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ARTICLE INFO ABSTRACT

We report the electrochemical detection of estriol using carbon black nanoballs (CNB) decorated with silver
nanoparticles (AgNP) as electrode material. Homogeneous, porous films on glassy carbon electrodes (GCE)
were obtained, with diameters of 20 — 25 nm for CNB and 5 — 6 nm for AgNP. CNB/AgNP electrodes had
increased conductivity and electroactive area in comparison with bare GCE and GCE/CNB, according to cyclic
voltammetry and electrochemical impedance spectroscopy. The oxidation potential peak was also down shifted
by 93 mV, compared to the bare GC electrode. Differential pulse voltammetry data were obtained in 0.1 mol L™
PBS (pH 7.0) to detect estriol without the purification step, in the linear range between 0.2 and 3.0 pmol L™!
with detection and quantification limits of 0.16 and 0.5 umol L™* (0.04 and 0.16 mg L"), respectively. The
sensor was used to detect estriol in a creek water sample with the same performance as in the official

Keywords:

Sensor platform
Silver nanoparticles
Carbon black
Sensing

Estriol

Endocrine disruptor

methodology based on high performance liquid chromatography.

1. Introduction

Carbon-based nanostructures such as fullerenes, nanotubes and
graphene are among the most investigated materials ever, being
utilized in several applications. Their use in sensors and biosensors,
in particular, is often motivated by their increased electron transfer
rate and decreased overpotential in electrochemical processes [1-3].
An intrinsic disadvantage though lies in the high cost of their synthesis
and some difficulty for immobilization on electrode surfaces. These
limitations may explain why these carbon nanostructures have not
reached sensing applications in real scenarios, with mass production. A
possible avenue to overcome such limitations is to use “less noble”
carbon materials, e.g. carbon black powder which is now mostly
employed as reinforcing filler in rubber production [4]. The most
environmentally recomended industrial method to produce carbon
black is thermal plasma pyrolysis of organic materials which can
generate nanospheres that have been applied in lithium ion batteries,
supercapacitor electrodes, fuel cells and in electrocatalysis [5]. In

electroanalytical sensing applications, carbon black nanospheres have
been applied in the electrochemical detection of environmental,
biological and foodstuff analytes [3].

In this study, we combined carbon nanoballs (CNB) with silver
nanoparticles to obtain electrochemical sensors capable of detecting
the estrogenic hormone estriol ((16a,17p)-estra-1,3,5(10)-triene-
3,16,17-triol). Estriol is used to prevent and in treating disorders
caused by hormone deficiency, heart disorder, cancer, hyperandrogen-
ism, osteoporosis and urogenital diseases in women [6]. It is also
classified as an endocrine disruptor that poses health risks to humans
and wildlife because it is removed in the urine and is not degraded
during sewage treatment [6,7]. Detection of trace amounts of estriol is
therefore relevant in monitoring the environment, and this has been
made with techniques such as gas chromatography, high performance
liquid chromatography (HPLC) with a variety of detectors [8,9],
spectrophotometry [10], chemiluminescence [11], immunoassays
[12,13], immunosorbent assay (ELISA) [14] and capillary electrophor-
esis [15,16]. These analytical procedures, however, require time-
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consuming pre-treatment of samples prior to the analysis, including
extraction and clean-up procedures. Only after this pre-treatment are
the samples compatible with chromatographic detection, which also
generates waste containing organic solvents and makes the detection
more expensive, complicated and unsuitable for routine analysis [6].

With electrochemical sensors, as is done here, we can achieve a fast
determination and quantification since estriol is electroactive and can
be electrochemically oxidized [6,17]. Indeed, estriol has been detected
in other highly selective transducers, such as boron-doped diamond
electrode, graphene, carbon nanotubes, platinum and antimony nano-
particles [6,7,17-20]. As it will be shown in this article, by exploiting
the synergy between CNB and silver nanoparticles we have been able to
detect estriol with high sensitivity, no effect from important inter-
ferents and in natural surface waters. The synergistic combination
between these two nanomaterials with large surface areas provides
improved electrocatalytic activity and leads to excellent features for
estriol sensing. The use of metallic nanostructures such as silver
nanoparticles also decreases adsorption of electroxidation products of
estriol on the sensor platform.

2. Experimental section
2.1. Chemicals and solutions

All chemicals were of analytical grade with high purity. Silver nitrate
(99% purity) was purchased from Merck (Darmstadt, Germany). Estriol
and dimethylformamide (DMF) were acquired from Sigma—Aldrich (St.
Louis, MO, USA) and ethylene glycol was acquired from Carlo Erba
(France). Acetonitrile, potassium hexacyanoferrate(III) (K3[Fe(CN)x]) and
potassium hexacyanoferrate(Il) (K4[Fe(CN)¢]) were acquired from J. T.
Baker (Center Valley, PA, USA). VXC72R CNB was kindly donated by
Cabot Corporation. The phosphate buffer solution (pH 7.0) was prepared
with appropriated amounts of sodium phosphate monobasic monohy-
drate and sodium phosphate dibasic for 0.1 mol L™! concentration
(Sigma-Aldrich (St. Louis, MO, USA)) and then used as electrolytic
solution.

2.2. Synthesis of AgNPs reduced directly on carbon nanoballs

The silver nanoparticles were reduced directly on CNB as reported
by Skrabalak et al. [21] using the polyol method with ethylene glycol
(EG) as reducing agent (see Fig. 1). In the synthesis, 3.0 g of CNB were
dispersed in 25 x 107 L of EG, to which 0.71 mmol of AgNO; was
included with the mixture being maintained at 150 °C for 60 min. The
hybrid material was filtered in cellulose membrane and plentifully
washed with ultrapure water. The product obtained was dried for 12 h
at 90°C and retained in a desiccator. The hybrid material was
designated as CNB-AgNP.

2.3. Instruments

An FEI TECNAI G2 F20 transmission electron microscope operat-
ing at 200 kV was used for the morphological analysis of CNB-AgNP,
which were ultrasonicated for 2 h using DMF, and the suspension was
dropped on carbon—coated copper grids. X-ray powder diffraction
(XRD) was performed using a Rigaku Rotaflex diffractometer model
RU200B at 50 kV and 100 mA, with Cug, radiation, A = 1.542 A. The
Raman spectra were taken with a micro-Raman in-Via Renishaw
spectrograph (Renishaw Ltd, Gloucestershire, UK) coupled to a Leica
optical microscope, under excitation at 514.5 nm, diffraction grating of
1800 L mm™, acquisition time of 10 s and 10 accumulations.

A potentiostat model PGSTAT 302 Autolab electrochemical (Eco
Chemie, Utrecht, Netherlands) controlled by NOVA software was used
in the electrochemical experiments with a conventional three—elec-
trode system (electrochemical cell). This cell contained a GC electrode
coated with a CNB-AgNP film as a working electrode (referred to as
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CNB-AgNP/GCE), an Ag/AgCl electrode in KCl (3.0molL™!) as
reference electrode, and a platinum wire as auxiliary electrode. CV
measurements were conducted in a potential range between —0.2 and
+0.6V in a scan rate of 50 mV s™!. Differential pulse voltammetry
(DPV) experiments were carried out in a potential range between —0.2
and +0.6 V at a scan rate of 5mV s™!, pulse amplitude 50 mV and
modulation time at 1 ms for all electrochemical and electroanalytical
studies. The electrochemical impedance spectroscopy (EIS) data were
collected using FRA2 software in a frequency range from 0.1 Hz to
100 kHz at an amplitude of 10 mV and under open circuit potential
(OCP) conditions with 0.1 mol L™! KCI solution containing 5.0 x
1072 mol L™! of K5[Fe(CN)s]/K4[Fe(CN)g].

The chromatographic measurements were made using a Shimadzu
HPLC system with manual injector, degasser, two pumps (series LC-10
CE VP) and diode array detector (DAD), equipped with a reverse phase
C18 column (250 x 4.6 mm ID, 5 um particle size) C18 pre-column
(2 ecm x 4 mm ID, 5 pm particle), both from Ascentis’ Supelco.

2.4. Preparation of the sensor platform

The GCE surface was mechanically cleaned using silicon carbide
(4000 mesh) and washed thoroughly with ultrapure water and dried in
Ns. Then, 1.0 mg of CNB-AgNP was dispersed using DMF (1.0 mL)
with ultrasonic stirring during 2 h. A thin film coating layer (6.0 pL)
was dropped on the GCE surface and maintained at room temperature
until the solvent evaporated.

2.5. Analytical procedure

The surface concentration of electroactive species was estimated
using the silver oxidation peak (charge) of the CNB-AgNP/GCE surface.
Then, GCE, CNB-GCE and CNB-AgNP/GCE surfaces were used with
DPV under optimized parameters (pulse amplitude, scan rate and
modulation time) to detect estriol, whose molecular structure is given
in Fig. 1. The limit of detection was estimated using the statistical
method where LOD = a + 3 S, with a and S, being the intercept and
the standard deviation of y-residuals of least-squares line (linear
regression), respectively. The limit of quantification (or limit of
determination) was calculated using LOQ = a + 10 S,/ [22-24]. The
sensitivity was calculated from the slope of the least-squares line
(linear regression), b = Y[(x; — ©)(y; — N1/>(x - x)? [3,22—24]. The
precision of the proposed sensor platform was verified from intra-day
(n = 10) and inter-day (n = 5) repeatability studies.

The natural surface water sample collected from a stream of Sao
Carlos city, Sdo Paulo, Brazil (Coordinates: 22° 00.725'S 47° 54.428"
W), required a treatment for the chromatographic assays. The sample
was cleaned by filtration through a filter paper, followed by filter
membrane (RC) of 0.45 um porosity and injection into the chromato-
graphic system. The parameters utilized for estriol analysis were:
injection volume of 20 uL; mobile phase comprising acetonitrile (A)
and water (B) in isocratic mode (54% A), running of 10 min at a flow
rate of 1.0 mL min~! and UV monitoring at A = 280 nm [25,26]. All
experiments were made at room temperature, ~ 25 °C.

The detection of estriol via electrochemical measurements - for
comparison with the standard chromatographic method - was verified
with the creek water spiked with varied amounts of these analytes
because water samples used directly from the creek did not show any
characteristic signal. Estriol detection in the natural surface water
sample with the proposed method carried out in triplicate. The content
of estriol in these samples was quantified and compared with the
standard chromatographic method [25,26] using a statistical method
[24,27].
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Fig. 1. Schematic diagram of different steps for preparing the sensor platform to detect estriol.

3. Results and discussion

3.1. Morphological, structural and electroanalytical performance of
CNB-AgNP

A typical cyclic voltammogram for a CNB-AgNP/GCE surface in
Fig. 2(A) reveals an anodic peak at +404 mV (Ep,4) and a cathodic peak
at +178 mV (Epc), which are attributed to the redox process of Ag°/ *in
CNB-AgNP. AgNPs are oxidized to Ag* at +400 mV vs. Ag/AgCl on the
anodic scan, and converted of Ag* back to Ag® at +207 mV vs. Ag/AgCl
on the reverse cathodic scan. The silver signal at 400 mV was
maintained for 50 CV measurements, i.e. the AgNPs are stable and
are not leached out into the solution. The amount of electroactive
species on the surface (I'/mol cm™2) was estimated with I' = Q/nFA
[23,24], where Q (C) is the background—corrected electric charge,
estimated by integrating the anodic peak (in the CV at v = 5 mV s71) in
the phosphate buffer solution; n is the number of electrons; F is the
Faraday constant (96,485.34 C mol™1); and A is the surface geometric
area. Q was 6.04 x 107° C, and the estimated surface concentration of
Ag/Ag* was 8.8 x 1071 mol em™2.

Therefore, AgNPs were successfully decorated the CNB surface, as
expected from the HR-TEM micrographs in Fig. 2(B) and (C). The
images of CNB-AgNP on copper grids show multiple nanoball-shapped
particles decorated with AgNPs, with size distribution of ca. ~20—
25 nm (for CNB) and 5-6 nm (for AgNPs). The AgNPs were well—
distributed throughout CNB and no agglomerate was observed, with
the carbon nanoballs maintaining their shape after decoration with
AgNPs. Significantly, the EDX spectrum in Fig. 2(D) shows only
carbon, silver and oxygen, in addition to copper signals from HR-
TEM grids, thus indicating the absence of contaminants. The corre-
sponding electron diffraction (SAED) pattern (inset in Fig. 2(D)) points
to AgNPs with a single crystalline structure, consistent with the powder
XRD pattern in Fig. 2(E). Six sharp, well defined peaks were observed

at 20 = 38.48°, 44.34°, 64.65° and 77.67°, assigned to (111), (200),
(220) and (311) of the face centered cubic (fce) structure of metallic
silver, respectively (JCPDS 04-0783 [24,28]), and at 26 = 25.01° and
44° assigned to (002) and (100) planes of the hexagonal phase of the
carbon support (JCPDF 73-2096 [24,29]). The well-defined strong
peaks in the XRD indicate that AgNPs are crystalline, with nanometer
dimensions, in agreement with the HR-TEM images.

The features observed with XRD and HR-TEM are consistent with
the functionalization degree inferred from Raman spectroscopy (i.e.
low surface disorder), suggesting that the hybrid nanomaterial did not
induce extra defects and/or structural disorder in CNB-AgNP [24]. The
Raman spectra in Fig. 2(F) exhibit two prominent graphite—related
bands, assigned to the well-known D (~1354 em™)) and G
(~1596 cm™!) bands, caused by defects in sp? hybridized carbon
lattices and C—C bond stretching, respectively. No difference in position
was noted for the D and G bands of CNB and CNB-AgNP samples. The
broad band around ~2700 cm™ consists of two smaller bands, namely
2D (~2670cm™) and D + D’ (~2832cm™) [24,30]. The ratio of
integrated areas of the p- and G-bands (Ip/Ig) — in agreement with
Ferrari and Robertson [31] — for CNB and CNB-AgNP was 1.01 and
0.99, respectively, as expected from the functionalization degree (i.e.
surface disorder) [32]. The ratio of 0.99 for CNB-AgNP is comparable
to its precursor (1.01), confirming that there are no extra defects
defects in CNB-AgNP [33,34], as observed with the XRD data.

The synergy between AgNP and CNB was exploited for detection of
estriol in Fig. 3A where a considerably higher oxidation current was
observed for CNB-AgNP/GCE in the presence of 7.0 umol L™ estriol.
This higher current is due to the increased surface conductivity that
facilitates charge transfer between the analyte and the sensor platform,
in addition to the electrocatalytic activity promoted by nanomaterials
with large surface areas [24]. Taking the current intensity of the peak
from voltammograms for several estriol concentrations (see Figs. S1),
one obtains linear plots in Fig. 3B for CNB-AgNP/GCE with high
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Fig. 2. (A) Cyclic voltammograms for GCE (a), CNB/GCE (b) and CNB-AgNP/GCE (c) in 0.1 mol L' phosphate buffer solution at pH 7; scan rate: 50 mV s~*. (B) and (C) — HR-TEM
images of the CNB-AgNP at various magnifications. (D) — Corresponding EDX spectrum of the CNB-AgNP and selected area electron diffraction (SAED) pattern (inset). (E) — XRD
patterns of CNB and CNB-AgNP hybrid nanomaterial, respectively. (F) — Raman spectra of CNB and CNB-AgNP hybrid nanomaterial, respectively.

sensitivity (7.9 x 1072 A mol L™%). In contrast, the plots for bare GCE
(4.7 x 10 A mol L™!) and CNB/GCE (1.7 x 107> A mol L) show a
lower sensitivity and were not as linear in the range analyzed due to the
inefficiency in the electrooxidation of estriol. The linear regression for
the electroanalytical response using GCE, CNB/GCE and CNB-AgNP/
GCE gave:

GCE: Ip (A) = 3.8 x 1072 + 4.7 x 1072 Cegtrior (mol L™Y), r = 0.994, n
= 6.

CNB/GCE: Ip (A) = 1.5 x 10™° + 1.7 x 1072 Cegtrior (mol L™, 7 =
0.997, n = 11.

CNB-AgNP/GCE: Iy (A) = 9.1 x 1078 + 7.9 x 1072 Cygprior (mol L1,
r=0.992, n = 16.

The only platform that showed a linear relationship between I,, and
estriol concentration from 0.2 x 107 to 3.0 x 107® mol L™ was CNB-
AgNP/GCE due to the synergy between CNB and AgNP as depicted in

655

Fig. 3(C). The linear regression gives Alp (A) = (1.0 + 0.3) x 107® +
(0.13 £ 0.002) Castrior (mol L™, = 0.999, n = 16. The LOD and LOQ
were 1.6 x 1077 and 5.5 x 107" mol L™, respectively. The insets in
Fig. 3B and C show a satisfactory distribution of residuals in the
regression diagnostics based on residual plots. Indeed, the residuals are
50% above and 50% below zero, consistent with a correct calibration
model, with the exception of y;o which might be an outlier.

The electron exchange can be influenced by surface chemistry and
the nanomaterial [24,35,36], and EIS can provide additional insights
into electron transfer of carbon nanoballs. Fig. 3(D) shows that CNB
has the highest R; (770.97 Q) due to the abundant presence of oxygen
groups [35]. The number of oxygen-containing groups decreases with
silver reduction on the CNB surface, which explains why CNB-AgNP/
GCE has the lowest Ry, i.e., 125.82 Q, while for the bare GCE R, was
270.62 Q. The lowest Ry value for CNB-AgNP/GCE is also due to the
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Fig. 3. (A) Differential pulse voltammograms of 7.0 x 10~° mol L™" estriol on glassy carbon (a), glassy carbon coated with CNB (b) or CNB-AgNP (c). (B) Calibration curves of estriol
on different materials. Conditions: 0.1 mol L™! phosphate buffer solution, pH 7.0. (C) Calibration curve of estriol using CNB-AgNP/GCE in the estriol concentration range from 0.2 x
107 to 3.0 x 107° mol L™! estriol. Inset: Residual plots of regression diagnosis. (D) — Nyquist plots for (a) GCE, (b) CNB/GCE and (c) CNB-AgNP/GCE. The measurements were
performed in 0.1 mol L™! KCl solution containing 5.0 x 107 mol L™" of the redox couple [Fe(CN)s]*/3~ in a frequency range from 0.1 Hz to 100 kHz, under open circuit for each
electrode. (E) — Cyclic voltammograms for (a) GCE, (b) CNB/GCE and (c) CNB-AgNP/GCE in 0.1 mol ™! KCl solution containing 5.0 x 107® mol L™! [Fe(CN)]>~/*~ redox couple.
Inset: representative log [current] vs. log [scan rate]. (F) — SEM images of (a) bare GCE surface, GCE coated with a film of (b) CNB and (c¢) CNB-AgNP at a magnification of 50000x%.
(G) — Schematic representation of electrooxidation of estriol on the CNB-AgNP/GCE sensor platform.

higher conductivity imparted by AgNPs [24,36]. The behavior inferred
from the EIS analysis for CNB/GCE is the same as from the voltam-
metric results.

The analysis of the voltammetric profiles points to a well-defined
pair of redox peaks as depicted in Fig. 3(E), with a peak-to-peak
separation (AEp) of ca. 120, 151 and 102 mV (vs. Ag/AgCl) for the bare
GCE, CNB/GCE and CNB-AgNP/GCE, respectively. Moreover, the
current at the peak for CNB-AgNP/GCE was higher than for bare
GCE and CNB/GCE, owing to the higher conductivity and electroactive
surface of CNB-AgNP [24,35]. The increased electroactive surface
arises from coating the bare GCE with a porous, ultrathin film, as
indicated in Fig. 3(F). Fig. S2 shows voltammograms at scan rates
ranging between 5 and 100 mV s~ from which one infers that the
electrochemical reaction is diffusion controlled for GCE, CNB/GCE and
CNB-AgNP/GCE, as the peak current (Ip) (anodic) varied with the
square root of the scan rate [37]. The slope in log Ip versus log v plots
was 0.44 (GCE bare), 0.48 (CNB/GCE) and 0.49 (CNB-AgNP/GCE), as
shown in the inset in Fig. 3(E). The larger slope for CNB-AgNP/GCE
surface is indicative of faster electrochemical kinetics and electrocata-
lytic activity promoted by nanomaterials with large surface areas [38].

The mechanism of electrochemical oxidation consists of an initial
oxidation of estriol producing a phenoxy radical, followed by oxidation
to a phenoxonium ion, and chemical coupling to form a ketone. This
kind of mechanism can be associated to a sequence of reactions
involving electron transfer-chemical process-electron transfer-chemi-
cal processes (ECEC mechanism) with the transfer of two electrons
[38] as illustrated in Fig. 3(G). Ngundi and co-workers showed by GC/
MS analysis that the oxidation products correspond to a ketone
derivative [39]. Here, we highlight that oxidation of estriol did not
result in a polymerization reaction, which could polymerize a film and/
or bring a non-electroactive deposit [19].

The molecules that can interfere in the estriol detection in natural
surface waters were also investigated. Firstly, DPV experiments were
performed following estriol electrooxidation (at a fixed concentration of
5.0 x 107 mol L™1). Subsequently, 5.0 x 107% mol L™! of sulfite, nitrite,
glucose, amoxicillin, ascorbic acid, levofloxacin, sulfamethazole, acet-
aminophen, bisphenol A and 17-B-estradiol were individually added,
and the corresponding DPV responses were recorded (Fig. S3). No
additional peaks were detected for the interfering compounds within
the potential window studied, suggesting that these substances do not
interfere with the estriol detection. Fig. S3 gives the relative current
percentages for estriol after each addition of interfering species.
Levofloxacin, sulfamethaxazole, acetaminophen, bisphenol-A and 17-
-estradiol indeed caused a change in the estriol oxidation current.
However, because the estriol signal is maintained, it suffices to

Table 1

determine the percentage of change induced by each interferent to
use the sensor. Therefore, CNB-AgNP/GCE was able to detect estriol in
the presence of these interferences and can be applied in quantification
of real samples.

Repeatability of the sensor platform was evaluated using 2.6 x
107% mol L™ of estriol containing 0.1 mol L™* phosphate buffer solu-
tion (pH 7.0), and the relative standard deviation (RSD) was 7.1% for
anodic peak current for inter-day repeatability (n = 10). The stability
was also evaluated with the electrochemical response decreasing by
only 5.5% (RSD) after 50 DPV profiles. This could be attributed to the
chemical stability of CNB-AgNP and the surface film obtained with
DMF. When five co-fabricated sensors were utilized, RSD for inter-day
repeatability was 2.4%, indicating the reproducibility of the sensor
platform fabrication procedure.

3.2. Chromatographic quantification of the endocrine disruptor in
natural waters and statistical comparison with the voltammetric
results

Table 1 contains the results for nine creek water samples using the
proposed method and the same samples were compared with the
standard method using HPLC. In order to test the robustness of CNB-
AgNP/GCE for a estriol sensing application, the electroxidation of
estriol was performed by different operators (among the authors) in
different laboratories and equipment. Fig. S4A depicts the analytical
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Fig. 4. Correlation between the results obtained by the proposed electroanalytical
method and the standard (chromatography) method.

Results for estriol quantification in real samples of creek water obtained by standard method (HPLC) and sensory platform (DPV).

Added (umol L") HPLC detected (umol L) Recovered (%)

Error (%)

DPV detected (umol L") Recovered (%) Error (%)

1.25 1.28 102.4
1.75 1.81 103.4
3.25 3.34 102.7
4.25 4.47 105.1
5.75 6.00 104.3
6.25 6.51 104.1
7.25 7.32 100.9
8.25 8.68 105.2
9.25 9.61 103.9

1.29 103.2 3.2
1.66 94.8 -5.6
3.18 97.8 -2.1
4.30 101.1 1.1
5.9 102.6 2.6
6.37 101.9 1.9
7.06 97.3 -2.6
8.34 101.1 1.1
9.46 102.2 2.2
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Table 2
Performance of six transducers for electroanalytical sensing of estriol.

Talanta 174 (2017) 652—-659

Sensing layer Transduction Sensitivity (uA / mol L™1) LOD (umol L™Y) Linear range (umol L) Reference
MWCNT/SPCE Amperometry 0.001 0.53 1.0-1000.0 [19]
SbNPs-rGO GC DPV 0.002 0.5 0.2-1.4 [71
MWCNTs/Pt/GC Swv 0.790 0.62 1.0-75.0 [18]
BDDE Swv 0.002 0.17 0.2-20.0 [20]
Lac/rGO/Sb»05/GC Amperometry 0.275 0.01 0.025-1.03 [6]
CNB-AgNP/GC DPV 0.131 0.16 0.2-3.0 This work

Note: SPCE: screen-printed carbon electrode; MWCNT: multi-walled carbon nanotubes; GCE: glassy carbon electrode; rGO: reduced graphene oxide; SbNPs: antimony nanoparticles;
Pt: platinum; BDDE: boron doped diamond electrode; Lac: laccase; AgNP: silver nanoparticles; DPV: differential pulse voltammetry; SWV: square wave voltammetry.

curves with similar slopes between curve 1 and 2, confirming the
robustness of the method. Moreover, the slopes were also similar
between PBS solution and creek sample in the matrix effect study, as
shown in Fig. S4B, i.e. there is no matrix effect.

Fig. 4 shows the correlation between the results from the sensor
proposed and the standard method (HPLC) with an intercept value
being close to zero and the slope and product—-moment correlation
coefficient close to one, i.e. the two techniques provide equivalent
results. The random errors lead to a deviation from the optimal
conditions [24,27]. In the Student's t-test the value of 63.4 (higher
than the t-critical value of 2.57 for 95% of significance and n = 10
(degrees of freedom = 8; a = 0.05)) showed insignificant difference
between DPV and HPLC techniques [24,27]. Thus, the electroanalytical
sensing performance yielded similar results as the standard HPLC
methodology for estriol in creek surface water samples, with the
improvement that there is no need of the sample pretreatment stage.

Table 2 summarizes the analytical efficiency of carbon-based
sensing layers in terms of sensitivity (A L mol™), detection limits
(mol L) and linear range for estriol detection. The CNB-AgNP/GCE
sensor exhibits the highest sensitivity and lowest detection limits.
Furthermore, the limit of detection can be competitive with other
devices for estriol detection, in a comparison with most modified
materials [6,7,18—-20].

4. Conclusion

We have shown that carbon black decorated with silver nanopar-
ticles (CNB-AgNP) with 5—-6 nm diameter can be deposited on glassy
carbon (GC) electrodes and promote oxidation of estriol at lower
potentials than bare GCE, also yielding higher currents. The CNB-
AgNP/GCE sensor was then tested for detecting estriol, and showed the
best performance in terms of sensitivity and detection limit (0.131 pA /
mol L' and 0.16 umol L™') among carbon-based electrochemical
sensors we could find in the literature (0.17 — 0.65 umol L™1). In
addition, the electroanalytical performance of CNB-AgNP was suffi-
cient to determine estriol concentration in natural waters of a creek.
The CNB-AgNP/GCE sensor was also reproducible, stable and robust
with regard to important interferents for estriol detection in biological
samples. The excellent performance of CNB-AgNP for electrodes is
particularly important for developing miniaturized analytical tools with
low cost and simple fabrication procedures.
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