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ARTICLE INFO ABSTRACT

Keywords: An electrochemical impedimetric immunosensor was developed for the detection of the neuropeptide
Electrochemical Corticotropin Releasing Hormone (CRH) based on the immobilization of half-antibody fragments on gold na-
Immunosensor

noparticles (AuNp). Then, the optimal conditions for the obtainment of AuNp through electroplating on a bare
gold electrode were studied. The results showed that the obtainment of AuNp at a fixed potential of —0.2V for
3305, at 80°C and 2:10° mol-L! of HAuCl, generates an adequate nanostructured surface and is a highly re-
producible method. Also, the optimal conditions for immobilizing the half-antibody on AuNp were studied. The
interaction of the CRH with the recognition layer of the immobilized half-antibody on the nanostructured surface
was carried out by incubation at 4 °C for 2 h. A dissolution of [Fe(CN)¢]*/[Fe(CN)¢]>~ as a redox probe was used
to study the electrochemical responses of the nanostructured surface and the immobilization processes of the
half-antibody and detection of CRH, using cyclic voltammetry and electrochemical impedance spectroscopy. An
immunosensor was obtained for the specific detection of CRH, within a range of 10.0-80.0 ug mL™, with a limit
of detection of 2.7 ugmL"' and a limit of quantification of 9.2 ug mL™. Additionally, the association constant

Gold nanoparticles
Corticotropin Releasing Hormone
Stress

between the CRH and the immobilized half-antibody was calculated at 1.96:10° M~

1. Introduction

The peptide family of the Corticotropin-releasing hormone (CRH)
and its receptors are possibly the most essential stress response com-
ponents in vertebrate organisms (Endsin et al., 2017). For this reason,
there is a motivation to study the physiopathology of psychiatric dis-
orders in order to identify biological markers that can be modulated to
prevent or treat disease. Given that the hypothalamic-pituitary-adrenal
axis is the main hormone mediator for the stress response, this system
and its function have been a primordial objective of exploring the
physiopathology of post-traumatic stress disorder (Dunlop and Wong,
2019). One of these biological markers for studying stress is CRH,
which is a 41-amino acid peptide hormone of approximately 4.7 kDa
(Knoop et al., 2017). Several studies have determined that CRH is in the
ng'mL? range in blood (Glynn et al., 2007; Knoop et al., 2017; Sandman
et al., 2006; Strong et al., 2006). The determination of CRH has been

performed indirectly through the quantification of the mRNA expres-
sion of CRH and/or the peptide through immunohistochemistry
(Santibanez et al., 2005, 2006). Additionally, the use of techniques such
as radioimmunoassays (RIA) and Enzyme-Linked Immunosorbent Assay
(ELISA) has allowed for the evaluation of temporary changes in the
extracellular CRH (Merali et al., 2004).

The first immunoassay method reported for estimating CRH and
cortisol was described by Cook (2001). This method describes the
measurement of cortisol or CRH directly from the brain, through a
microdialysis probe using an antibody-linked assay. These antibodies
are affixed on a platinum electrode within the probe. Determination of
bound CRH or cortisol is performed via an indirect assessment of
competitive ligand also binding, and conjugated to horseradish perox-
idase (HRP) (Cook, 2001).

While immunoassays are effectively using laboratory techniques
that are primarily based on the optic principle, they require the
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enrichment and purification of the sample before analysis. Also, are
expensive and slow.

Therefore, strategies have been recently proposed for the amplifi-
cation of the signal using different nanostructured materials in order to
increase the sensitivity of these optical and electrochemical devices
(Pang et al., 2018; Ren et al., 2017a, 2017b, 2017¢c, 2018; Yang et al.,
2017a, 2017b). Among the advantages of these devices is their ability
to use diverse recognition elements, like enzymes, antibodies, nucleic
acids, and whole cells, and recent recognition elements, such as phages,
aptamers and affibodies (Justino et al., 2015). Also, there is a possibility
to develop low cost and large-scale production microelectrodes that can
useful for multiplexing, and, at the same time, be highly suitable for
being used in very small sample volumes (microliters to nanoliters).
Finally, the minimum of electrochemical interference elements in real
samples makes electrochemical methods the most suitable to be used in
complex samples. Therefore the research, development, optimization
and characterization of new electrochemical immunosensor is of vital
importance (Ricci et al., 2012).

On the other hand, there are currently no impedimetric im-
munosensors described in literature for the detection of CRH. Then, the
development of the use of electrochemical immunosensors, due to their
excellent analytical capacities, as well as their sensitivity, reproduci-
bility, simplicity of construction and feasible miniaturization, would
lead it to be considered a promising alternative to monitor elevated
levels of cortisol or CRH (Moreno-Guzman et al., 2010; Kaushik et al.,
2013; Moreno-Guzman et al., 2012a, 2012b; Yamaguchi et al., 2013;
Zhou et al., 2004). Also, the CRH hormone is classified as a prohibited
substance by the World Anti-Doping Agency (WADA), thus requiring a
method for detecting CRH in the bloodstream (serum and plasma)
(Knoop et al., 2017).

On the other hand, the orientation of the antibody when im-
mobilized on a surface is essential for manufacturing the im-
munosensor. The simple physical adsorption of these may result in a
loss of sensitivity and reproducibility (Makaraviciute and
Ramanaviciene, 2013; Ricci et al., 2012). Additionally, a large number
of covalent antibody immobilizations have been performed using glu-
taraldehyde, carbodiimide, succinimide, biotin, etc. (Hermanson,
2013). This covalent bond produces, in addition to physical adsorption,
a random orientation that may result in reduced sensitivity due to the
fact that the antigen-antibody interaction only occurs in the variable
region of the antibody (Hermanson, 2013).

Moreover, it has been demonstrated that biomolecules, such as
antibodies, conserve their activity when immobilized at nanoparticle-
modified surfaces, as they provide a good biocompatibility (Jazayeri
et al., 2016). Also, the ease of preparation of gold nanoparticles (AuNp)
on different electrode surfaces using electrochemical methods makes
them suitable for the development of modified electrodes (Liu et al.,
2005; Park et al., 2011; Saldan et al., 2018; Xiao et al., 2016). Other
characteristics of AuNp include their high ratio of surface area to vo-
lume, high surface energy and function as an electron carrier between
biomolecules and the electrode surface. Furthermore, the use of AuNp
allows the immunosensor to show a high level of stability in comparison
to physical adsorption on electrode surfaces (Rusling et al., 2009) and
also helps to amplify the transfer of electrons (Khan et al., 2013). One of
the ways to modify gold nanostructured surfaces is based on the affinity
between this thiols and gold to form S-Au bonds or the affinity of gold
to form amines and NH-Au bonds, which offers a simple, fast and ver-
satile approach for preparing modified electrodes with low AuNp
background capacitance (Liu et al., 2004; Saha et al., 2012; Zhao et al.,
2013).

Finally, this study proposes an electrochemical immunosensor using
half-antibody fragments (H-Ab) as a molecule receptor medium. H-Ab
contains thiol groups which are then covalently immobilized and or-
iented on the AuNp surface. This has been already studied, and a low
loss of the antibody biological activity has been observed (Crivianu-
Gaita and Thompson, 2015; Karyakin et al., 2000; Sharma and
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Mutharasan, 2013; Shen et al.,, 2017; Wu et al., 2014). This im-
mobilization approach allows for a one-step reaction and simplifies
receptor molecule antigen (CRH) immobilization in the preparation of
electrochemical immunosensors.

2. Experimental
2.1. Reagents

All reagents were of analytical grade and were used without any
previous purification processes. Tetrachloroauric acid trihydrate
(HAuCl43H,0), KNO;3 and sulfuric acid (H,SO,4) were purchased from
Merck. Potassium ferrocyanide, potassium ferricyanide, sodium citrate,
bovine serum albumine (BSA), human serum and other chemicals were
purchased from Sigma-Aldrich. PBS (phosphate buffer saline) of pH 7.4
containing 0.1 mol L7 sodium chloride (NaCl, Merck), 2.6:10°% mol-L!
potassium chloride (KCl, Merck), 0.04molL" potassium hydrogen
phosphate (K,HPO,, Merck) and 0.01 molL? potassium dihydrogen
phosphate (KH,PO,4, Merck) were used as stock solution. Polyclonal
antibody produced in rat Anti-CRH, Corticotropin releasing hormone
peptide (CRH, 4.757 kDa), and Urocortine I (UCN I) were purchased
from Abcam, and all were used as received. All the solutions were
prepared using Milli-Q grade water (18 MQ cm™).

2.2. Instruments

All electrochemical measurements were performed with a bipo-
tentiostat CHI Instrument 750D with a conventional three electrode
system. A Ag/AgCl (1.0molL" KCI) electrode and platinum wire
electrode were used as the reference and auxiliary electrode, respec-
tively. A gold disk electrode (0.0314 cm?, Chi101) was used as working
electrode. Complementarily, the morphological structure of gold na-
noparticles was analyzed using an LEO 1420 VP emission scanning
electron microscope (SEM). The electron micrographs were recorded in
a high vacuum mode under an acceleration voltage of 30kV. All the
chemicals and equipment for the electrophoresis analysis of proteins
were purchased from Bio-Rad Laboratories Inc.

2.3. Immobilization of gold nanoparticles on gold electrode

Polycrystalline Au electrode was first polished with alumina slurries
of 0.05um. Then, the electrode was sonicated in ultrapure water for
5min and thoroughly washed with ultrapure water and ethanol.
Afterward, the electrode was immersed in a fresh piranha solution (3:1,
H>SO, / H505) for 30s, then washed thoroughly with milli-Q water,
and subsequently sonicated in ethanol for 4 min and dried. Finally, the
Au electrode underwent electrochemical cleaning by scanning the po-
tential between 0.0 and 1.5 V vs. Ag/AgCl (1.0molL™' KCI) at
50mVs~ ' in 0.5mol L sulfuric acid until the typical voltammetric
characteristics of a bare gold electrode were obtained. In order to ob-
tain a reproducible electrodeposition protocol of gold nanoparticles, the
pre-treated electrodes were dipped into solution of HAuCl43H,O con-
taining KNO5; 0.1 mol L™ as supporting electrolyte. For this purpose,
potential (between -0.1 and —0.5V), HAuCl, concentration
(1-5 mmol L'!) and temperature (15-80 °C) were studied to obtain the
Au/AuNp electrode. These experiments were carried out under the at-
mosphere of nitrogen.

2.4. Antibody modification electrode

After obtaining a nanostructured surface, we proceeded to study the
modification with a biorecognition element (antibody). For this pur-
pose, 2 ways of adsorbing the antibody on the AuNp were studied: A)
adsorption of the intact antibody and B) absorption of the antibody by
its reduced thiol groups located in the hinge region (half antibody).
Intact antibody solution of 1mgmL’ was stored at —20°C and
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Fig. 1. SEM images of (A) planar gold electrode; (inset (C): Cyclic voltammograms of planar gold electrode and gold nanoparticles electrode in aqueous 0.5 mol L*
H,S0, solution. Scan rates were 50 mV s™) and (B) gold nanoparticles electrode obtained at a fixed potential of —0.2V (vs. Ag/AgCl) for 330s, at 80 °C and 2107
mol L' of HAuCl, in 0.1 mol L KNOs; (inset (D): Histogram showing the particle size distributions of gold nanoparticles.).

subsequently aliquoted at a dilution of 1:100 in PBS (pH 7.4). These
aliquots were also stored at —20 °C and used separately (to prevent
thawing and freezing) in each of the experiments.

For the reduction of thiol group in the hinge region of the antibody,
2-mercaptoethanol (2-ME) was used as a reducing agent. For this, intact
antibody was dissolved at 20 pgmL™ in a 0.1 M PBS (pH 6) containing
0.15mol L'* NaCl and 5.0 mmol L* EDTA. Then, 12 mg of 2-ME were
added to 1.0 mL of this solution and incubated at 37 °C for 2h , such
that the 2-ME split the heavy chains of the antibody without separating
its light chains. Subsequently, the above solution is transferred to a
1 mL plastic tube containing a dialysis membrane with a pore size of
3000 Da (Vivaspin500- 3000 Da Sartorius Vs0191), and centrifuged at
11.000 rpm for 30 min. The filtrate (which contains the molecules at a
molecular weight of less than 3000 Da) is separated and discarded. To
the supernatant is added 1 mL of the same buffer in which the antibody
is dissolved and centrifuged again. This process is repeated 3 times to
ensure that all molecules smaller than 3000 Da are separated from the
solution to leave only the antibody and its fractions. Finally, 1 mL of
50% glycerol is added to the final solution of the half-antibody and
stored at —20 °C for further electrophoresis analysis.

The electrophoresis analysis was carried out in SDS-PAGE 10% gels
with the only difference being that the sample buffer was prepared
without 2-ME in order to not affect the antibodies.

2.5. Adsorption of antibodies

An aliquot of 20 uL of the Ab and H-Ab solution was added over the
nanostructured electrode and incubated for 2h at 4 °C, then washed
thoroughly with PBS pH 7.4 and milli-Q water. Finally, 1.0% BSA so-
lution was added to block the non-specific reactive sites. Subsequently,
the electrodes were cleaned and stored with PBS (pH = 7.4) solution
for further electrochemical measurement.

2.6. Electrochemical measurements

Cyclic voltammetry (CV) and electrochemical impedance spectro-
scopy (EIS) were performed in a solution containing 1.0 mol L Ks[Fe
(CN)gl/K4[Fe(CN)g] in KCl 0.1 mol L between 0 to + 0.6 V at a scan

rate of 50 mV s ! for CV. The EIS measurements were carried out over a
frequency range of 100 kHz to 0.01 Hz and an applied potential of 0.23
V using a modulation voltage of 10 mV. These electrochemical experi-
ments were carried out under the atmosphere of nitrogen.

2.7. CRH detection

Commercially lyophilized peptides (CRH and UCN I) were aliquoted
and stored at —20 °C in milli-Q water at 1 mg mL", and 20 uL of CRH of
different concentrations were added on the surface for 2h at 4°C.
Subsequently, the modified electrode was washed 3 times with PBS
0.1 mol L' at pH 7.4 and stored for further electrochemical measure-
ments. In order to ensure specificity, electrodes were exposed to
Urocortin I (peptide from the same family as CRH) and stored for fur-
ther electrochemical measurements.

2.8. Sample analysis

Human serum samples were stored at — 20 oC. When used, the li-
quid was reconstituted in PBS for a final concentration of 20 ugmL™
CRH by gentle stirring and mixing up to total dissolution. CRH detec-
tion was performed by applying the procedure described above, and the
charge transfer resistance values measured by EIS were interpolated
into the linear portion of the calibration plot obtained with CRH stan-
dard solutions.

3. Results and discussion
3.1. Characterization and optimization of the obtainment of AuNp

Fig. 1A and B show the SEM images of the unmodified bare gold
electrode (Au), displaying a smooth structure and the modified gold
nanoparticles electrode (Au/AuNp) obtained under optimal conditions,
showing a rough surface and, in general, a uniform distribution of
different sized groups of AuNp, respectively. Additionally, not all of the
nanoparticles presented a spherical shape, as a considerable portion
show an irregular shape.

Inset Fig. 1D displays a histogram with the size frequency of the
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nanoparticles. The size of AuNp fluctuates between 20 and 200 nm, but
with a larger proportion between 20 and 120 nm. Other research where
AuNp is obtained at room temperature, but using similar electro-
chemical conditions for obtainment, show a nanoparticle sizes that
ranges between 30 and 60 nm (Liu et al., 2005; Park et al., 2011). On
the other hand, a cyclical voltammetry study was performed to estimate
the roughness factor of Au and Au/AuNp (inset Fig. 1C). This considers
the voltammetric responses obtained in H,SO, 0.5molL? in the ab-
sence of oxygen. The estimated roughness factor may be determined
based on the peak reduction presented by the electrodes, considering
the desorption charge (390 uC/cmz) of gold oxide (Xiao et al., 2016).
The determined area of Au and Au/AuNp was 0.069 + 0.006 cm? and
0.728 + 0.013 cm?, respectively. Upon calculation of both roughness
factors, the ratio of Au to Au/AuNp obtained was 1:10.5, which highly
exceeds that reported by Park et al. (2011) of 1:1.17 and by Liu et al.
(2005) of 1:1.29. The comparison of these results shows that the ex-
perimental conditions play a fundamental role in the electrochemical
obtainment of AuNp affecting the roughness factor.

To optimize the obtainment of Au/AuNp, we evaluated the effect of
three parameters in the electrodeposition of AuNp: applied potential,
concentration of HAuCl, and temperature. For this, a voltammetric
response study of each electrode was performed in the presence of the
redox couple Fe(CN)g 34 in KCl 0.1 mol L! in a window of potential
from 0 to + 0.6 V. Fig. 2A shows the cyclical voltammetry of Au (curve
a) and Au/AuNp obtained in optimal conditions (curve b). In both
cases, a redox process at + 0.23 V was observed, which presents a
diffusion-controlled behaviour, which has already been described by
other authors (Liu et al., 2005). The maximum anodic currents obtained
from both voltammetric profiles were determined, and the difference in
current (AI/pA) was used to compare and obtain reproducible elec-
trodes.

The obtainment of Au/AuNp was performed based on a dissolution
210 mol'L! of HAuCl, in KNO3 0.1 mol L'! at different fixed potentials
between —0.1V and —0.5V for 330s and a constant temperature of
25 °C (data not shown). It was observed that the Au/AuNp obtained at
—0.1V presents the same response (AI/pA) as Au, indicating that there
is no growth of AuNp. When applying fixed potentials between —0.2V
and —0.5V the response of Au/AuNp (AI/pA) increased in comparison
to Au, regardless of the fixed potential applied for obtaining AuNp.
Based on these results, a potential of —0.2 V was chosen for application

Fig. 2B and C show the effect of the concentration of HAuCl, and
temperature in the increased response (AI/pA) of the electrodes ob-
tained. Both plots show an increased response (Al/uA) when increasing
the temperature and concentration, but some conditions show greater
standard deviations in the variations of current (AI/pA), therefore, to
obtain reproducibility in the AuNp-modified electrodes, the following
optimal conditions were selected: fixed potential of —0.2V for 330s,
80 °C and 210 mol'L! of HAuCL,.

3.2. Obtainment and characterization of the electrochemical immunosensor

Fig. 3 charts the electrochemical systems studied. At the top, the
immobilization of the intact antibody (Ab) is shown, and at the bottom
the immobilization of the half-antibody (H-Ab) on an Au/AuNp elec-
trode. Then, both systems were incubated with a concentration of
20 ugmL! of CRH, and an electrochemical impedance study was per-
formed in the presence of the redox couple Fe(CN)s > in KCI
0.1molL™.

Fig. 4A shows the Nyquist diagrams obtained for the different
phases for obtaining the electrochemical immunosensor with the Ab
and its subsequent incubation in the CRH antigen. The Au/AuNp
electrode shows a low charge transfer resistance (Rcr) due to its con-
duction characteristics. The first step was to directly incubate the Ab on
the AuNp, and the impedance results show an increase in the Rcr. This
increase indicates that the nanostructured surface was modified with
the Ab, as described by Rezaei et al. (2011). The second step was to
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Fig. 2. (A) Cyclic voltammograms of 1.0 mol L7 K;3[Fe(CN)gl/K4[Fe(CN)g] in
KCl 0.1 mol L! between 0 to + 0.6 V. Scan rate were 50mV s~ ' on bare gold
electrode (curve a) and gold nanoparticles electrode (curve b). The effect of
the temperature (B) and concentration of HAuCl, (C) in the increased current
response (Al/pA).

CRH
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Fig. 3. Scheme of the oriented immobilization of intact antibody (top) and half
antibody fragments (bottom) on Au/AuNp electrode, oriented immobilization
of half antibody fragments via their own thiol groups conjugated to the AuNp
by a single-step. Both electrodes were incubated in CRH, only obtaining re-
sponse with Au/AuNp/H-Ab electrode.
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Fig. 4. (A) Nyquist diagrams of Au/
AuNp electrode (black squares); Au/
AuNp/Ab (red circles) and Au/AuNp/
Ab-CRH (The concentration of CRH is
20 ug mL™) (blue triangles) in solution
composition: 1.0molL? M Ks[Fe
(CN)6]/K4[Fe(CN)g] in KCI 0.1 molLY;
(B) SDS-PAGE analysis (10% gel) pro-
tein molecular weight standards (line
1), purified intact antibodie (line 2)
and half antibody obtained after re-
duction with 2-ME (line 3); (C) Cyclic
voltammograms of: Au/AuNp (black
line); Au/AuNp-H-Ab (gray line); Au/
AuNp/H-Ab-CRH (red line) Scan rate:
50mVs~!; (D) Nyquist diagrams of
Au/AuNp electrode (black squares);
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CRH is 20 ug mL™) (gray triangles) in
solution composition: 1.0 mol L K;[Fe
. (CN)6]/K4[Fe(CN)g] in KCI 0.1 mol L.
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- A color in this figure legend, the reader is
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ticle.)
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incubate the CRH antigen at different times on the Au/AuNp-Ab elec-
trode, and then perform the electrochemical impedance, which showed
the same behaviour in the absence and presence of the CRH antigen.
This indicates that the Ab does not interact with the CRH antigen, and,
therefore, there are no changes in the electrical properties of the elec-
trode/dissolution interface. The performance of a bio / immunosensor
depends on three critical factors: (i) its capacity to immobilize re-
cognition elements (biological molecules) while maintaining their
natural activity; (ii) the accessibility of the recognition element to the
relevant antigen in dissolution; and (iii) low adsorption non-specific to
the solid support. The physical-chemical properties of the surface or
sensor play an important role in achieving the optimal immobilization
of Ab and limiting non-specific adsorption (Sharma et al., 2016).

An alternative method for obtaining an electrochemical im-
munosensor response was to perform the fragmentation of Ab by its
heavy chains, using 2- mercaptoethanol as a redactor agent, the re-
duction reaction of the thiol groups located in the two heavy chains
does not affect the specific antibody binding sites (Makaraviciute and
Ramanaviciene, 2013; Baniukevic et al., 2013, 2012). Fig. 4B displays
the electrophoresis gel obtained, and track 1 shows the molecular
weight standards (Rainbow Molecular weight Marker, GE Healthcare
Life Science), while track 2 shows a single band corresponding to ap-
proximately ~ 200 kDa, this marker corresponds to the intact Ab. Track
3 only shows a band of around ~76kDa, corresponding to the H-Ab,
and indicates that the reduction of the antibody disulfide bridges pro-
duces fragmentation in two parts of the same mass, and these results are
similar to those that have been reported (Hu et al., 2010; Makaraviciute
et al., 2016). The H-Ab obtained remained stable and was stored in 50%
of glycerol at —20 °C for its subsequent use in the development of the
electrochemical impedimetric immunosensor.

Fig. 4C and D show the electrochemical study by VC and EIS in the
different steps taken to obtain the electrochemical immunosensor with
the H-Ab and its subsequent incubation in the CRH antigen. The VC and
Nyquist diagrams show different electrochemical responses between
the Au/AuNp, Au/AuNp/H-Ab and Au/AuNp/H-Ab-CRH electrodes. As
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can be seen in Fig. 4D, the Au/AuNp/H-ADb presents an increase in the
Rcr, this change corroborates the adsorption of H-Ab on the AuNp.
After the incubation of Au/AuNp/H-Ab in the presence of CRH, an in-
crease in Rer is seen once again, indicating the antigen-antibody in-
teraction. Additionally, the specificity of Au/AuNp/H-Ab was evaluated
by incubating 20 pgmL™ of UCN L Urocortin belongs to the family of
Corticotropin-releasing factors, which also includes CHR. This assay
produces no changes in the electrochemical impedance response (data
not shown).

One of the advantages of H-Ab is the specific orientation of the
antibody achieved by the interaction of free S-groups with AuNp. This
quality has been studied by a number of authors (Crivianu-Gaita and
Thompson, 2015; Karyakin et al., 2000; Sharma and Mutharasan, 2013;
Shen et al., 2017; Wu et al., 2014), which use electrochemical techni-
ques to show that treatment with 2-ME promotes a rupture of the thiol
groups and, subsequently, a specific orientation of the antibody on the
nanostructured surface.

In addition, this way of immobilization allows these systems to
avoid the loss of their biological activity, since the immobilization of H-
ADb occurs in a robust form, which allows the obtainment of a homo-
geneous and high density of the binding site for the CRH
(Makaraviciute et al., 2016; Shen et al., 2017).

Also, this study shows that the rupture and orientation of the anti-
body on the nanostructured surface allows for an adequate detection of
the CRH antigen. This is because the region where the thiol groups are
located in the H-Ab, and which correspond to the bond sites with the
AuNp, are different from the binding sites to CRH.

3.3. Quantitative detection of CRH

Immunodetection of CRH was based on the measurement of faradaic
impedance in the presence of the redox couple [Fe(CN)¢]*”* in KCI
0.1 molL?. The R¢r of the redox probe reflects the amount of CRH
attached on the surface in a concentration-dependent manner. A typical
impedance spectrum recorded for increasing concentrations of CRH on
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Fig. 5. (A) Nyquist diagrams of impedance spectra recorded with CRH im-
munosensors. The imaginary component of impedance (—Z”/kQ) is presented
as a function of the real component (Z’/kQ2). Impedance spectra were recorded
in 1.0 mol L'! K3Fe(CN)g/K4Fe(CN)g in KC1 0.1 mol L over the frequency range
from 100 kHz to 0.01 Hz using a bias potential of 0.23 V vs. Ag/AgCl reference
electrode. The amplitude of the alternating voltage was 10 mV. The spectra
show data from functional immunosensors before and after CRH recognition.
Sequential profiles are: (a) without any analyte (CRH), (b) with 10 pgmL™
CRH; (c) 20 pg mL-1; (d) 30 ug mL; (e) 40 pg mL™", () 60 ug mL%; (g) 80 ug mL
1. (B) Calibration curves for CRH immunosensors. The Ry (kQ) is presented as a
function of CRH concentration (g mL).

Au/AuNp/H-Ab is shown as Nyquist plots in Fig. 5A. A significant
difference in the impedance spectrum upon the addition of increasing
CRH concentrations can be observed. The changes in the electro-
chemical properties of the system were simulated using the Randles
equivalent circuit model (inset Fig. 5A). The quality of the fitting to the
equivalent circuit was evaluated by an acceptable error value of
%% < 0.001 (Table 18, supplementary material).

To obtain a calibration curve, Rcr was plotted against the CRH
concentration. The linear range was between 10.0 and 80.0 uyg mL ™~ (r*
= 0.996) (n = 3) with a slope value of 120.9 uyg mL ™~ 'Ryc ' (Fig. 5B).
Limit of detection (LOD) and limit of quantification (LOQ), 2.7 ug mL?
and 9.2 ug L'}, respectively, were calculated using the following equa-
tions: LOD = 3s/m, LOQ = 10s/m, where s is the standard deviation
of value of the Rcr as H-Ab is immobilized on the electrode surface
(baseline of the blank, three measurements) and m is the slope of the
calibration curve (Ramirez et al., 2016).

The interaction between the H-Ab and CRH is characterized by its
affinity constant, K,, defined by the equilibrium concentrations of the
H-Ab-CRH complex. According to the Langmurian theory, association
constant of the surface-immobilized antibody and its specific binding
antigen is described as the variation of the relative impedance,
(Rera) — Reroy/Rerco), where Reroy is the value of the charge transfer
resistance as H-Ab is immobilized on the electrode surface, and Recrg) is
the value of the charge transfer resistance after binding CRH to H-Ab
(Rezaei et al., 2011). Therefore the slope of calibration curve (Fig. 1S
supplementary material) can be used to calculate the association con-
stant, Ka, where concentrations are in molar. CRH has an affinity
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constant of 1.9610° M~ ! toward half-polyclonal rat CRH antibody
immobilized on the surface of the AuNp electrode.

The detection of CRH in serum samples was performed with a
standard method of recovery percentage to check for the existence of
interferences (Table 2S supplementary material), which indicates that
there was no significant cross-reaction of the components of the serum
with the immunosensor. The relative standard deviation (RSD) of the
four measurements (n = 4) for the electrode in absence and presence of
serum was 2.21% and 3.85%, suggesting that the precision and re-
producibility of the immunosensor was good. Moreover, it has shown
considerable repeatability and reproducibility data (Fig. 2S supple-
mentary material), that confirms a promising alternative for the direct
detection of CRH in biological fluids with minimum interferences. In
order to test the stability, we stored the electrochemical immunosensor
at 4°C for nine days. After a storage period, the immunosensor still
retained 89% of its initial charge transfer resistance (Rcr) response,
indicating a satisfactory stability.

We have compared our experimental data with previously reported
literature (Table 3S supplementary material). The electrochemical im-
munosensor proposed in this work presents a LOD of 2.7 ugmL? and
the LOQ limits reported are around 0.5pgmL™ using liquid chroma-
tography-Tandem mass spectrometry in placental tissue (Fahlbusch
et al., 2013) and LOD of around 0.2 ng mL ! in human blood. Therefore,
at this time the device is being optimized by using an anti-CRH
monoclonal half-antibody to increase sensitivity and to be used in blood
(plasma and serum).

4. Conclusions

A simple Au/AuNp/H-Ab-based nanostructured platform for the
electrochemical detection of CRH was developed. To obtain reprodu-
cibility in electrodes modified with AuNp, the following optimal con-
ditions were chosen: fixed potential of —0.2V for 330s, 80°C and
2mM of HAuCl,. The electrochemical immunosensor detected CRH
within the concentration ranges of 10ugmL™ to 80 ugmL?, and an
LOD of 2.7 pygmL™. The platform used for anti-CRH half-antibody im-
mobilization presented good reproducibility and stability, hence pro-
viding a great start for the construction of a novel immunosensor for
clinical diagnosis and other biosensor applications. Future experiments
may focus on the use of monoclonal half-antibodies to increase sensi-
tivity, the evaluation of interference and its use in the detection of CRH
in real samples.
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