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Abstract

This study describes the development of a very sensitive electrochemical
immunosensor (EI) for the determination of 17B-estradiol (178-E). The novelty of this
immunosensor is that the detection of 173-E is carried out without sample pretreatment
and unlabeled neither the antigen nor the antibody. Very good results in terms of
sensitivity, kinetics, and working range are obtained. The immunosensor was
constructed by immobilization of the anti-17B-E monoclonal antibody (mAbE) on a
gold disk electrode modified with gold nanoparticles on a cysteamine self-assembled
monolayer (AuNP-cys-Au disk). Bovine serum samples were spiked with known
amounts of 17B-E and incubated on mAbE-AuNP-cys-Au disk electrodes. Then, the EI
was transferred to pH 5.00 citrate buffer solutions, containing horseradish peroxidase
(HRP), pyrocatechol (H,Q), and H,O, at given concentrations. The 17B-E and H»Q,
both enzyme co-substrates, react with HRP. The HRP, which did not react with 17B-E,
in the presence of H,O, catalyzes the oxidation of H,Q to o-benzoquinone (Q). The
back electrochemical reduction of Q to H,Q was detected on the modified gold
electrode surface by square wave voltammetry. The electrochemical signal was
proportional to the amount of H,Q that reacts with the enzyme, and inversely
proportional to the amount of 17B-E presents in the bovine serum samples. The EI
showed a linear range from 0.54 to 1.36 x 10* pg mL".The limit of detection (LOD)
was 0.84 pg mL™'. Recovery percentages were very good, with values of 99.7, 106, and
105 % for 10, 50 and 100 pg mL™, respectively. This EI is an attractive tool for the 17p-

E determination in bovine serum samples.

Keywords: Immunosensor; Enzyme immunoassays; 17p-estradiol; Gold nanoparticles.
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1. Introduction

The natural estrogen with the highest estrogenic activity in mammals is 170-
estradiol (17B-E), followed by estrone and estriol. The importance of these hormones is
that their concentration levels affect the health of mammals [1]. Estrogens are
endogenous hormones that produce several physiological effects. These effects in
women include actions related to the development, neuroendocrine problems in the
control of ovulation, preparation for fertilization, and implantation in the reproduction.
The main effects are those generated on carbohydrates, proteins, and lipids metabolism.

Monitoring ef the 17B-E levels in women is an indicator of the activity of
ovaries. This monitoring allows to diagnose menstrual dysfunctions, and thus, to detect
the states of hypoestrogenism and menopause. In the normal menstrual cycle, 178-E
levels are typically less than 50 pg mL™ during menstruation, increase with follicular
development (maximum 200 pg mL™), fall slightly during ovulation, and increase again
during the luteal phase to a second maximum. During the menstrual cycle, at the end of
the luteal phase, the 17B-E level decreases unless pregnancy is reached [2]. 17B-E is
used in veterinary medicine to heal, and to prevent animal infections [3]. However, 173-
E is also used illegally in livestock production for growth promotion purposes because
of its anabolic properties [4].

The traditional method for monitoring and routine screening of 17B-E is
radioimmunoassays (RIA) [5-7]. Although this method is sensitive and reliable, it
suffers from problems associated with the use of radioisotopes and the restriction to use
it on the test site, i.e., it is not possible to use this technique outside specially equipped
laboratories. Due to environmental and clinical importance of steroids, numerous
strategies have been developed to achieve their analytical determinations. Usually,

biological samples are analyzed by gas or HPLC chromatography’s coupled to a mass
3
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spectrometer (GC-MS and HPLC-MS, respectively) [8-14]. These methods have the
disadvantages that the samples require pretreatment and derivatization.

In recent years, the interest has focused on the development of electroanalytical
techniques for steroid detections [15-18]. The selective and sensitive detection of
steroids can be carried out by combining the advantages of electroanalytical techniques
with the properties of nanomaterials, antibodies, enzymes, aptamers, etc. Yuan et al.
[19] have developed an electrochemical sensor for the detection of 17B-E based on
molecular imprinted polymer membranes.

Electrochemical immunosensors are one of the most powerful analytical tools
that have been developed. These devices use electrodes modified with antibodies.
Electrochemical immunoassays have been reported for the detection of 17B-E using an
ELISA-style format [20,21]. Volpe et al. [21] found a limit of detection of 15 pg mL™,
and a determination total time of 147 min. A disadvantage of this technique is that it
requires an extensive pretreatment of the sample. Moreover, different immunosensors
have been developed for the detection of 17B-E in human serum samples [22]. Liu and
Wong [23] have developed an immunosensor for the detection of 178-E with a limit of
detection of 3.5 pg mL" and a determination total time of 120 min for each assay. Ojeda
et al. [24] reported an electrochemical immunosensor for the detection of 173-E using a
carbon screen printed electrode, being the detection principle based on a competitive
immunoassay, reaching a limit of detection of 0.77 pg mL™', and a total time of 175 min
for each determination. Recently, a method based on anodic stripping differential pulse
voltammetry has been reported for the determination of 178-E using CdSe quantum
dots, and an indirect competitive immunoassay, reaching a detection limit of 52.5 pg
mL™" [25]. In ELISA-type immunoassays of small molecules, the analyte competes for

binding to a specific antibody with a tracer compound. The tracer typically consists of a
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structurally related molecule (competing hapten) that provides the binding site, and a
catalytic molecule that generates the signal [26-28]. Synthesis or labeling of the hapten
are time consuming, since the performance of the assay is greatly influenced by several
factors related to the preparation of these conjugates, the final hapten/tracer ratio, the
effect of the conjugation chemistry on the tracer enzyme activity, and the need for a
careful purification of the conjugate from non-conjugated reactants [29]. Recently, Li et
al. [30] have developed an electrochemical immunoassay for the 173-E detection using
graphene—polyaniline (GR-PANI) composites and carboxylated graphene oxide.
Carboxylated graphene oxide was used as the carrier of the enzyme and antibody at a
high ratio. GR-PANI composites were used to amplify responses of the immunosensor
and a detection limit of 20 pg mL™ was obtained. It has successfully been used in the

detection of 17B-E in water and milk samples. In addition, a molecularly imprinted

electrochemical sensor for the rapid detection of 17B-E in milk samples was reported using
glassy carbon electrode (GCE) modified with gold nanoparticles (AuNP) and molecular
imprinted polymer (MIP) [31]. AuNP were electrodeposited on the surface of GCE and
used to increase the electrode surface area. Besides, the sensor signal was amplified with p-
aminothiophenol combined with AuNP through Au-S bonds. The detection limit was 1.28
pg mL™.

In this work, we report a simple, and very sensitive electrochemical
immunosensor (EI) to quantify 17B-E in bovine serum samples, without sample
pretreatment and unlabeled neither the antigen nor the antibody. The EI was constructed
by immobilization of the anti-17B-E monoclonal antibody (mAbE) on a gold disk
electrode (Au disk) modified with AuNP on a cysteamine self assembled monolayer
(AuNP-cys-Au disk). Bovine serum samples were spiked with known concentrations of

178-E and incubated on mAbE-AuNP-cys-Au disk electrodes. Then, the EI was
5
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transferred to an electrochemical cell containing pH 5.00 citrate buffer solutions; where
given amounts of horseradish peroxidase (HRP), pyrocatechol (H,Q) and H,O, were
added. The 17B-E and H,Q are both enzyme co-substrates. The HRP, in the presence of
H,0,, catalyzes the oxidation of both the 17B-E to a given product, and the H,Q to
benzoquinone (Q). The electrochemical reduction of Q to H,Q was detected on the
modified gold electrode surface (mAbE-AuNP-cys-Au disk) by square wave
voltammetry (SWV) (Scheme 1). The electrochemical response is proportional to the
amount of H,Q that reacts with the enzyme, and inversely proportional to the amount of
17B-E in bovine serum samples. Therefore, the maximum electrochemical response was
obtained in the absence of 173-E at the electrode surface for a given H>Q concentration.
This electrochemical immunosensor showed a very high sensitivity to determine trace

levels of 17B-E in bovine serum samples, compared to other conventional techniques.

2. Materials and methods
2.1. Chemicals and immunochemicals
17B-estradiol (17B-E), progesterone (P4), estrone (E1), estriol (E2), cysteamine
(cys), anti 17p-estradiol sheep monoclonal antibody (mAbE), horseradish peroxidase
(HRP) (E.C:1.11.1.7, H,0;-oxide-reductase), and pyrocatechol (H,Q) were purchased
from SIGMA. Gold nanoparticles were synthesized using gold (II) chloride hydrate
(HAuCly), and sodium borohydride (NaBHy4), both from SIGMA. All reagents were
used as received. The following buffer solutions were prepared from their salts
(Merck, p.a.): 1 x 102 mol L' phosphate, 0.137 mol L™ NaCl and 2.7 x 10 mol L™
KCI (pH 7.00, PBS); 5 x 10~ mol L™ citrate, 5 x 10 mol L™ phosphate, (pH 5.00,
CBS), and pH 7.00 PBS containing 0.05% Tween 20 (PBST). Ethanol, H,O,, and

H,SO4 were Merck p.a. Toluene and water were Sintorgan, HPLC grade. Certified
6
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bovine serum samples containing 3.35 pg mL™" of 17B-E, were gently supplied by the
Facultad de Agronomia y Veterinaria, Universidad Nacional de Rio Cuarto, and used

without pretreatment.

2.2. Apparatus and electrodes

Electrochemical measurements were performed in a Teflon microcell. The cell
operates with a volume of 200 uL. The working electrode was a polycrystalline gold
disk (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 pm, from Fischer), rinsed copiously
with water and sonicated in a water bath for 2 min. Then, it was immersed in a solution
of H,SO4 + H,0;, (3:1 v/v) during 5 min. Finally, the gold disk electrode was activated
in 0.5 mol L™ H,SO;4 by cyclic voltammetry (CV) in a potential range from -0.2 to 1.6
V vs CSE, at a scan rate of 0.1 V s until a typical voltammogram of a polycrystalline
Au clean surface was obtained [32]. Then, it was rinsed with water and ethanol, and
dried by a stream of N, before performing the thiol monolayer adsorption process. 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 CV was an Autolab PGSTAT
12 potentiostat run with the GPES software, version 4.9 (Eco-Chemie, Utrecht, The
Netherlands). All SWV measurements were performed in the potential range from 0.1 to
-0.2 V vs Ag wire, with square wave amplitude (AEsw) of 0.025 V, a staircase step
height (AEs) of 0.005 V, and a frequency (f) of 25 Hz. These values of AEsw and AEs

are commonly used for heterogeneous electronic transfers of 2 e [33], because the

oxidation of H,Q to Q is a two-electron quasi-reversible redox process [34]. Atomic
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force microscopy (AFM) measurements were made with an Agilent 5420 AFM/STM
microscope. A commercial Point Probe® Plus Non-Contact/Tapping Mode - Long
Cantilever (PPP NCL) with a force constant 6N/m and resonance frequency 156 Hz was
used. Absorbance measurements were performed by a Hewlett-Packard
spectrophotometer, Model 8452A, equipped with a temperature controller. pH
measurements were carried out with a HANNA instruments, Bench Meters, model pH
211, Romania. Each stage of immunoassays was incubated to 37 °C using a NEO LINE

stove, Argentina.

2.3. Gold nanoparticles preparation

Gold nanoparticles (AuNP) were prepared through a method developed by
Bethel et al. [35], with minor modifications. An aqueous solution of 5.3 x 102 mol L™
NaBH, was slowly added, under continuous stirring, to a solution containing 1.15 x 107
mol L™ HAuCl, in toluene, and maintained for 2 h in the dark. Then, the organic phase
was removed, and washed three times with a small portion of water. The aqueous
phases were collected. They showed a wine-red color. The AuNP were stored in a dark
glass bottle at 4 °C for further use. The AuNP solutions were very stable and did not
show any sign of aggregation or other deterioration over periods of months. AFM and
UV-Vis spectroscopy were used to determine the diameter of AuNP. The UV- Vis
spectroscopy showed a plasmon resonance surface band at 538 nm indicating an

average size of nanoparticles of 65 nm [36].

2.4. Cysteamine self-assembled monolayers on the gold electrode
Cysteamine self-assembled monolayers (SAMs) modified electrodes were

prepared by immersing the clean gold disk electrode in 0.1 mol L™ fresh thiol solutions
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in ethanol during 2 h. After adsorption, modified electrodes were thoroughly rinsed with

ethanol and water.

2.5. 176-E and AuNP immobilization onto cys-Au disk electrode.

It is known that AuNP allow a better immobilization and orientation of proteins
due to their interactions with amine and sulfhydryl groups present in protein chains,
which makes the direct electron transfer more favorable [37]. For this reason, the
construction of EI consisted in the immobilization the mADbE on the surface of the gold
electrode modified with cysteamine SAMs and AuNP. Therefore, cys-Au disk electrode
was immersed in an AuNP solution during 30 min at room temperature. AuNP were
chemisorbed on cysteamine SAMs forming an AuNP-cys-Au disk electrode.

The AuNP-cys-Au disk electrode was washed three times with water and PBS.
Then, 10 pL mADbE solutions (optimal dilution, see below) were dropped on AuNP-cys-
Au disk electrode surface and incubated overnight at 4 °C in order to generate the EI
(mAbE-AuNP-cys-Au disk electrode). 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.

The morphology of EI was analyzed by in situ high-resolution AFM

measurements, for each stage of assembly (see below).

2.6. Assays with the electrochemical immunosensor

Unspecific bindings at the mAbE-AuNP-cys-Au disk electrode were avoid by a
treatment at 37 °C with 3% low-fat milk in PBS during 10 min and then washed with
PBST. Thus, the AuNP free were prevented from interacting with sample components

and the HRP added in the detection stage. Aliquots of 10 pL of solutions containing
9
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different 17B-E concentrations were dropped on the EI and incubate at 37 °C during 30
min and then, rinsed with PBS. Finally, the EI was transferred to the cell and 200 pL of
solutions containing HRP + H,0, + H,Q in CBS at different concentrations were added.
After 10 min, the enzymatic reaction product (Q) was detected by SWV. The total time
of immunoassay was 55 min. For next determination, the EI was reconditioned by
desorption of 17p-E in a 0.1 mol L™ glycine - pH 2.00 HCI solution during 2 min and,
then, washed with PBS. The same electrode was used over about 100 determinations.
Desorption efficiency was checked in a blank solution containing HRP, H,O, and H,Q,

where a maximum was obtained for the Q reduction current.

2.7. Assays cross-reactivity

A study of the cross-reactivity between 17B-E and progesterone (P4), estrone
(E1) and estriol (E2) was performed. Therefore, different solutions containing 1 ng mL"!
of P4, E1 and E2 were prepared in the absence and in the presence of 10 pg mL™" of
17B-E. Then, 10 pL of each solution was dropped on the EI, incubated at 37 °C during
30 min and rinsed with PBS. Then, the EI was transferred to the electrochemical cell
and 200 pL of the solution containing 7.8 x 10" MHRP+5x10°M H,0, + 2x10° M
H,Q in CBS was added. After 10 min, the enzymatic reaction product (Q) was detected
by SWV. A similar procedure was carried out on the EI, which was dropped with a
solution containing 10 pg mL™! 178-E + 1 ng mL"' P4 + 1 ng mL"' E1 + 1 ng mL" E2.

All experiments were performed by triplicate.

3. Results and discussion

3.1. HRP activity towards 17-E

10
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17B-E is a phenolic compound with a hydroxyl group at carbon 3. It is well
known that the phenolic compounds are co-substrates of HRP [36]. This behavior was
studied by UV-Vis spectroscopy. Therefore, 17p-E UV-Vis spectra recorded in
electrolytic solutions at different times of the enzymatic reaction were analyzed.
Absorbance values at 280 nm increased as the reaction time was increased, which
indicates a gradual apparition of product/s of the enzymatic reaction. From these
experiments performed at different 17B-E concentrations (c*nﬁ_E) and at a given H,0,
concentration, the Michaelis—Menten apparent constant (Ky) was calculated. Thus,
fromaplotof 1/ Vws 1/ C*I7B-E (Lineweaver-Burk plot [38], Fig. 1), where V is the
enzymatic reaction rate, a value of Ky = 1.14 x 10° mol L™ was obtained [38]. These
results show that HRP is able to recognize 17B-E as co-substrate in homogeneous
media. Then, it was necessary to check if 178-E immobilized at the EI remains as
enzyme co-substrate. Therefore, the affinity of HRP towards 17B-E was also evaluated
by SWV. Figure 2i shows a SW voltammogram recorded at the EI in a solution of HRP
+ H,O, + H,Q without 17B-E. Figure 2ii shows a SW voltammogram recorded after
incubating the EI in a solution with 17B-E. A higher net peak current (/,,) was observed
in the absence of 17B-E (Fig. 2i), indicating that the HRP catalyses the oxidation of H,Q
to Q. However, the [, decreased when 17B-E formed the immunocomplex (Fig. 2ii),
showing clearly that HRP reacts with both 178-E and H,Q. It was observed that the I, ,
decreased as the 17B-E concentration increased (results no shown). Minor variations
(about 5%) in ,, for the same H,(Q concentration were obtained in the absence of HRP
for different concentrations of 17B-E incubated at the EI surface, confirming that 1,

changes are due to the reaction of 178-E with HRP.

3.2. Characterization of mAbE-cys-Au disk electrode
11
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Cysteamine has been used as a platform suitable for the immobilization of
antibodies [39-41]. We used CV to study each stage during the development of EL
Figure 3 shows the cyclic voltammograms of 1 x 10~ mol L™ H,Q in pH 5.00 CBS
recorded in the potential range from - 0.2 to 0.5 V vs CSE. At the bare gold disk
electrode (Fig 3a.i), the cyclic voltammogram showed a well-defined anodic peak and
its corresponding cathodic peak, characteristic of a two-electron quasi-reversible redox
couple [34]. The H,Q electron transfer kinetics was disturbed at the cys-Au disk
modified electrode (Fig. 3a.ii). As can be observed, while the H,Q oxidation peak
practically disappears at the SAMs modified electrode, a small reduction peak is
observed in the reverse scan. An increase in both the oxidation and reduction currents
was obtained at the AuNP-cys-Au disk electrode (Fig. 3a.iii) in comparison with the
SAMs modified electrode. This behavior suggests that the blockade of the electron
transfer process by SAMs was clearly restored at the AuNP-cys-Au disk electrode. The
reversibility of the H,Q redox couple at the AuNP-cys-Au disk electrode was also
improved. A significant decrease in the H,Q oxidation current and an increase in the
separation between the anodic and cathodic peak potentials were also observed when
the mAbE was incubated at AuNP-cys-Au disk electrode (Fig 3a.iv). However, a Q
small reduction current is clearly observed at the EI during the reverse sweep potential
(Fig. 3a.iv). This behavior enables the use of SWV in the detection step of the
immunoassay.

On the other hand, the EI morphology was analyzed by in situ high-resolution
AFM measurements during different stages in the modification process. Figures 3b.i
and 3b.ii show the bare Au surface and the cys-Au modified surface after depositing
AuNP, respectively. It can be seen that the surface is covered with AuNP, which

showed an average diameter of 65 nm, being this result in agreement with that obtained
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by UV-Vis spectroscopy [36]. Then, the Fig. 3b.iii shows clearly how the surface

changes when the mAbE was immobilized at AuNP-cys-Au surface.

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

The optimum concentration of mAbE was determinated by SWV for 1:100,
1:200, and 1:400 dilutions of commercial reagent in PBS. A great variation in /,, was
observed for different concentrations of 17B-E when the antibody concentration was
higher (minor dilution factor) (data not shown). Therefore, a 1:100 dilution factor was
chosen in order to achieve the best sensitivity. The enzymatic reaction conditions have
been previously studied [42]. The maximum reaction rate was obtained in pH 5.00 CBS.
On the other hand, as it is well known, 37 °C is the optimal temperature of
immunoreaction for all IgG [26]. Therefore, all incubations were carried out at this
temperature.

Figure 4a shows the effect of varying the H>O, concentration at given H>Q (1.0
x 107 mol L"), HRP (1.5 x 107" mol L™) concentrations, and a concentration of 17-E
of 27 pg mL™. The optimal H,O, concentration was 5 x 10~ mol L. We also studied
the effect of H>Q concentration at given concentrations of HRP, H,O,, and 17B-E. The
optimal H,Q concentration was 2 x 107 mol L"! when HRP, H,0,, and 17B-E were 7.8 x
10" mol L™, 5x10° mol L™ and 27 pg mL™", respectively (Fig. 4b). In addition, Fig. 4¢c
shows the effect of varying the HRP concentration, at given concentrations of HQ,
H,0, and 17B-E (1 x 10° mol L™, 5 x 10° mol L™ and 27 pg mL™, respectively). The
optimal HRP concentration was 7.8 x 107" mol L. These optimal concentrations of

H,0,, H,Q and HRP were then used for all next experiments.
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3.4. Calibration curve for 174-E. Analytical performance

A dose-response titration curve for 17B-E was carried out in the concentration
range from 3 x 107 to 2.7 x 10° pg mL" (Fig. 5). Values of I, correspond to the
reduction of Q enzymatically generated, which are indirectly proportional to the amount
of 17B-E present. The calibration curve obtained under the optimal conditions showed a

linear response over a wide range, i.e. from 0.54 to 1.36 x 10* pg mL™. The calibration

o

p.n 1s the net peak current obtained

I/ *
curve was constructed as %, Vs C17p.E » Where /

pn

in absence of 17B-E and 7, , is the net peak current obtained for different 178-E

pn
concentrations. Experimental points are the average of three replicated measurements
obtained with different biosensors. The error bars showed in Fig. 5 indicate a good
reproducibility. The limit of detection (LOD), calculated as the concentration of 17p-E
which produces a decrease in signal equal to three times the standard deviation of the
blank was 0.84 pg mL™' [43]. The LOD is lower than that of most the LOD found for
other sensors for 17B-E in literature [21-24, 28-31]. Besides, this EI has the advantage
that the time of each assay (55 min) is shorter than those obtained with other sensors
described in literature [21-24, 28].

The within-assay precision of EI was tested for 17p-E standard solutions of 50
pg mL™" and 100 pg mL" in PBS measured by triplicate. Thus, percentage variation
coefficients (VC %) were 2.0% and 5.0%, respectively, showing a good repeatability.
The precision inter-assays for the same concentrations did not exceed 5%.

Several tests were also carried out to assess the cross-reactivity of the 17B-E
with other hormones structurally related such as P4, E1 and E2, as described in Section

2.7.
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In the absence of 17B-E, an /,, maximum was obtained due to the reduction of Q
enzymatically generated, with a VC% of 2.5%.

In the presence of 10 pg mL™ 17B-E + P4, 10 pg mL" 17p-E + El and 10 pg
mL" 17B-E + E2 or a mixture thereof (17p-E with P4+E1+E2), lower I, » was obtained
(VC% of 4%) and its value was similar to that found when the solution contained only
17B-E on the EI. This demonstrates the high selectivity of EI to 17B-E. Therefore, if
there is cross-reactivity, it would be within the percentage of variation of the detection

method, which is less than 5%.

3.5. Determination of 171B-E in spiked bovine serum

The determination of 17B-E was carried out in bovine serum samples. As the
samples originally contained 3.35 pg mL™, they were spiked with aliquots of a 17B-E
solution prepared in PBS at a given concentration, minimizing dilution effects (< 1 %).
Therefore, three samples of bovine serum containing 10, 50, and 100 pg mL™" of 17p-E
were prepared (Fig. 6). It is important to emphasize that bovine serum samples were
incubated in the immunosensor without any previous pretreatment. Recovery
percentages were very good, with values of 99.7, 106, and 105 % for 10, 50 and 100 pg
mL™", respectively. The EI stability was tested for 25 days for a constant 17p-E
concentration. It was found that current responses were constant during 21 days and
then, they start to decrease gradually. The EI was regenerated as described in Section
2.6, which allowed us to use the biosensor over about 100 determinations. The
regeneration was checked by measurements of net peak currents. They were
reproducible, showing that the antibody activity loss is not appreciable. These
measurements were performed using alternatively 178-E standard solutions, and bovine

serum samples.
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4. Conclusion

An integrated electrochemical immunosensor was developed to determine 173-E
at trace levels in bovine serum samples. The determinations were performed without
any pretreatment of samples. The immunosensor showed a high analytical performance
in terms of an excellent limit of detection (0.84 pg mL™), high specificity, and an
analytical range of interest, good reproducibility, and repeatability. The immunosensor
developed can operate as a fast, selective, and sensitive detector. This device has several
advantages over other methods for the determination of 17B-E in real samples, such as
direct measurement without any pre-treatment, use of small volumes (harmful solvents
and expensive reagents are avoided) and, mainly, without antigen or antibody labeled.
The immunosensor also shows physical and chemical stability and a wide working
concentration range. In addition, integrated approach makes it possible to consider a
potential sensor miniaturization. Consequently, these features make this device an
important analytical tool for the measurement of 17B-E in bovine serum, and potentially

in other samples of interest.

Acknowledgements

Financial supports from Consejo Nacional de Investigaciones Cientificas y
Técnicas (CONICET), Ministerio de Ciencia y Tecnologia de Cordoba
(MINCYT/Cérdoba), and Secretaria de Ciencia y Técnica (SECyT) from the
Universidad Nacional de Rio Cuarto are gratefully acknowledged. M. J. Monerris
thanks to CONICET for the doctoral research fellowship. We thank to Dr. Javier
Aguilar from Facultad de Agronomia y Veterinaria, UNRC, who gently supplied bovine

serum samples.

16

Page 16 of 35



References

[1] H. F. P. Joosten, F. A. A. Van Acker, D. J. Van Den Dobbelsteen, G. J. M. J.
Horbach, E. 1. Krajne, Genotoxicity of hormonal steroids, Toxicol. Letters 151
(2004) 113-134.

[2] R. J. Fehring, M. Schneider, K. Raviele, Variability in the Phases of the Menstrual
Cycle, Obstet. Gynecol. Neonatal Nurs. 35 (2006) 376-384.

[3] C. Kaushic , F. Zhou ,A. D. Murdin , C. R. Wira, Effect of estradiol and
progesterone on  susceptibility and immune responses to Chlamydia
trachomatis infection in the female reproductive tract, Infect. Immun. 68 (7) (2000)
4207-4216.

[4] R. Verbeke, G. Pottie, J. Stevens, Anabolic agents in animal production, Environ.
Qual. Saf. Suppl. 5 (1976) 123-129.

[5] S. G. Korenman, R. H. Stevens, L. A. Carpenter, M. Robb, G. D. Niswender, B. M.
Sherman, Estradiol radioimmunoassay without chromatography: procedure,
validation and normal values, J. Clin. Endocrinol. Metab. 38 (1974) 718-720.

[6] L. Hendrinks, B. Gielen, G. Pottie, V. Haesen, S. Bagyary, J. Raus, Matrix effects in
the radioimmunoassay of estradiol and testosterone in plasma of veal calves and
how to avoid them, Anal. Chim. Acta 275 (1993) 113-122.

[7] A. Martinetti, E. Seregni, E. Bajetta, G. F. Bolelli, L. Ferrari, S. Massaron, C. Botti,

E. Bombardieri, Development of a rapid and ultrasensitive RIA method for
estrogen (E2, E1, E1-S) determination with selective solid phase extraction, Int. J.

Biol. Markers 12 (1997) 102-105.
[8] R. Draisci, L. Palleschi, E. Ferretti, C. Marchiafava, L. Lucentini, P. Cammarata,

Quantification of 17 beta-estradiol residues in bovine serum by liquid

17

Page 17 of 35



chromatography-tandem mass spectrometry with atmospheric pressure chemical
ionization, Analyst 123 (1998) 2605-2609.

[9] B.G. Wolthers, G.P.B. Kraan, Clinical applications of gas chromatography and gas
chromatography—mass spectrometry of steroids, J. Chromatogr. A 843 (1999) 247—
274.

[10] R.W. Fedeniuk, J.O. Boison, J. D. MacNeil, Validation of a gas chromatography—
mass spectrometry method for the determination of pg/ml levels of 17B-estradiol
and 17B-trenbolone in bovine serum, J. Chromatogr. B 802 (2004) 307-315.

[11] L. Havlikova, L. Novakova, L. Matysova, J. Sicha, P. Solich, Determination of
estradiol and its degradation products by liquid chromatography, J. Chromatogr. A
1119 (2006) 216-223.

[12] M. Kawaguchi, R. Ito, N. Sakui, N. Okanouchi, K. Saito, H. Nakazawa, Dual
derivatization—stir bar sorptive extraction—thermal desorption—gas
chromatography—mass spectrometry for determination of 17 B -estradiol in water
sample, J. Chromatogr. A 1105 (2006) 140-147.

[13] A. Stopforth, B.V. Burger, A. M. Crouch, P. Sandra, The analysis of estrone and
17B-Estradiol by stir bar sorptive extraction—thermal desorption—gas
chromatography mass spectrometry: Application to urine samples after oral
administration of conjugated equine estrogens, J. Chromatogr. B 856 (2007) 156—
164.

[14] T.H. Jiang, L.X. Zhao, B.L. Chua, Q.Z. Feng, W. Yan, J. M. Lin, Molecularly
imprinted solid-phase extraction for the selective determination of 17p-Estradiol
in fishery samples with high performance liquid chromatography, Talanta 78

(2009) 442-447.

18

Page 18 of 35



[15] B. Salcy, I. Biryol, Voltammetric investigation of B-estradiol, J. Pharm. Biomed.
Anal. 28 (2002) 753-759.

[16] X. Liu, D. K. Y. Wong, Electrocatalytic detection of estradiol at a carbon
nanotube|Ni(Cyclam) composite electrode fabricated based on a two-factorial
design, Anal. Chim. Acta 594 (2007) 184—191.

[17] D. Vega, L. Agui, A. Gonzalez-Cortés, P. Yafiez-Sedeno, J. M. Pingarron,
Electrochemical detection of phenolic estrogenic compounds at carbon nanotube-
modified electrodes, Talanta 71 (2007) 1031-1038.

[18] J. Piwowarska, S. Radowicki, J. Pachecka, Simultaneous determination of eight
estrogens and their metabolites in serum using liquid chromatography with

electrochemical detection, Talanta 81 (2010) 275-280.

[19] L. Yuan, J. Zhang, P. Zhou, J. Chen, R. Wang, T. Wen, Y. Li, X. Zhou, H. Jiang,
Electrochemical sensor based on molecularly imprinted membranes at platinum
nanoparticles-modified electrode for determination of 17B-Estradiol, Biosens.
Bioelectron. 29 (2011) 29-33.

[20] R. Draisci, G. Volpe, D. Compagnone, I. Purificato, F. Delli Quadri, Development
of an electrochemical ELISA for the screening of 17 beta-estradiol and application
to bovine serum, Analyst 125 (2000)1419-1423.

[21] G. Volpe, G. Fares, F. Delli Quadri, R. Draisci, G. Ferretti, C. Marchiafava, D.

Moscone, G. Palleschi, A disposable immunosensor for detection of 17p-Estradiol
in non-extracted bovine serum, Anal. Chim. Acta 572 (2006) 11-16.

[22] R. M. Pemberton, T. T. Mottram, J. P. Hart, Development of a screen-printed

carbon electrochemical immunosensor for picomolar concentrations of estradiol in

human serum extracts, J. Biochem. Biophys. Methods 63 (2005) 201-212.

19

Page 19 of 35



[23] X. Liu, D. K. Y. Wong, Picogram-detection of estradiol at an electrochemical
immunosensor with a gold nanoparticle Protein G-(LC-SPDP)-scaffold, Talanta
77 (2009) 1437-1443.

[24] L. Ojeda, J. Lopez-Montero, M. Moreno-Guzman, B. C. Janegitz, A. Gonzalez-
Cortes, P. Yafiez-Sedefio, J. M. Pingarron, Electrochemical immunosensor for
rapid and sensitive determination of estradiol, Anal. Chim. Acta 743 (2012) 117—

124.

[25] N. Chaisuwan, H. Xu, G. Wu, J. Liu, A highly sensitive differential pulse anodic
stripping voltammetry for determination of 17B-Estradiol (E2) using CdSe
quantum dots based on indirect competitive immunoassay Biosens. Bioelectron.
46 (2013) 150-154.

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

[27] L. Gorton, (Ed.), 2005. Biosensors and Modern Biospecific Analytical Techniques,

44th ed. Elsevier, Amsterdam, Netherlands.

[28] X. Liu, P.A. Duckworth, D. K. Y. Wong, Square wave voltammetry versus
electrochemical impedance spectroscopy as a rapid detection technique at
electrochemical immunosensors, Biosens. Bioelectron. 25 (2010) 1467-1473.

[29] S. Cardozo, A. Gonzalez-Techera, J.A. Last, B. Hammock, K. Kramer, G.G.
Gonzalez-Sapienza, Analyte Peptidomimetics Selected from Phage Display
Peptide Libraries: A Systematic Strategy for the Development of Environmental
Immunoassays, Environ. Sci. Technol. 39 (2005) 4234-4241.

[30] J. Li, S. Liu, J. Yu, W. Lian, M. Cui, W. Xu, J. Huang, Electrochemical

immunosensor based on graphene—polyanilinecomposites and carboxylated

20

Page 20 of 35



graphene oxide for estradiol detection, Sensor Actuat. B-Chem. 188 (2013) 99—
105.

[31] X. Zhang, Y. Peng, J. Bai, B. Ning, S. Sun, X..Hong, Y. Liu, Z. Gao, Y. Liu, A
novel electrochemical sensor based on electropolymerized molecularly imprinted
polymer and gold nanomaterials amplification for estradiol detection, Sensor
Actuat. B-Chem. 200 (2014) 69-75.

[32] D. T. Sawyer, A. Sobkowlak, J. L. Roberts, Electrochemistry for Chemists, J.
Wiley & Sons, 2nd Ed., New York, USA, 1995.

[33] J.J. O’ Dea, J. Osteryoung, R.A. Osteryoung, Theory of Square Wave Voltammetry
for kinetics studies, Anal. Chem. 53 (1981) 695-701.

[34] 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.

[35] D. Bethel, M. Brust, D. J. Schiffiin, C. Kiely, From monolayers to nanostructured
materials: an organic chemist’s view of self-assembly, From monolayers to
nanostructured materials: an organic chemist’s view of self-assembly, J.
Electroanal. Chem. 409 (1996) 137-143.

[36] W. Haiss, N. T. K. Thanh, J. Aveyard, D. G. Fernig, Determination of size and
concentration of gold nanoparticles from UV-Vis spectra, Anal. Chem. 79 (2007)
4215-4221.

[37] S. Liu, D. Leech, H. Ju, Application of Colloidal Gold in Protein Immobilization,

Electron Transfer, and Biosensing, Anal. Letters 36 (2003) 1-19.
[38] H. B. Dunford, Heme Peroxidases, J. Wiley & Sons, New York, USA, 1999.
[39] J. J. Gooding, D. B. Hibbert, The application of alkanethiol self-assembled

monolayers to enzyme electrodes, TTAC Trends Anal. Chem. 18 (1999) 525-533.
21

Page 21 of 35



[40] M. L. Mena, P. Yafez-Sedefio, J. M. Pingarron, A comparison of different
strategies for the construction of amperometric enzyme biosensors using gold
nanoparticle-modified electrodes, Anal. Biochem. 336 (2005) 20-27.

[41] J. Manso, M. L. Mena, P. Yafiez-Sedeio, J. M. Pingarron, Bienzyme amperometric
biosensor using gold nanoparticle-modified electrodes for the determination of
inulin in foods, Anal. Biochem. 375 (2008) 345-353.

[42] G. A. Messina, A. J. Torriero, I. E. De Vito, J. Raba, Continuous flow/stopped-

flow system for determination of ascorbic acid using an enzymatic rotating
bioreactor, Talanta 64 (2004) 1009-1017.

[43] ACS Committee on Environmental Improvement, 1980.

22

Page 22 of 35



Figure Captions

Scheme 1. Schematic representation of the 17B-E electrochemical immunosensor.

Figure 1. Dependence of the reciprocal of the initial velocity with the reciprocal of the

concentration of 17B-E. ¢ o = 2.26 x 10® mol L, eize= 3.26 x 10° mol L.

Intercept: (3.27 £ 0.01) x 10 " s mol L, slope: (381.2 +0.2) s, r = 0.9985.

Figure 2. Square wave voltammograms for the reduction of Q enzymatically generated
in pH 5.00 CBS recorded at mAbE-AuNP-cys-Au electrode without (i), and with 1.36
ng mL™ 17B-E incubated on the electrode surface (ii), obtained with the non-optimized

EI parameters. ¢ o_=1x 107 mol L™, Cy o= 1X 10° mol L™, ¢fgp =3 x 10°mol L.

Reference electrode: Ag wire. AEsw = 0.025 V, AEs= 0.005 V, f = 25 Hz. The arrows

indicate the direction of potential sweep.

Figure 3. a) Cyclic voltammograms recorded for H,Q in pH 5.00 CBS at: i) the bare Au
disk; ii) the cys-Au disk; iii) the AuNP-cys-Au disk, and iv) the mAbE-AuNP-cys-Au
disk electrodes. The arrows indicate the direction of potential sweep. Reference
electrode: CSE. v = 0.1 V 5. b) AFM images of i) bare Au surface ii) AuNP-cys-Au

surface, and iii) mAbE-AuNP-cys-Au surface.

Figure 4. Variation of the I, for a 27 pg mL™" 17B-E solution at the EI as a function of:.
a) ¢iy_o, (o= 1.0 x 107 mol L', ¢igp = 1.5 x 10" mol L'); b) cfy_q (e, 0, = 5 x 107
mol L, ciirp="7.8 x 10" mol L") and ¢) cjrp (c5i_ o, = 5x 10° mol L', e o =1x 10
> mol L™). pH 5.00 CBS. SW parameters are the same as those in Fig. 2.
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Figure 5. Normalized calibration curves of 17B-E recorded using different EI for
optimized parameters in pH 5.00 CBS. Each point is the average of three replicated

measurements. ¢y o =5 X 10° mol L™, ¢fizo = 7.8 x 10" mol L™ and Caq —2X 107

mol L', SW parameters are the same as those in Fig. 2.

Figure 6. Square wave voltammograms for spiked bovine serum samples in pH 5.00
CBS. The bovine serum sample contained 3.35 pg mL™ of the 17B-E. Bovine serum a)
without 17B-E spiked; b) 10 pg mL™" 17B-E; ¢) 50 pg mL™" 17p-E; d) 100 pg mL™" 178-E
spiked. ¢ g =5 X 10° mol L™, ¢z = 7.8 x10™"! mol L' and Cq= 2 X 10° mol L™
Reference electrode: Ag wire. SW parameters are the same as those in Fig. 2. The

arrows indicate the direction of potential sweep.
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Graphical Abstract (for review)
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