis of rGO was also performed, but without
adding AgNOs, to evaluate the synergistic effect of rGO and AgNPs.

2.4. Electrodes preparation

Prior to the modification of the GC electrodes, the surface was po-
lished with 0.3 pm alumina slurries, rinsed thoroughly with double-
distilled water, sonicated for 5 min in ethanol afterwards 5 min in water
and subsequently air dried. A suspension containing 0.025 mg of rGO-
AgNPs composite and 1 mL of water was dispersed using ultrasonic
stirring for 20 min. A 10 pL aliquot of the rGO-AgNPs composite
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dispersion was dropped onto the GC electrode surface and dried at
room temperature. For comparison, the GC/rGO electrode was also
prepared as described above, but using 0.025 mg of rGO and 1 mL of
water to prepare the suspension.

2.5. Theoretical analysis

For the first geometry optimization, 100 conformers of estriol
structure were obtained from the molecular dynamics (MD) simulations
at temperature of 1000 K using Steepesp Descent method and the
Verlet algorithm. The time of simulation was 10 ns with step size of 1 fs.
The MD simulation and analysis were performed using the Gabedit
computational package [38].

All conformers were then pre-optimized via the PM6 semi-empirical
method in a Hartree-Fock (HF) approach with the aid of the
MOPAC2016 computational package [39]. The presence of the solvent
was simulated via the Conductor-like Screening Model-COSMO (with
e = 80.1). After pre-optimizations, the most stable conformer was fully
optimized via Density Functional Theory (DFT) calculations. Becke's
LYP (B3LYP) exchange-correlation functional and 6-31G(p,d) basis set
were employed. The Polarizable Continuum Model (PCM) was em-
ployed for simulating the presence of the solvent at this stage [9].

The structure with lowest conformational energy was used as input
for a new step of MD simulation, but, this time at constant temperature
of 300 K. 100 new conformers were obtained from this simulation and
their electronic properties were newly determined via DFT calculations.
The objective of this MD step was to determine the average values for
the highest occupied molecular orbital (HOMO) of the estriol molecule
under temperature similar to the experimental conditions.

The evaluation of molecular reactivity was accomplished by
Condensed-to-Atoms Fukui Indexes (CAFIs). The three distinct CAFIs
can be defined as:

& =g (N + 1) — g (N) for nucleophilic attack on atom k
fe = q(N) — q, (N — 1) for electrophilic attack on atom k

= 1/2 [qy (N + 1) — q, (N — 1)] for radical attack on atom k 6))

where qx(N + 1), qx(N) and qx(N — 1) represent, respectively, the
electronic population on the k-th atom of anionic, cationic and neutral
species of the studied compound [9].

All the DFT calculations were performed with the aid of the
Gaussian 09 computational package [40].

2.6. Sample preparation and analysis of estriol in natural water an synthetic
urine

The synthetic urine was prepared by a procedure similar to that
described by Laube et al. [41]. The solution components are 1.10 g of
CaCly2H50, 2.92 g of NaCl, 2.25 g of NaySOy,, 1.40 g of KH,POy, 1.60 g
of KCl, 1.00 g of NH4Cl, 25.00 g of urea, and 1.10 g of creatine at pH 7.0
per liter of ultrapure water. Known amounts of the standard estriol
solution were added to a 10.0 mL aliquot of tap water or synthetic urine
mixed with 10.0 mL of 0.2 mol L™ ' PBS pH 8.0, giving a final con-
centration of 0.5 umol L™ ! estriol. No additional sample treatment was
done. The estriol content was determined by three successive additions
of aliquots of the standard estriol solution.

3. Results and discussions

3.1. Surface morphology and electrochemical characterization of the rGO-
AgNPs composite

The surface morphology of the rGO and rGO-AgNPs composite
samples was characterized by FEG-SEM. A drop of ethanolic suspension
of these materials was applied onto the Si substrate and the SEM mi-
crographs of rGO and rGO-AgNPs are shown in Fig. 1. Fig. 1A exhibits
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Fig. 1. FEG-SEM micrographs for (A) rGO and (B) rGO-AgNPs composite.

the images of rGO, in which the graphitic material display a twisted
structure due the chemical reduction of GO, presenting abundant structural
defects. On the other hand, Fig. 1B shows images of the rGO-AgNPs
composites, in which it is possible to observe that the rGO was modified
with a large number of Ag nanoparticles. When the AgNPs are in-
corporated, there is an increase in the availability of these catalytic sites in
the surface area of the electrode. It is also possible to observe that the
AgNPs are well dispersed in the rGO sheets and have sizes varying between
2 and 30 nm, in which the major counts of particles have a size varying
between 2 and 10 nm, as showed in histogram inset on Fig. 1B.

The electrochemical characterization was also performed to confirm
the presence of Ag nanoparticles. CV experiments were carried out in
0.2mol L™ ! of NaNO; solution with a scan rate of 50 mV s~ ! for the
electrodes as presented in Fig. 2. The electrochemical behavior of the
GC electrode modified with the rGO-AgNPs composite was compared
with the voltammetric response of the GC/rGO electrode. Using the GC/
rGO electrode (curve a) no electrochemical process was observed.
However, the GC electrode modified with the rGO-AgNPs composite
presented a peak at + 0.39 V, which corresponds to the oxidation of
Ag® to Ag™. A quase-reversible process at + 0.15 V, corresponding to
the reduction of Ag* was also observed. These electrochemical pro-
cesses for the Ag peaks on the electrode surface are consistent with
other studies described in the literature [8,18].

3.2. Electrochemical behavior of GC/rGO-AgNPs composite electrode on the
estriol oxidation process

Cyclic voltammetry experiments in 0.2 mol L™ PBS pH 9.0, con-
taining 50.0 umol L™ * were carried out to evaluate the electrochemical

// uA
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EV vs. Ag/AgCI

Fig. 2. Cyclic voltammetry characterization in 0.2 mol L™ of NaNOs solution with a scan
rate of 50 mV s~ ! for the (a) GC/rGO and (b) GC/rGO-AgNPs composite electrodes.
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Fig. 3. CV scans of the GC/rGO-AgNPs composite electrode in 0.2 mol L™ PBS pH 9.0 in
the absence (curve a) and in the presence (curve b) of 50.0 umol L™ ! of estriol with a scan
rate of 50 mV s~ . Inset: Bi-dimensional representation of the estriol molecule [41].

behavior of the estriol oxidation process on the GC/rGO-AgNPs com-
posite electrode, with a scan rate of 50 mV s~ *. The voltammograms
are shown in Fig. 3 and the inset presents a 2D illustration of the estriol
molecule, where each carbon atom was numbered to guide the analysis
that will discussion in Section 3.3. In the absence of estriol (curve a), no
electrochemical process was observed. Therefore, when estriol was
added in the solution (curve b) a well-defined irreversible oxidation
peak at + 0.45V was presented corresponding to the oxidation of the
phenolic hydroxyl group.

The DPV experiments were also performed using the GC, GC/rGO
and GC/rGO-AgNPs electrodes, to evaluate the increase on the anodic
peak current for estriol. The range of the potential was from 0.0 to
+1.0 V vs. Ag/AgCl/KCl (3.0 mol L™ 1) in 0.2 mol L™ ! PBS at pH 9.0
containing 2.5 pmol L™ ! estriol (Figure not shown). The voltammetric
profiles had peaks at almost identical potentials of approximately
+0.45V vs. Ag/AgCl/KCl (3.0 mol L™ Y for all electrodes studied.
However, the GC/rGO-AgNPs electrode displayed higher anodic cur-
rent intensity for estriol in comparison with the current observed for the
other electrodes. An increase by a factor of 1.5 and 1.2 in the anodic
peak current of estriol was observed when compared the CG/rGO-
AgNPs electrode to the GC and GC/rGO electrodes, respectively. The
higher oxidation peak currents for estriol was due the structural defects
of rGO combined with the synergistic properties of silver nanoparticles.

In order to provide the mechanism of estriol oxidation on the GC/
rGO-AgNPs composite electrode, the dependence of the estriol oxida-
tion process on pH was also studied using DPV experiments containing
50.0 umol L™ ! at pHs on range from 5.0 to 10.0, as presented in Fig. 4.
When analyzing the dependence of the peak potential for estriol
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Fig. 4. Effect of pH on the peak potential (ll) and peak current (@) for estriol oxidation
on the GC/rGO-AgNPs composite electrode using 0.2molL~' PBS containing
50.0 umol L™ ! of estriol.

oxidation on different pHs, it was observed a linear relationship, with a
slope of 52 mV per pH unit. The hydrogen ionic concentration reduc-
tion of the electrolyte causes a shift in peak potential for estriol oxi-
dation towards more negative values. This is a consequence of depro-
tonation during the oxidation process, which is facilitated at higher pH.
Therefore, the electrochemical process involves the same number of
protons and electrons during the electrooxidation of estriol, which is
typical behavior for the oxidation of phenols. For further comprehen-
sion of the oxidation process of estriol, molecular modelling techniques
were studied.

3.3. Theoretical analysis

Fig. 5A presents the 3D structure of the conformation of minimal
energy obtained for the estriol molecule and Fig. 5B shows the CAFIs of
the estriol. This result suggest the O atom of hydroxyl group bonded to
the C3 (inset Fig. 3) atom is more susceptible to an electrophilic attack,
denoted by the f~ indices, i.e. the molecular site that is prone to un-
dergo oxidation processes experimentally observed. This affirmation is
confirmed by examining the location of the HOMO represented in the
Fig. 5C, which is distributed under the referred O atom and the aro-
matic ring formed by the C1-C5 and C10 atoms (inset Fig. 3), due the
resonance effect of the double bonds in this ring. These results are
compatible with previous theoretical study (also applying a DFT ap-
proach) that analyzed the properties and degradation of natural es-
trogen hormones with chemical oxidizers [42].

The difference between the average value of the HOMO energy le-
vels for the sample of estriol at 300 K (~ —5.60eV) and the work
function of the rGO/AgNPs electrode (from — 5.17 eV until —4.96 eV)
also is compatible with the potential of the oxidation peak observed in
our electrochemical results. The experiments shown that oxidation peak
occurs at + 0.45 eV, which allows the electron transition from the es-
triol HOMO to the working electrode. The Fig. 6 present an illustration
of this transition. It should be noted that the HOMO energy level

Estriol f
B) Ia.1z C)

| |
Iu.uu

Fig. 5. Representation of: (A) 3D estriol structure; (B) f~ from CAFI values, where red and
blue regions indicate very reactive and non-reactive sites, respectively and; (C) location of
the HOMO. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

HOMO
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Fig. 6. Illustration of the electronic transition from the estriol HOMO to the rGO/AgNPs.
The green arrow represents the oxidation energy observed on the electrochemical ex-
periments. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Energy (eV)

Average of Estriol
HOMO at 300 K

presented in the Fig. 6 corresponds to the average HOMO energy for all
structures obtained from the MD simulations at temperature of 300 K.
The values of work function of the rGO/AgNPs were obtained from the
literature, in which a large range of values are related, depending of the
Ag nanoparticles size and concentration [43-47].

As consequence of the loss of one electron, the O atom of the hy-
droxyl group on the C3 became very susceptible to a nucleophilic at-
tack, since it present sites with high f* values, as can be seen on the
Fig. 7, which presents the CAFIs of the estriol molecule with positive
liquid charge after the oxidation process. Obviously, this result is very
similar to the f~ values of the estriol in its fundamental state, and it
indicates this O atom is the most reactive for reactions towards nu-
cleophilic agents, suggesting that OH™ ions from PBS could attack this
region generating an estriol protolytic specie. It should be highlighted
from this result that, besides the C2, C3 and C10 atoms also present
high f* values, they are more stable than the O atom because they are
part of the structure of the aromatic ring.

In this way, all these results indicate the mechanism of estriol oxi-
dation, which is given by the losing of one electron and one H" ion.
This EC process is compatible with was predicted by the Nernst
Equation in our systems. As consequence of the oxidation process, the
simple bond between the O and C3 atoms becomes a double bond, al-
tering the distribution of the double bonds (and the resonance effect) on
the aromatic ring and stabilizing the molecule. The Fig. 8 synthetizes
this molecular oxidation mechanism. The stable state of the estriol
protolytic specie makes the oxidation process irreversible, which cor-
roborates with the experimental results where it is observed a reduction
peak for negative potentials.

Estriol -1e- f+
{ B) Io.12

Io.oo

Fig. 7. Representation of: (A) 3D estriol structure after to loser one electron and; (B) f*
from CAFI values, where red and blue regions indicate very reactive and non-reactive
sites, respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 8. Oxidation mechanism for the estriol in the electrochemical experiments.

3.4. Parameters for the optimization of the estriol voltammetric response on
the GC/rGO-AgNPs composite electrode

According to Fig. 4, the following experiments were performed in
0.2mol L™ ! PBS pH 8.0 because in this pH was observed the highest
anodic peak current. DPV experiments was conducted containing
10.0 umol L™ ! estriol. The first optimized parameter was rGO-AgNPs
composite amounts in the preparation of the sensor. The quantities of
rGO-AgNPs studied were 0.012, 0.025, 0.050, 0.075 and
0.100 mg mL ™~ *. The highest anodic peak current was observed when
10 uL of a suspension containing 0.025 mg mL~ ! of rGO-AgNPs was
used in the preparation of the sensor as showed in Fig. 9A. Then, this
amount of the composite was used in the further experiments.

We next investigated the influence of the composition of the elec-
trode material. In these experiments, the amount of GO was fixed and
the quantity of AgNO3; was varied in the following proportions: 10%,
20%, 25% and 30% (w/w). In Fig. 9B, it was observed that the anodic
peak current increased with the amount of AgNO3 in the composite up
to 20% (w/w), then decreased when a higher amount of AgNO3 was
used. This behavior is probably due to the formation of clusters of
AgNPs when a higher quantity of AgNOj is employed in the synthesis of
the rGO-AgNPs composite. Based on these results, 20% (w/w) AgNO;
was used in all the electrodes prepared for the estriol analysis.

Since the estriol or its oxidation products are likely to be adsorbed
on the electrode surface, the pre-treatment potential study was also
carried out. Pre-treatment potential values of — 0.2, — 0.4, — 0.6,
—0.8, —1.0, —1.1 and — 1.2V were investigated with the pre-treat-
ment time fixed at 30 s. The anodic peak current for the estriol oxida-
tion without the pre-treatment was lower than when these potential
was applied. This indicates that the pre-treatment potential can con-
centrate the estriol molecules near the surface of the GC/rGO-AgNPs
electrode, which provides a higher signal processing for the estriol
oxidation. The highest oxidation process was obtained when the
— 0.8 V potential was applied for 30 s. Thus, for the following experi-
ments a pre-treatment potential of — 0.8 V for 30 s was used.
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Fig. 10. DPV voltammograms for GC/rGO-AgNPs composite electrode, with the opti-

mized parameters and in the range from 0.1 to 3.0 umol L™ ! of estriol concentrations.
Inset: linear dependence of the peaks current with estriol concentrations.
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Fig. 11. DPV responses obtained on a GC/rGO-AgNPs sensor for the determination of
estriol in tap water sample: S) sample; a) sample plus 0.5 pmol L.~ ! estriol; b) sample plus
1.0 umol L~ ! estriol; ¢) sample plus 1.5 umol L~ ! estriol. Inset: linear dependence of the
peak current with estriol concentrations.
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3.5. Interferences

When analyzing estriol in urine samples, some interferents such as
uric acid (UA) and ascorbic acid (AA) can affect the precise

B
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< 450t
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Fig. 9. Optimization of the electrode composition using DPV in 0.2 mol L™ ! PBS pH 8.0 containing 10.0 umol L.~ * of estriol: A) influence of the amount of the rGO-AgNPs composite in
the electrode preparation and B) influence of the AgNO; percentage in the electrode preparation.
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Table 1
Results for the determination of estriol in tap water and synthetic urine samples by DPV
proposed.

Repetition Estriol (umol L™ 1) Relative errors (%)
Tap water Synthetic urine E, E,

1 0.482 0.474 -3.52 —5.14

2 0.541 0.464 8.20 —-7.22

3 0.540 0.453 8.00 -9.36

Mean + SD 0.521 * 0.027 0.454 = 0.020

determination of this analyte. Therefore, we investigated the analytical
performance of the rGO-AgNPs electrode using DPV experiments in the
presence of such interferents. An overlap process between the estriol
oxidation peak and the oxidation peak of the interfering substances
studied was not observed. In addition, the interfering substances did not
present an oxidation process in the potential range studied. The effect of
AA and UA on the estriol anodic peak current was evaluated using
0.2molL~! of PBS (pH 8.0) containing a fixed concentration of
2.0umol L™ ! of estriol and sequential additions of 1.0, 2.0 and
4.0 umol L™ ! of UA and AA. Recoveries of 98, 101, and 103% of do-
pamine (n = 3) were obtained when 1.0, 2.0, and 4.0 ymol L™ ! of UA
were added to each measurement, and recoveries of 91, 99, and 112%
were obtained for AA, respectively. It is possible to observe that was no
interference of UA and that the AA slightly interfered in the estriol
determination. These interferences can be minimized using the stan-
dard addition method.

3.6. Analytical characteristics

DPV experiments were carried out in triplicate using the optimized
experimental parameters to obtain an analytical curve for determina-
tion of estriol with the GC/rGO-AgNPs composite electrode. The ana-
lytical response shown in Fig. 10 has a linear response in the range 0.1
to 3.0 umol L™ !, in agreement with the following equation:

Ina (MA) = 0.35 (WA) + 0.59 (uA/umol L) [estriol] (umol L) )

with a correlation coefficient of 0.980 (n = 9). The limit of detection
(LOD) obtained was 21 nmol L™ !, which was determined using a 30/
slope ratio, where o is the standard deviation of the mean value for
10 voltammograms of the blank.

Comparing the results of the GC/rGO-AgNPs with other electro-
chemical methods for estriol detection, a lower LOD of 0.5 nmol L ™!
was observed using a GC/rGO-SbNPs electrode [4]. Ochiai et al. [48]
found a higher LOD of 0.53 umol L.~ ' using a screen-printed carbon
electrodes modified with carbon nanotubes. A LOD of 0.79 ppm was
found using carbon paste electrode modified with ferrimagnetic nano-
particles [49]. A higher LOD of 1.7 x 10”7 mol L™ ' was observed
using a boron-doped diamond electrode [50]. Lin et al. [37] also found
a high LOD of 620 nmol L™ ! using a GC electrode modified with Pt
nano-clusters/multi-walled carbon nanotubes. Using an electro-
chemical immunoassay, a LOD of 0.33ngmL™! for estriol was de-
termined [51], which is a higher value than the proposed electro-
chemical method.

The reproducibility of the GC/rGO-AgNPs electrode was measured
from five experiments, in which each experiment consisted of ten se-
quential DPV voltammograms. These experiments were performed on
different days. Prior to each experiment, the electrode surfaces were
rinsed thoroughly with double-distilled water. Thus, the DPV voltam-
mograms were performed in 0.2mol L™ ! PBS at pH 8.0 containing
1.0 umol L™ ! of estriol. The RSD was calculated as 1.5%. In addition,
intra-assay precision tests were performed from ten DPV voltammo-
grams of that same solution. The RSD was found to be 1.3%.
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3.7. Determination of estriol in tap water and synthetic urine

In order to evaluate the proposed sensor in determination of estriol
in tap water and synthetic urine samples, DPV experiments were per-
formed and the obtained voltammograms using standard addition
method are shown in Fig. 11. All analysis were conduct in triplicate and
the samples were prepared as described in the experimental section.
The results obtained (mean *+ SD) for three determinations are pre-
sented in Table 1.

Estriol recoveries between 96.4% and 108.2% were obtained from
tap water samples (n = 3) for samples spiked with 0.5, 1.0 and
1.5 umol L™ ! of estriol. For synthetic urine samples (n = 3), recoveries
between 86.9% and 90.4% estriol were obtained for samples spiked
with 0.5, 1.0 and 2.0 pmol L™ ! of estriol.

There were no significant differences between the found and added
concentrations of estriol, indicating that the GC/rGO-AgNPs can be
successfully used for the determination of estriol in natural water and
urine samples under the optimized conditions and using the standard
addition approach.

4. Conclusions

A synergistic combination of reduced graphene oxide and silver
nanoparticles was used to develop a modified glassy carbon electrode,
which was evaluated for the oxidation of estriol. The rGO-AgNPs were
successfully characterized by FEG-SEM microscopy and electro-
chemically, which indicated that the GO was reduced and that the rGO
was modified with the Ag nanoparticles.

The molecular oxidation mechanism for the estriol was explained
combining electrochemical experiments and molecular modelling ana-
lysis. This mechanism consists of the transfer of an electron from the
estriol molecule for the working electrode at + 0.45V, and the con-
sequent loss of an H™ ion for the buffer solution. This oxidation process
makes the molecule stable and oxidation process irreversible.

The GC/rGO-AgNPs electrode was successfully applied for the de-
termination of estriol hormone in tap water and synthetic urine sam-
ples, which presents as an alternative material for future applications in
this area.
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