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This paper describes the development of a simple and sensitive electrochemical immunosensor (EI) to quantify
estrone (E) in water samples. This EI does not require the sample pre-treatment, to label neither the antigen nor
the antibody, and its detection format is based on the fact that E is co-substrate of the horse radish peroxidase
(HRP). Therefore, the EI was constructed by immobilization of the anti-E monoclonal antibody (mADE)
on a glassy carbon electrode (GCE) modified with gold nanoparticles (AuNPs) electro-synthesized on a
1-naphtylamine polymer (pNap) film. This format reduced significantly the time of EI preparation. Water

Keywords: 3 8 . _ :
IMMUnosensor samples were spiked with known E concentrations, and then incubated on mAbE-AuNPs-pNap-GCE disk
Estrone electrode. The electrochemical response was proportional to the amount of pyrocatechol (H,Q), another enzyme

co-substrate, and inversely proportional to the amount of E presents in water samples. The immunosensor
showed a linear range from 8 x 10~2 to 2 x 10* pg mL~". The limit of detection (LOD) was 0.061 pg mL™".
Recovery percentages obtained were very good, with values of 98.20, 105.50, and 100.85% for 50, 100 and
200 pg mL™, respectively. Tests were also conducted to evaluate the cross-reactive of E with other hormones
of similar structure such as 17p3-estradiol, progesterone and estriol. The El showed a high selectivity to determine

Gold nanoparticles
Poly-1-naphtylamine
Square wave voltammetry

E in the presence of these hormones. Thus, this EI is an attractive tool to determine E in water samples.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Both natural and synthetic estrogens are well known to be endocrine
disrupting compounds (EDC), which constitute interfering compounds
in the endogenous hormonal system of mammals, producing
adverse effects.

Estrone (E) is a natural estrogenic hormone secreted by the ovary,
and adipose tissue. It is the predominant hormone in post-
menopausal women. In recent years, new biochemical functions have
been found for E in different tissues, including the pituitary gland,
breast, vascular and the colon [1].

The presence of hormones in the aquatic environment began to be
important when a connection was established between a synthetic
contraceptive drug and its impact on fish [2]. Steroid hormones can
get into environment through discharge of wastewater, as they are
excreted by humans and animals [3], and in different amounts [4],
depending on gender, health status, age, diet or pregnancy [5].

Estrogens are released into the urine as a glucuronide conjugate
complexes or as sulfates [6], which may be converted quickly to
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potent hormones by excision and/or during transport and treating
wastewater [7].

In this sense, the first estrogenic contamination of aquatic environ-
ments was detected by the appearance of hermaphroditic fish in British
rivers [8]. Therefore, exposure of aquatic life in polluted waters with
EDC has important consequences [9].

Based on these results, there is a growing need for a continuous and
fast monitoring of pollution levels. Therefore, different monitoring
techniques have been developed; including capillary electrophoresis
[10], receptor assays [11] and chromatographic techniques [12-18].
Chandra Bose et al. [19] have developed an assay for the simultaneous
determination of dexamethasone, testosterone, and E using reverse
phase HPLC chromatography. Recoveries were in the range from
98 to 102%. The disadvantages of chromatographic methods are the
high cost of instrumentation and maintenance, high consumption of
solvents and time, and the difficulty of conducting experiments outside
the laboratory.

Pre-concentration methodologies such as the solid phase extraction
(SPE) and the liquid-liquid extraction (LLE) may be used to identify and
quantify hormones in water samples with limits of quantification (LOQ)
between 0.02 and 1.02 ng L™ [20]. Although the LOQ were good,
SPE also involves a large consumption of organic solvents. In this
sense, the solid phase micro extraction (SPME) has the advantage of
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consuming small amounts of solvents, but it also presents difficulties
such as high cost, fragility, and a time useful limited of the fibers [21].
Regarding the extraction in liquid phase, the main weakness of the
method is that it consumes a long period of time as well as large
volumes of organic solvents. Thus, the liquid phase micro-extraction
(LPME) appears as a good alternative to other methodologies [22]. The
hollow fiber LPME (HF-LPME) was used in combination with GC-MS
to detect steroid hormones in tap and sewage water samples, with
limits of detection (LOD) from 1.6 to 10 ng L™ [23].

In recent years it has become important the development of
immunosensors to detect and quantify different analytes at very
small concentrations. The importance of these devices is that they can
be miniaturized and portable, making them a fast, sensitive and
inexpensive technique.

In addition, the immunoassays based on the ELISA method have
been developed to determine E in humans and animals fluids [24,25],
and in environmental samples [26,27].

Li et al. [28] developed an ELISA method to analyze E in water
samples. The LOD was 0.14 pg L™ . However, the LOD was 1.25 ng L™!
when this methodology was combined with the SPE method.

On the other hand, the E electrochemical detection was reported by
Brocenschi et al. [29]. The anodic oxidation of E was investigated at
glassy carbon, nitrogen-incorporated tetrahedral amorphous carbon
and boron-doped diamond electrodes.

Yang et al. [30] detected E by linear sweep voltammetry (LSV)
using surfactants and multiple-walled carbon nanotubes. The LOD
was 1.35 pg L~!, and the method was used to determine E in
commercial pills.

Gao et al. [31] studied the interaction between E and the polyclonal
antibody anti-E using an electrode modified with polypyrrole, doped
with polyclonal antibody anti-E. The interaction between E and
antibody-polypyrrole film was evaluated by voltammetric measure-
ments based on the response of a probe redox couple (ferricyanide),
being the response in current inversely proportional to the concentration
of E.

Sun et al. [32] developed a method to detect E using an electrochem-
ical detection platform based on bio-assembled nano-circuits covalently
bound to the antibody anti E. The detection of E was performed
using [Ru(NH5)g] "> *2 as the probe redox couple to sense the
antigen-antibody interactions. The LOD was 1.4 pg mL™".

We have recently developed an immunosensor to detect 173-
estradiol (17p-E) in bovine serum samples. The immunosensor showed
a high analytical performance, and the LOD was 0.84 pg mL™ ! [33].

In this work, we report a simple, and sensitive electrochemical
immunosensor (EI) to quantify E in water samples. The EI does not
require the sample pre-treatment, and to label neither the antigen nor
the antibody. The EI was constructed by immobilization of the anti-E
monoclonal antibody (mAbE) on a glassy carbon electrode (GCE)
modified with AuNPs electro-synthesized on a 1-Naphtylamine
(pNap) polymer film (AuNPs-pNap-GCE). These composite structures
possess interesting properties arising from both the size effects of
AuNPs as well as the exceptional properties of the polymer, which al-
lows stacking of the particles and increase their stabilization [34-36].
Indeed, the (pNap) polymer can provide a large specific surface and a
compact matrix for the incorporation of AuNPs, and leads to the
improved stability of the resultant AuUNP-pNap-GCE. Water samples
were spiked with known concentrations of E and, then, incubated on
mAbE-AuNPs-pNap-GCE. Then, the EI was transferred to an electro-
chemical cell containing pH 5.00 citrate buffer solutions (CBS), where
given concentrations of HRP, pyrocatechol (H,Q) and H,0, were
added. The E and H,Q, both enzyme co-substrates, react with HRP.
The HRP, in the presence of H,0,, catalyzes the oxidation of both the E
to a given product and the H,Q to benzoquinone (Q). The back electro-
chemical reduction of Q to H,Q was performed on the modified elec-
trode surface (mAbE-AuNPs-pNap-GCE) by square wave voltammetry
(SWV) (Scheme 1). The electrochemical response is proportional to

H,0,

H,Q

pNap
= film

AuNPs mAbE

E Estrone

H,Q: Pyrocatechol HRP : Horse radish
peroxidase

Q : Benzoquinone

Scheme 1. Schematic representation of the electrochemical immunosensor developed to
determine estrone in water samples.

the amount of H,Q that reacts with the enzyme, and inversely propor-
tional to the amount of E in water samples. Therefore, the maximum
electrochemical response is obtained in the absence of E at the electrode
surface for a given H,Q concentration. This EI showed a very high
sensitivity to determine E at trace levels in water samples, compared
to other conventional techniques.

2. Materials and methods
2.1. Reagents and solutions

E, 17B-E, progesterone (P4), estriol (E1), anti estrone sheep mono-
clonal antibody (mAbE), HRP (E.C:1.11.1.7, H,0,-oxido-reductase),
H,Q, pNap and gold (III) chloride hydrate (HAuCl,) were purchased
from SIGMA, USA. AuNPs were synthesized using HAuCl,. All reagents
were used as received. The following buffer solutions were prepared
from their salts (Merck, p.a.): 1 x 102 mol L~" phosphate buffer
solutions, 0.137 mol L™ ' NaCl and 2.7 x 102 mol L™ ' KCI (pH 7.00,
PBS); 5 x 1072 mol L™ ! citrate, 5 x 10~2 mol L~ ! phosphate buffer
solution, (pH 5.00, CBS), and pH 7.00 PBS containing 0.05% Tween
20 (PBST). Ethanol, H,0,, and H,SO4 were Merck p.a. Toluene and
water were Sintorgan, HPLC grade. Real samples (tap water) free of E
were used without pre-treatment.

2.2. Instruments

Electrochemical measurements were performed in a Teflon
microcell. The cell operates with a volume of 200 pL. The working elec-
trode was a glassy carbon disk electrode (GCE) (BAS, 1.6 mm diameter).
Previous to perform the experiments, the electrode was successively
polished on BAS™ cloth with diamond paste of 15.3 and 1 pm and
then, polished with wet alumina powder (0.3 and 0.05 pum, from
Fischer), rinsed copiously with water and sonicated in a water bath
during 2 min. The counter electrode (CE) was a platinum foil. A calomel
saturated electrode (CSE) or a silver (Ag) wire were used as reference or
pseudo-reference electrodes, respectively.

The measuring system for performing SWV and cyclic voltammetry
(CV) was an Autolab PGSTAT 12 potentiostat, run with the GPES
software, version 4.9 (Eco-Chemie, Utrecht, The Netherlands). All SWV
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measurements were performed in the potential range from 0.1
to —0.2 V vs. Ag wire, with square wave amplitude (AEsy) of 0.025V,
a staircase step height (AEs) of 0.005 V, and a frequency (f) of 25 Hz.
These values of AEsy and AEs are commonly used in heterogeneous
electronic transfers of 2 e~ [37], because the oxidation of H,Q to Q is a
two-electron quasi-reversible redox process [38]. Scanning electron
microscopy (SEM) images were obtained using a Zeiss LEO 1450VP.
Absorbance measurements were performed by a Hewlett-Packard spec-
trophotometer, Model 8452A, equipped with a temperature controller.
The pH measurements were carried out with a HANNA instruments,
Bench Meters, model pH 211, Romania. Each stage of immunoassay
was incubated to 37 °C using a NEO LINE stove, Argentina.

2.3. Fabrication of the immunosensor

pNap films were obtained as described previously for platinum
and glassy carbon electrodes [39,40]. We have applied the technique
of CV as a method of synthesis due to the fact that this technique has
the advantage of exercising control over the thickness and homogeneity
film. Thus, the working electrode potential was continuously scanned at
0.025V s~ ! between 0 and 0.8 V during 15 cyclesina 6 x 10~ 4 mol L™ !
pNap in a pH 1 HClO,4 solution. These experimental conditions led to
the formation of an adherent, mechanically stable film in a short
time, which allowed obtaining highly reproducible electrochemical
responses.

The electro-deposition of the AuNPs on the pNap film was obtained
by immersing the modified glassy carbon electrode in an electrochemi-
cal cell of two compartments. The cell contained a 0.1 mol L™!
H,S04 + 1 x 10~ 2 mol L~ ! HAuCly solution and the electrode was
subjected to10 continuous voltammetric cycles between —0.1 V and
1.3V at0.050Vs~![41].

For comparison, studies were conducted between the responses
obtained at AuNPs-pNap-GCE and at AuNPs-GCE. The morphology of
both electrodes was analyzed by SEM (see below).

Finally, the mADbE is immobilized on the AuNPs-pNap-GCE. Thus, the
AuNPs-pNap-GCE was washed three times with water and PBS. Then,
10 pL of a mADBE solution (optimal dilution, see below) was dropped
on AuNPs-pNap-GCE surface and incubated overnight at 4 °C in order
to generate the EI (mAbE-AuNPs-pNap-GCE). Before use, the EI was
washed with PBS to remove the weakly absorbed antibodies. Once
used, the EI was stored in the PBS at 4 °C.

2.4. Assay procedure for the electrochemical immunosensor

The unspecific bindings at the mAbE-AuNPs-pNap-GCE were avoid
by a treatment at 37 °C with 3% low-fat milk in PBS during 10 min and
washed with PBST. Thus, the free AuNPs were prevented from
interacting with sample components and the HRP added in the detec-
tion stage. Then, aliquots of 10 LL of solutions containing different E con-
centrations were dropped on the EI and incubated at 37 °C during
30 min and then, rinsed with PBS. Finally, the EI was immersed to the
cell and 200 pL of a solution containing given concentrations of
HRP + H,0, + H,Q in CBS. After 10 min, the enzymatic reaction
product (Q) was detected through SWV. The total time of immunoassay
was 45 min.

For next determination, the EI was reconditioned by desorption
of E with 0.1 mol L™ ! glycine - pH 2.00 HCl solution during 2 min and,
then, washed with PBS. The same electrode was used over about 40
determinations. Then, the current gradually decreases and dropped to
70% of its initial value in determining number fifty. This could be due
to the progressive denaturation with time and successive determina-
tions of mAbE immobilized. We verify the efficiency of E desorption
by checking that the maximum reduction current was obtained for the
enzymatic reaction product after addition of HRP, H,O, and H,Q
(Fig. A in Supplementary material).

2.5. Assay cross-reactivity procedure

After the EI was treated to prevent nonspecific adsorption
(see Section 2.4), 10 uL of a solution containing 1 ng mL™"' of
the P4, 17p-E and E1 separately in the absence and in the presence of
10 pg mL™ ! of E were dropped on the El and incubated at 37 °C during
30 min and then, rinsed with PBS. Finally, the EI was immersed to
the cell and 200 puL of 8 x 10~ mol L' HRP + 6 x 10~ mol L™!
H,0, + 3 x 1073 mol L~ H,Q solution in CBS was added. After
10 min, the enzymatic reaction product (Q) was detected through
SWV. The same procedure was carried out by dropping on the EI a
solution containing 10 pg mL™'E + 1 ng mL™' P4 + 1 ng mL™'
173-E + 1 ng mL~! E1. Each experiment was performed by triplicate.

3. Results and discussion
3.1. Characterization of AuNPs-pNap-GCE

It is known that the AuNPs allow a best orientation of immobilized
proteins, which makes the direct electron transfer more favourable
[42]. Also, polymers have been used as a platform suitable for the
immobilization of AuNPs [35,36]. We used CV to study each stage during
the development of EI. Fig. 1a shows cyclic voltammograms of
1 x 1073 mol L™ ! H,Q in pH 5.00 CBS recorded in the potential range
from — 0.1 to 0.7 V vs. CSE. At the bare GCE (Fig. 1a.i), the cyclic voltam-
mogram showed a well-defined anodic peak and its cathodic peak,
corresponding to well known two-electron (H.Q/Q) quasi-reversible
redox couple [38]. The H,Q electron transfer kinetics was disturbed at
the modified pNap-GCE (Fig. 1a.ii). As it can be observed, a marked
decrease in oxidation and reduction peaks was found. Then, an increase
in both the oxidation and reduction currents was obtained at the
AuNPs-pNap-GCE (Fig. 1a.iii) in comparison with the modified pNap-
GCE. This behaviour suggests that the blockade of the electron transfer
process by pNap film was clearly restored at the AuNPs-pNap-GCE.
A probable explanation for this behaviour would be the increase in the
electrode area by the presence of AuNPs. The H,Q redox couple at the
AuNPs-GCE was also studied for comparison. A significant increase in
H,Q oxidation and reduction currents was also observed when the
AuNPs was electro-deposited on bare GCE in the absence of the
film (Fig. 1a.iv).

On the other hand, the modified GCE morphology was analyzed by
SEM measurements for the different modification processes. Fig. 1b
shows the bare GCE surface (Fig. 1b.i-ii) and the modified pNap-GCE
surface (Fig. 1b.iii-iv) after depositing AuNPs. It can be observed that
both surfaces are covered with AuNPs. The electrochemical deposition
of AuNPs on the bare GCE surface was not homogeneous and the aggre-
gation of AuNPs was observed (Fig. 1b.i-ii), where the particle size of
AuNPs was determined to be 20-80 nm. When the AuNPs were depos-
ited on the modified pNap-GCE surface an increased coverage, no aggre-
gation and a homogenous distribution on the surface was observed. The
AuNPs size was determined to be 30-60 nm (Fig. 1b.iii-iv). These sizes
of AuNPs are consistent with those obtained by other authors using this
methodology [41]. A different morphology is clearly obtained from de-
position of AuNPs on bare and modified GCE (Fig. 1b). On the modified
GC surface, AuNPs are uniformly distributed and no aggregation is ob-
served while agglomerates are present at the bare CGE. We assume
that this can occur because of the polymer probably has a lesser rough
surface than the bare GCE, favouring a more homogeneous distribution
of electro-deposited AuNPs. In addition, as it will be discussed later the
presence of film could facilitate the binding and/or orientation of the
antibody in the design of EI.

3.2. HRP activity towards E

The enzymatic reaction between HRP and E was studied by
UV-visible spectroscopy and SWV techniques.
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Fig. 1. a) Cyclic voltammograms recorded for H,Q in pH 5.00 CBS of bare and modified GCE electrodes as it indicated in the figure insert; b) SEM images of AuNPs on bare GCE disk electrode

at different scale (i and ii) and on pNap-GCE at different scale (iii and iv).

UV-Vis spectra of E in electrolytic solutions at different times of the
enzymatic reaction were analyzed by monitoring the absorbance at
294 nm by triplicate. From these experiments, the Michaelis-Menten
apparent constant (Ky;) was calculated. From a plot of 1/V; vs. 1/cg
(Lineweaver-Burk plot, Fig. 2) [43], where V; is the initial enzymatic
reaction rate and cpis the E bulk concentration, a value of Ky =
8.7 x 107> mol L' was obtained. This result shows that HRP can
recognize E as co-substrate in homogeneous media, as occurs with
other phenolic compounds [33,38].

Then, the affinity of HRP towards E immobilized on the electrode
was evaluated by SWV for the following modified electrodes:
mADE-AuNPs-GCE and EI Fig. 3a shows a SW voltammogram

recorded in the solution of HRP + H,0, + H,Q at the mAbE-
AuNPs-GCE in the absence of E. Fig. 3b shows a SW voltammogram
recorded after incubating the mAbE-AuNPs-GCE in a solution with E.
No change in current was observed, so that this analytical platform can-
not be used to detect E. This is probably because the antigen-antibody
complex is not formed due to the orientation of the antibody is
not appropriate.

Fig. 3c shows a SW voltammogram recorded in the solution
of HRP + H,0, + H,Q at the EI in the absence of E. Fig. 3d shows a
SW voltammogram recorded after incubating the EI in a solution with
E. A higher net peak current (I, ,) was observed in the absence of E
(Fig. 3c), indicating that all HRP is consumed by H,Q generating Q.
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Fig. 2. Dependence between the reciprocal of the initial velocity and the reciprocal of
the E concentration. ¢’y,0, = 2.26 x 107> mol L™ '; ¢"pgp = 3.26 x 10~ mol L.
Intercept: (7.12 4 0.01) x 10* s mol~ ! L, slope: (0.6 & 0.1) s, r = 0.9980.

However, the I, decreased for the SW voltammogram recorded when
E formed the immune-complex (Fig. 3d), showing clearly that HRP re-
acts with both E and H,Q. It was observed that the I, , decreased as
the E concentration increased (results no shown). I, , variations below
5% were obtained in the absence of HRP for different concentrations of
E incubated at the El surface, and the same H,Q concentration. These re-
sults indicate that changes in the I, , found in the presence of HRP are
due to the reaction of E with the enzyme.

The presence of pNap film favors the distribution of AuNPs and prob-
ably also the immobilization and/or orientation of mADbE, favoring the
formation of the antigen-antibody complex (see Fig. 1b.iii-iv), consider-
ing that in the absence of the film no change in I, , was observed in both
the presence and the absence de E as was previously discussed.

3.3. Optimization of the concentrations of species involved in the reaction of
the immunosensor

The enzymatic reaction conditions have been previously studied
[44] and the maximum reaction rate was obtained in pH 5.00 CBS. Incu-
bations were carried out at 37 °C since it is the optimum temperature of
immunoreaction for all IgG [45].

Once all the variables were optimized, the influence of the mAbE
concentration on the EI response was also evaluated. This was per-
formed for 1:100, 1:200, and 1:400 dilution factors. A major change in
the I, (Al ) values for different E concentrations was obtained

2.8x10° -
2.4x10° -
2.0x10°

52 1.6x10° -
N 1.2x10° -
8.0x10°
4.0x10°
0.0

01 0.0 01 0.2
EIV

Fig. 3. Square wave voltammograms for two analytic platforms obtained in pH 5.00 CBS: a)
mADbE-AuNPs-GCE in the absence of E; b) mAbE-AuNPs-GCE with 500 pg mL~"! of E,
previously incubated. c) mAbE-AuNPs-pNap-GCE in the absence of E. d) mAbE-AuNPs-
pNap-GCE with 500 pg mL™"' of E, previously incubated. ¢"y,0, = 5 x 10> mol L™/,
Chre = 8 x 107 mol L™, ¢ = 3 x 107> mol L™, AEsyy = 0.025 V, AE; = 0.005 V,
and f = 25 Hz.

when the mAbE dilution factor decreased (Fig. B in Supplementary ma-
terial). Al,, increases because a larger amount of E can form the
antigen-antibody complex with the mAbE immobilized. Thus, a 1:100
dilution factor was selected for further experiments.

Other optimized variables were the concentration of H,0,, H,Q and
HRP. The results are shown in Fig. 4. All determinations were performed
by triplicate. Fig. 4a.i shows the effect of varying the H,O, concentration
atgiven H,Q (1.0 x 10~ mol L™ 1), HRP (1.5 x 10~ ' mol L™ ') concen-
trations, and a given E incubated concentration (50 pg mL™'). The influ-
ence of H,Q concentration when HRP, H,0,, and E incubated were
1.5%x 107 mol L™, 6 x 073 mol L~ and 50 pg mL™ !, respectively
is displayed in Fig. 4a.ii. Finally, Fig. 4b shows the effect of varying the
HRP concentration, at given concentrations of H,Q, H,0, and E incubat-
ed(2x103molL™!,6 x 10> mol L~ ! and 50 pg mL™ !, respectively).
From these studies, the optimal concentrations were 6 x 10~ >mol L™ 1;
3x 107> mol L' and 8 x 10~ " mol L™ for H,0,; H,Q and HRP, re-
spectively. These values were used in the following experiments.

34. Calibration curve

A typical calibration curve constructed for E under the optimized
working conditions is displayed in Fig. 5. The tested concentration
range tested was from 1 x 1073 to 2 x 10° pg mL™", and the linear
range was between 8 x 102 and 2 x 10 pg mL™ . As previously men-
tioned, the I, , correspond to the reduction of Q enzymatically generat-
ed, which is indirectly proportional to the amount of E incubated on the
EL The results were normalized to I , (the net peak current obtained in
the absence of E) to correct for slight variations in the fabrication of the
El. Every point corresponds to the average of three replicated measure-
ments obtained with different biosensors.

Error bars in Fig. 5 show a good reproducibility. The LOD, calculated
as the concentration of E which produces a decrease in signal equal to
three times the standard deviation of the blank was 0.061 pg mL™!
[46]. This value is notably better than those achieved with other
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Fig. 4. Variations of I, , for 50 pg mL~" E solution on the mAbE-AuNPs-pNap-GCE with:
a) "o, 1) (o = 1.0 x 1072 mol L™, c'ugp = 1.5 x 107 mol L™1); c"y,0
ii) (o, = 6 x 107> mol L™, ¢"yre = 8 x 107" mol L™; b) c"prey (Chy0, =
6 x 107> mol L™%; ¢’y = 3 x 107> mol L™". pH 5.00 CBS. SW parameters are the
same that those in Fig. 3.
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Fig. 5. Normalized calibration curve for E recorded using different EI, and optimized
parameters in pH 5.00 CBS. Each point is the average of three replicated measurements.
o, =6x 10 mol L™, ¢y = 8 x 107 " mol L™, ¢y o =3 x 10 > mol L™ . SW
parameters are the same that those in Fig. 3.

immunosensors previously reported: 1.25 pg mL™ ' [28], 1.35 ng mL™"
[30] and 1.4 pg mL™ ! [32] and 10 times lower than that obtained for
17p-E with a similar detection process [33].

In addition, the time to modify the electrode surface with AuNPs is
reduced considerably (from 150 min to 15 min) compared with the
immunosensor developed to detect 17R-E [33]. The within-assay
precision of electrochemical measurements was tested for E standard
solutions of 50 pg mL™! and 100 pg mL™ ' in PBS by triplicate. Thus,
percentage variation coefficients (VC %) were 1.0% and 4.0%, respective-
ly, showing a good repeatability. The precision inter-assays for the same
concentrations did not exceed 5%.

Tests were also conducted to evaluate the cross-reactivity of E with
other hormones of similar structure such as 17p-E, P4 and E1 (Fig. 6).
Fig. 6a shows the I, , obtained for El in the absence of E. Afterwards,
10 uL of 1 ng mL~' 17B-E solution was dropped on the El in the absence
of E (Fig. 6b). Then, the EI was incubated for 30 min at 37 °C, rinsed and
immersed to the detection cell. In the absence of E and in the presence of
the 17p-E, a I, , maximum (VC% 4%) is obtained due to the discharge of
Q enzymatically generated indicating that 173-E was not immobilized
by mADE.

In the presence of 10 pg mL~! E (Fig. 6¢) and 10 pg mL™~ ! E with
1 ng mL™" of 17p-E, P4, and E1 (Fig. 6d), similar I,, was obtained
(VC% 4%) on the EL This result demonstrates the high selectivity for E
on the EI Therefore, if any cross-reactivity would exist, it is within the

Fig. 6. Square wave voltammograms in pH 5.00 CBS for the electrochemical
immunosensor in the absence of E (a); with 1 ng mL™! 17p-E (b); 10 pg mL™ ! E
(c); 10pgmL "E+ 1ngmL ' 17p-E+ I1ngmL ' P4 + 1 ngmL™ " E1 (d). ¢y 0, =
6 x 1072 mol L™, c¢"ugp = 8 x 107" mol L™, ¢"y,g = 3 x 107> mol L™". SW
parameters are the same that those in Fig. 3.

Table 1
Statistical analysis of immunosensor responses for three water samples with different
amounts of spiked E.

ack (pgmL™") by (pg mL™1) % Recovery
50 49,0 98,2
100 100,5 105,5
200 201,3 100,8

2 E concentration in water samples.
b Average value of E concentration determined with the immunosensor.

percentage of variation of the detection method that is <5% (see error
bars in Fig. 5).

3.5. Real sample analysis

The usefulness of the mAbE-AuNPs-pNap-GCE immunosensor for
the analysis of real samples was demonstrated by analyzing water
samples spiked with E at different concentrations: 50, 100 and
200 pg mL~ . It is important to emphasize that water samples were
incubated in the immunosensor without any previous pretreatment.
The results obtained are given in Table 1 with mean recoveries of 98
and 105%. They are considered to be good recoveries. The storage
stability of EI was evaluated during twenty five days for a constant E
concentration. The initial immunosensor response was constant during
ten days and then, it started to decrease gradually, reaching a value of
84% at twenty five days.

The regeneration of the EI surface is a key factor for developing a
practical immunosensor. The EI surface was regenerated by simply
immersingitina 0.1 mol L™ glycine - HCI, pH 2.00 during 2 min follow-
ed by washing with PBST, which allowed us to use the biosensor over
about forty determinations. It was checked by measurements of net
peak currents and using alternatively E standard solutions and water
samples. Between each experiment set, the immunosensor was regen-
erated again. The results were reproducible, showing that the antibody
activity loss is not appreciable.

4. Conclusions

In this study, an integrated electrochemical immunosensor was
developed to determine estrone at trace levels in water samples.
These determinations were performed without any pretreatment of
samples, which indicates the great selectivity of the antibody used.
The immunosensor showed a high analytical performance in terms of
an excellent limit of detection (0.061 pg mL™1), great sensitivity, high
specificity, an important analytical range of interest, good reproducibil-
ity and an acceptable accuracy. This performance is notably better
than those achieved with other immunosensors previously reported
[28,30,32]. The detection limit was reduced tenfold. In addition, the
modification time of the modified electrode surface with AuNPs was
considerably reduced compared to other immunosensors with a similar
process of detection.

The immunosensor developed can operate as a fast, selective, and
sensitive detector. This device has several advantages over other
methods for the determination of estrone in real samples, such as
direct measurement without any pre-treatment, use of small
volumes (harmful solvents and expensive reagents are avoided),
without antigen or antibody labeled and mainly with the advantage
that the electrochemical immunosensor platform is formed quickly
by using cyclic voltammetry, which has the advantage of exercising
control over the polymer film thickness and homogeneity. The
EI also shows physical and chemical stability and accuracy. In addi-
tion, integrated approaches allow considering a potential sensor
miniaturization.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.microc.2016.06.001.


doi:10.1016/j.microc.2016.06.001
doi:10.1016/j.microc.2016.06.001

M,J. Monerris et al. / Microchemical Journal 129 (2016) 71-77 77

Acknowledgements

Financial supports from Fondo para la Investigacién Cientifica y

Tecnoldgica (FONCyT) under the Grant PICT 0916/2010, Consejo
Nacional de Investigaciones Cientificas y Técnicas (CONICET) under
the Grant PIP 112-201101-00184, Ministerio de Ciencia y Tecnologia

de

Cérdoba (MINCYT/Cérdoba) under the Grant PID 050/2010,

and Secretaria de Ciencia y Técnica (SECyT/UNRC) under the Grant
Res. Rect. 1230/14 from the Universidad Nacional de Rio Cuarto are
gratefully acknowledged. M. J. Monerris thanks to CONICET for the
post-doctoral research fellowship.

References

[1]

[2

3

[4

5

[6

17
[8]
9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

M.B. Rauschembergera, M. Sandoval, V. Massheimer, Cellular and molecular actions
displayed by estrone on vascular endothelium, Mol. Cell. Endocrinol. 339 (2011)
136-143.

C. Mahugo-Santana, Z. Sosa-Ferrera, M.E. Torres-Padrén, ].J. Santana-Rodriguez,
Application of new approaches to liquid-phase microextraction for the determina-
tion of emerging pollutants, Trends Anal. Chem. 30 (2011) 731-748.

G.-G. Ying, R.S. Kookana, Y.-J. Ru, Occurrence and fate of hormone steroids in the
environment, Environ. Int. 28 (2002) 545-551.

W. Zheng, S. Yates, S.A. Bradford, Analysis of steroid hormones in a typical dairy
waste disposal system, Environ. Sci. Technol. 42 (2008) 530-535.

J. Lintelmann, A. Katayama, N. Kurihara, L. Shore, A. Wenzel, Endocrine disruptors in
the environment, Pure Appl. Chem. 75 (2003) 631-681.

Y. Feng, Z. Zhang, P. Gao, H. Su, Y. Yu, N. Ren, Adsorption behavior of EE2
(17a-ethinylestradiol) onto the inactivated sewage sludge: kinetics, thermo-
dynamics and influence factors, J. Hazard. Mater. 175 (2010) 970-976.

T.V. Emmerik, M.J. Angove, B.B. Johnson, J.D. Wells, M.B. Fernandes, Sorption of
17p-estradiol onto selected soil minerals, ]. Colloid Interface Sci. 266 (2003) 33-39.
C. Purdom, P. Hardiman, V. Bye, N. Eno, C. Tyler, ].J.P. Sumpter, Estrogenic effects of
effluents from sewage treatment works, Chem. Ecol. 8 (1994) 275-285.

J.P. Sumpter, S. Jobling, Vitellogenesis as a biomarker for estrogenic contamination
of the aquatic environment, Environ. Health Perspect. 103 (1995) 173-178.

F. Regan, B. Fogarty, E. Dempsey, Development of comparative methods using
gas chromatography-mass spectrometry and capillary electrophoresis for
determination of endocrine disrupting chemicals in bio-solids, ]. Chromatogr.
B 770 (2002) 243-253.

M. Seifert, S. Haindl, B. Hock, Development of an enzyme linked receptor assay
(ELRA) for estrogens and xenoestrogens, Anal. Chim. Acta 386 (1999) 191-199.
M.J. Lopez de Alda, D. Barcel6, Determination of steroid sex hormones and related
synthetic compounds considered as endocrine disrupters in water by liquid
chromatography-diode array detection-mass spectrometry, J. Chromatogr. A 892
(2000) 391-406.

MJ. Lépez de Alda, D. Barcel6, Determination of steroid sex hormones and related
synthetic compounds considered as endocrine disrupters in water by fully automat-
ed on-line solid-phase extraction-liquid chromatography-diode array detection, J.
Chromatogr. A 911 (2001) 203-210.

X.Y. Xiao, D.V. McCalley, ]. McEvoy, Analysis of estrogens in river water and effluents
using solid-phase extraction and gas chromatography-negative chemical ionisation
mass spectrometry of the pentafluorobenzoyl derivatives, J. Chromatogr. A 923
(2001) 195-204.

C.H. Huang, D.L. Sedlak, Analysis of estrogenic hormones in municipal wastewater
effluent and surface water using enzyme-linked immunosorbent assay and gas
chromatography/tandem mass spectrometry, Environ. Toxicol. Chem. 20 (2001)
133-139.

A. Peiialver, E. Pocurull, F. Borrull, R.M. Marcé, Method based on solid-phase
microextraction-high-performance liquid chromatography with UV and electro-
chemical detection to determine estrogenic compounds in water samples, J.
Chromatogr. A 964 (2002) 153-160.

M. Peck, RW. Gibson, A. Kortenkamp, E.M. Hill, Sediments are major sinks of steroi-
dal estrogens in two United Kingdom rivers, Environ. Toxicol. Chem. 23 (2004)
945-952.

M. Petrovi¢, M.D. Hernando, M.S. Diaz-Cruz, D. Barceld, Liquid chromatography-
tandem mass spectrometry for the analysis of pharmaceutical residues in environ-
mental samples: a review, J. Chromatogr. A 1067 (2005) 1-14.

K.S. Chandra Bose, T.V. Kumar, P.K. Dubey, P.M. Murali, Development of a rapid,
sensitive and authentic LCMS method for the determination of dexamethasone,

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

testosterone and estrone (E1) in human plasma, ]. Pharm. Res. 6 (2013)
193-198.

S. Rodriguez-Mozaz, MJ. Lopez de Alda, D. Barcel6, Picogram per liter level
determination of estrogens in natural waters and waterworks by a fully automated
on-line solid-phase extraction-liquid chromatography-electrospray tandem mass
spectrometry method, Anal. Chem. 76 (2004) 6998-7006.

X. Du, X. Wang, Y. Li, F. Ye, Q. Dong, C. Huang, Determination of estrone and
17b-estradiol in water samples using dispersive liquid-liquid microextraction
followed by LC, Chromatographia 71 (2010) 405-410.

M. Rezaee, Y. Yamini, M. Faraji, Evolution of dispersive liquid-liquid microextraction
method, ]. Chromatogr. A 1217 (2010) 2342-2357.

S. Zorita, P. Hallgren, L. Mathiasson, Steroid hormone determination in water using
an environmentally friendly membrane based extraction technique, ]. Chromatogr.
A 1192 (2008) 1-8.

N. Czekala, J.E. Gallusser, ].E. Meier, B.L. Lasley, The development and application of
an enzyme immunoassay for urinary estrone conjugates, Zoo Biol. 5 (1986) 1-6.
J.V. Lee, C.S. Whaling, B.L. Lasley, P. Marler, Validation of an enzyme immunoas-
say for measurement of excreted estrogen and testosterone metabolites in
the white-crowned sparrow (Zonotrichia leucophrys oriantha), Zoo Biol. 14
(1995) 97-106.

V. Pacdkov4, L. Loukotkovd, Z. Bosakova, K. Stulik, Analysis for estrogens as environ-
mental pollutants — a review, J. Sep. Sci. 32 (2009) 867-882.

E. Caron, C. Sheedy, A. Farenhorst, Development of competitive ELISAs for
17p-estradiol and 17p-estradiol + estrone + estriol using rabbit polyclonal
antibodies, ]. Environ. Sci. Health B 45 (2010) 145-151.

Z. Li, S. Wang, N.A. Lee, R.D. Allan, L.R. Kennedy, Development of a solid-phase
extraction-enzyme-linked immunosorbent assay method for the determination of
estrone in water, Anal. Chim. Acta 503 (2004) 171-177.

R.F. Brocenschi, R.C. Rocha-Filhoa, L. Lib, G.M. Swainc, Comparative electrochemical
response of estrone at glassy-carbon, nitrogen-containing tetrahedral amorphous
carbon and boron-doped diamond thin-film electrodes, J. Electroanal. Chem. 712
(2014) 207-214.

C. Yang, Q. Sang, S. Zhang, W. Huang, Voltammetric determination of estrone based
on the enhancement effect of surfactant and a MWNT film electrode, Mater. Sci. Eng.
C 29 (2009) 1741-1745.

H. Gao, J. Lu, X. Zhang, Electrochemical immunoassay of estrone at an antibody-
modified conducting polymer electrode towards immunobiosensors, J. Electroanal.
Chem. 592 (2006) 88-94.

N. Sun, M. McMullan, P. Papakonstantinou, H. Gao, X. Zhang, D. Mihailovic, M. Li,
Bioassembled nanocircuits of Mo6S9 — xIx nanowires for electrochemical
immunodetection of estrone hapten, Anal. Chem. 80 (2008) 3593-3597.

M.J. Monerris, FJ. Arévalo, H. Ferndndez, M.A. Zon, P.G. Molina, Development of a
very sensitive electrochemical immunosensor for the determination of 17p3-
estradiol in bovine serum samples, Sensors Actuators B Chem. 208 (2015) 525-531.
M. Riskin, R. Tel-Vered, O. Lioubashevski, I. Willner, Ultrasensitive surface plasmon
resonance detection of trinitrotoluene by a bis-aniline-cross-linked Au nanoparti-
cles composite, J. Am. Chem. Soc. 131 (2009) 7368-7378.

[35] J. Pecher, S. Mecking, Nanoparticles of conjugated polymers, Chem. Rev. 110 (2010)

[36]

[37]

[38]

[39]
[40]
[41]
[42]
[43]

[44]

[45]

[46]

6260-6279.

V. Armel, O. Winther-Jensen, R. Kerr, D.R. MacFarlane, B. Winther-Jensen, Designed
electrodeposition of nanoparticles inside conducting polymers, J. Mater. Chem. 22
(2012) 19767-19773.

].J. O'Dea, J. Osteryoung, R.A. Osteryoung, Theory of square wave voltammetry for
kinetics studies, Anal. Chem. 53 (1981) 695-701.

E.S. Forzani, G.A. Rivas, V.M. Solis, Amperometric determination of dopamine
on vegetal-tissue enzymatic electrodes. Analysis of interferents and enzymatic
selectivity, J. Electroanal. Chem. 435 (1997) 77-84.

H. Arévalo, H. Fernandez, ]J. Silber, L. Sereno, Mechanism of electropolymerization
of 1-naphthylamine in aqueous acid media, Electrochim. Acta 35 (1990) 741-748.
F. D'’Eramo, ].M. Marioli, A.H. Arévalo, L. Sereno, HPLC analysis of carbohydrates with
electrochemical detection at a poly-1-naphtylamine/copper modified electrode,
Electroanalysis 11 (1999) 481-486.

K. Singh, M.A. Rahman, ].I. Son, K.C. Kima, Y. Shim, An amperometric immunosensor
for osteoproteogerin based on gold nanoparticles deposited conducting polymer,
Biosens. Bioelectron. 23 (2008) 1595-1601.

S. Liu, D. Leech, H. Ju, Application of colloidal gold in protein immobilization,
electron transfer, and biosensing, Anal. Lett. 36 (2003) 1-19.

H.B. Dunford, Heme Peroxidases, J. Wiley & Sons, New York, USA, 1999.

G.A. Messina, AJ. Torriero, LE. De Vito, J. Raba, Continuous-flow/stopped-flow
system for determination of ascorbic acid using an enzymatic rotating bioreactor,
Talanta 64 (2004) 1009-1017.

S.S. Deshpande, Enzyme Immunoassays, from Concept to Product Development,
Chapman & Hall, New York, USA, 1996.

ACS Committee on Environmental Improvement, 1980.


http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0005
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0005
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0005
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0010
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0010
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0010
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0015
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0015
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0020
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0020
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0025
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0025
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0030
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0030
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0030
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0035
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0035
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0040
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0040
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0045
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0045
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0050
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0050
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0050
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0050
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0055
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0055
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0060
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0060
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0060
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0060
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0065
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0065
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0065
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0065
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0070
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0070
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0070
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0070
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0075
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0075
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0075
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0075
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0080
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0080
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0080
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0080
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0085
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0085
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0085
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0090
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0090
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0090
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0095
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0095
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0095
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0095
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0100
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0100
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0100
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0100
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0105
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0105
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0105
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0110
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0110
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0115
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0115
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0115
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0120
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0120
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0125
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0125
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0125
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0125
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0130
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0130
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0135
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0135
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0135
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0140
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0140
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0140
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0145
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0145
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0145
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0145
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0150
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0150
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0150
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0155
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0155
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0155
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0160
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0160
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0160
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0160
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0160
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0165
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0165
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0165
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0170
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0170
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0170
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0175
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0175
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0180
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0180
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0180
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0185
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0185
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0190
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0190
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0190
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0195
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0195
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0200
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0200
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0200
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0205
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0205
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0205
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0210
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0210
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0215
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0220
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0220
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0220
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0225
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0225
http://refhub.elsevier.com/S0026-265X(16)30072-8/rf0230

	Electrochemical immunosensor based on gold nanoparticles deposited on a conductive polymer to determine estrone in water sa...
	1. Introduction
	2. Materials and methods
	2.1. Reagents and solutions
	2.2. Instruments
	2.3. Fabrication of the immunosensor
	2.4. Assay procedure for the electrochemical immunosensor
	2.5. Assay cross-reactivity procedure

	3. Results and discussion
	3.1. Characterization of AuNPs-pNap–GCE
	3.2. HRP activity towards E
	3.3. Optimization of the concentrations of species involved in the reaction of the immunosensor
	3.4. Calibration curve
	3.5. Real sample analysis

	4. Conclusions
	Acknowledgements
	References


