S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Electrochimica Acta 404 (2022) 139757

journal homepage: www.elsevier.com/locate/electacta

Contents lists available at ScienceDirect

Electrochimica Acta

PEDOT-AuNPs-based impedimetric immunosensor for the detection of | g

SARS-CoV-2 antibodies

Check for
updates

Ana Luiza Lorenzen?, Ariane Moraes dos Santos? Ludni Poll dos Santos? Luciano da Silva
Pinto®, Fabricio Rochedo Conceicdo®, Franciele Wolfart®*

A Instituto Federal de Educagdo, Ciéncia e Tecnologia Farroupilha - Campus Sdo Borja, Rua Otaviano Castilho Mendes, 355, Betim, Sdo Borja, RS CEP

97670-000, Brazil

b Universidade Federal de Pelotas, Centro de Desenvolvimento Tecnolégico, Niicleo de Biotecnologia - Campus Capdo do Ledo, S/N, Capdo do Ledo, RS CEP

96160-000, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 21 September 2021
Revised 11 December 2021
Accepted 16 December 2021
Available online 18 December 2021

Keywords:

Impedimetric biosensor
COVID-19

PEDOT

Gold nanoparticles
Impedance spectroscopy
SARS-CoV-2

Electrochemical sensors and biosensors are useful techniques for fast, inexpensive, sensitive, and easy
detection of innumerous specimen. In face of COVID-19 pandemic, it became evident the necessity of a
rapid and accurate diagnostic test, so the impedimetric immunosensor approach can be a good alterna-
tive to replace the conventional tests due to the specific antibody-antigen binding interaction and the
fast response in comparison to traditional methods. In this work, a modified electrode with electrosyn-
thesized PEDOT and gold nanoparticles followed by the immobilization of truncated nucleoprotein (N
aal60-406aa) was used for a fast and reliable detection of antibodies against COVID-19 in human serum
sample. The method consists in analyzing the charge-transfer resistance (Rcr) variation before and after
the modified electrode comes into contact with the positive and negative serum sample for COVID-19,
using [Fe(CN)g]>/4~ as a probe. The results show a linear and selective response for serum samples di-
luted in a range of 2.5 x 103 to 20 x 103. Also, the electrode material was fully characterized by Raman
spectroscopy, transmission electron microscopy and scanning electron microscopy coupled with EDS, in-
dicating that the gold nanoparticles were well distributed around the polymer matrix and the presence
of the biological sample was confirmed by EDS analysis. EIS measurements allowed to differentiate the
negative and positive samples by the difference in the Rer magnitude, proving that the material devel-
oped here has potential properties to be applied in impedimetric immunosensors for the detection of
SARS-CoV-2 antibodies in about 30 min.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

as large-scale diagnostics tests [1, 4]. In this way, COVID-19 pan-
demic presents an urgent demand for accurate, low-cost, short-

Coronaviruses are a family of viruses present in various ani-
mal species. There are seven types of coronaviruses capable of in-
fecting humans, three of them cause respiratory disease of differ-
ent levels of gravity (SARS-CoV, SARS-CoV-2 and MERS-CoV) [1, 2].
SARS-CoV-2 is highly transmissible, and it causes the COVID-19,
a disease that already caused more than 4 million deaths world-
wide until September/2021 [3]. At the moment, the gold standard
for the COVID-19 diagnoses is the reverse transcription polymerase
chain reaction (RT-PCR) and the enzyme-linked immunosorbent as-
say (ELISA), the last one is used to detect specific antibodies in the
human blood [1, 4]. Despite the high reliability of these techniques,
their high cost, time consumption and the need for trained people
and specific equipment configure limitations for their application
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time response, and portable tests, expanding their access for the
entire population and helping in the infection control [5-7]. In this
context, electrochemical sensors and biosensors respond very well
for being fast, inexpensive, sensitive, and easy to perform [8-11].
Moreover, they are robust, easy to miniaturize, require a small an-
alyte volume, and can be applied in human fluids (blood, saliva,
urine), food, and environmental samples (air, water, soil) [10].
Electrochemical sensors operate by converting the electric sig-
nal into a quantitative or semi-quantitative analytical signal, which
can be measured. The signal is derived from some change in the
electrode/solution interface, such as an electron transfer reaction
or a modification in the electrical resistance, which may be associ-
ated with the increased concentration of an analyte of interest [5,
12]. The immobilization of the biomolecular recognition element
at the electrode surface characterizes the electrochemical biosen-
sor [5, 12]. This element is chosen according to the specific binding
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affinity with a target bioanalyte [10, 12], promoting higher sensitiv-
ity and lower detection limits, making biosensors especially useful
for detecting pathogens-related markers [6, 11]. The main elements
used for recognition are antibodies, antigens, enzymes, whole cells
and nucleic acids [10, 12]. Electrochemical biosensors offer enough
features to accelerate and simplify the bioanalytical process due to
the high sensitivity and sensibility, robustness, accuracy, low-cost
and mass production capability [13].

The immunochemical reaction of an antigen (AG) binding to
a specific antibody (AB) can be explored for the development of
biosensors with high recognition capacity [5, 10, 14]. To do so, AG
or AB is immobilized on the electrode surface to form a thermo-
dynamically stable AG-AB complex when its pair is present in the
analyte [15]. A recent study of the kinetic and thermodynamic in-
teraction between immobilized SARS-CoV-2 nucleoprotein and spe-
cific antibodies showed that the immune complex formation has
very strict steric requirements features. Also, the estimated Gibbs
free energy for AG-AB binding was determined as —34 k] mol~!
[16]. This approach has been applied to design biosensors for di-
agnosis of infectious diseases, like Dengue [17, 18], Zika [19, 20],
Hepatitis [21, 22], Escherichia coli [23, 24] and Middle East Res-
piratory Syndrome [15]. In the face of COVID-19 pandemic, dif-
ferent immunobiosensors for this disease are found in the litera-
ture [6, 25-28]. Mojsoska et al. [6] developed a platform for the
detection of the spike subunit 1 protein based on a graphene
electrode functionalized with anti-spike antibody. The detection
range was determined by the peak current drop of the voltam-
mogram, which decreased with increasing antigen concentration.
This immunosensor can be designed on a portable device, pro-
viding faster analysis than classic methods, allowing the Point-of-
Care diagnosis. A method based on impedimetric immunosensor
for the detection of SARS-CoV-2 was developed by Zaccariotto et al.
[29], in which, SARS-CoV-2 antibodies were immobilized in the
reduced graphene oxide and SARS-CoV-2 spike protein RBD was
detected in saliva samples, using [Fe(CN)g]*4~ redox couple as a
probe.

Different materials have been combined to develop electro-
chemical biosensors, such as graphene oxide [30], metal or-
ganic frameworks [31], conducting polymers [32], gold and silver
nanoparticle [33]. Recently, Hashemi et al. [34] related an electro-
chemical nanosensor based on activated graphene decorated with
gold nanostars, capable to detect IgG antibodies against S1 pro-
tein of SARS-CoV-2 in human plasma samples. The nanosensor ex-
hibited a good correlation with the ELISA assay, and a very low
detection limit (0.18 x 10-19% V/V) and sensitivity of 2.14 uA
(% V/V)~1.

In the literature, it is well explored that the high ratio
area/volume, manifested by nanoscale materials, favors greater
sensitivity due to the signal amplification [35, 36]. Gold nanoparti-
cles (AuNPs) are especially remarkable in the biosensors develop-
ment, besides their great analytical response, they also have ex-
cellent biocompatibility, high conductivity, catalytic activity, and
facile surface modification, allowing the easy attachment of desired
species on their surface, such as antigens or antibodies [35-37].
However, depending on the conditions, AuNPs tend to aggregate,
losing their unique properties mentioned above [38]. Thereupon, it
is common their combination with stabilizing agents [39].

Conducting polymers (CP) are interesting materials for the con-
struction of electrochemical sensors because of their electroactiv-
ity, electrical conductivity, high surface area, mechanical flexibility,
biocompatibility, chemical stability in aqueous solutions, and con-
siderable adsorptive ability [40-42]. The semiconducting properties
of conducting polymers have been explored for immunosensor ap-
plication due to their changes in capacitance and resistance at the
electrode | electrolyte interface, that can be monitored by a signal
transducer and converted into analytical signal [43].
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The modification of the structural and morphological features
could be controlled by the polymerization technique. Among differ-
ent methods to obtain the CP, the electropolymerization has some
advantages because it provides stable polymers with high doping
level, also allowing the enrichment of the polymer layer with bi-
ological or metal compounds present in the synthesis solution, In
addition, it is an easy, fast and environmentally friendly method
[43]. In general, electrodeposition is widely applied using differ-
ent electrochemical techniques; the deposition of the material di-
rectly on the electrode substrate permits a better adhesion of the
film than other techniques like adsorption or coating with pre-
viously synthesized polymers. Also, electrochemical deposition al-
lows a better control of the morphology and thickness of the de-
posited film [44].

The naturally porous structure of the CPs makes them ideal
for immobilize nanoparticles and avoid their aggregation, result-
ing in a nanocomposite material that acquires different proper-
ties compared to the isolated materials, usually reflecting on im-
proved conductivity, increased surface area, processability, and me-
chanical stability [41, 42, 45]. Especially, the high surface area sup-
plied by the CP morphology is a useful feature to improve biosen-
sors performance because it enhances the interfacial contact with
the biological element and, consequently, with the sample [40,
42]. Metal nanoparticles can be obtained by wet-chemical meth-
ods or electrodeposition, the latter offers some advantages, such
as the absence of chemical reductants or oxidants and undesired
sub-products, fast synthesis, and the possibility of directly anchor-
ing the nanoparticle to the electrode surface, by an easy and fast
method [44, 46]. In addition, the electrosynthesis can be consid-
ered an excellent route in order to obtain nanomaterials with ex-
ceptional physicochemical properties, such as high electrical con-
ductivity, improved catalytic properties and large surface area,
which make them particularly interesting for sensor and biosensor
approach [44, 46].

Poly (3,4-ethylenedioxythiophene) or PEDOT, is one of the most
widely applied CPs in biologic/biomedicals interfaces due to its su-
perior biocompatibility, in comparison to others [47]. Also, it has
characteristic that are required for applications in biosensors, such
as stability and high conductivity [38, 41, 47, 48]. The sulfur atoms
of thiophene rings in PEDOT structure can establish stable bonds
with the AuNPs, due to the strong affinity between them [32, 35,
49]. The combination of these materials can be explored for dif-
ferent application, thanks to the synergism of the CPs high surface
area with the electrical conductivity that comes from AuNPs. These
features result in higher sensitivity and selectivity, lower detection
limits and good reproducibility and stability for sensor and biosen-
sor applications [32, 50]. Furthermore, both materials are biocom-
patible, establishing an interface for immobilizing the different bi-
ological components, such as disease specific antigens, being a use-
ful method to investigate associated biomarkers [32, 38].

Based on that, in this work was developed an impedimetric
biosensor for the detection of antibodies against COVID-19 trun-
cated nucleoprotein (N aal60-406aa) antigen. The nucleoprotein
was chosen as the target of the assay since it is an immunodom-
inant antigen and is consistently employed to detect antibodies
against other coronaviruses in both humans and animals [51, 52]
Furthermore, it has high sensitivity and specificity in serological
assays and is easily produced in E. coli with low cost [52].

The platform is composed by PEDOT, AuNPs and the antigen,
showing to be efficient for antibodies detection in a wide dilution
range using human serum samples and being able to differenti-
ate positive and negative serums by the charge-transfer resistance
(Rer) magnitude, using [Fe(CN)g]*4~ as a probe. This methodol-
ogy is a good alternative to develop a COVID-19 antibodies test due
to the easy processability, selectivity, low cost and rapid detection,
with a response time of about 30 min.
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2. Experimental section
2.1. Chemical and materials

3,4-Ethylenedioxythiophene (EDOT, 97%), Poly(sodium 4-
styrenesulfonate) (PSS), Gold (IIlI) chloride solution (HAuCly, 99%)
and bovine serum albumine (BSA, >98%) were purchased from
Sigma-Aldrich. Chloride potassium, disodium hydrogen phosphate,
potassium phosphate monobasic, potassium hexacyanoferrate (II)
trihydrate, potassium hexacyanoferrate (Ill) were acquired from
Neon. Sodium chloride was obtained from Anidrol. All chemi-
cals were used as received. The solutions were prepared using
deionized water by Elga Purelab Flex method (18.2 MQ2.cm).

PBS buffer at pH 7.2 was prepared mixing NaCl 137.0 mmol
L~ 1, KCl 2.7 mmol L — !, NaHPO, 10 mmol L ~ ! and KH,PO,
2.0 mmol L — 1. PBS buffer was used for biological samples disso-
lution and as electrolyte for electrochemical tests.

All electrochemical procedures were performed in a DropSens
mStat-i-400 s and DropView 8400 software. A three-electrodes
setup consisting of a steel mesh (geometric area of 0.5 cm?), plat-
inum wire and Ag/AgCl/Cl~s3 as working, counter and reference
electrodes, respectively, was used for all procedures.

2.2. Biological compounds

The recombinant truncated nucleoprotein (rN aa160-406aa) of
SARS-CoV-2 was produced in E. coli. Briefly, rN coding sequence
was cloned into a pET28-a expression vector (Invitrogen). E. coli
BL21(DE3) was transformed with the construct, and expression of
the rN was induced with isopropylthio-S-p-galactoside (1 mmol
L — 1 IPTG). Recombinant proteins were purified by Ni-NTA affinity
chromatography, quantified using the BCA protein assay kit (Pierce)
and conserved in PBS buffer at pH 7.2. The N reacts with IgG, IgM
and IgA antibodies. To appoint the modified electrodes, we called
the truncated nucleoprotein (Naa160-406aa) as antigen (AG).

The human serum samples were obtained from hospitalized pa-
tients at teaching hospital of Universidade Federal de Pelotas (Rio
Grande do Sul - Brazil) with moderate symptoms at 15 to 20 days’
post-onset of the symptoms and documented with a positive SARS-
CoV-2 RT-PCR test and high antibody reactivity to in-house indirect
ELISA immunoassay. The results of the ELISA assay are shown in
Table S1 in supplementary material. Negative serum samples were
collected prior to the COVID-19 pandemic, the human serum sam-
ples were collected in 2018 in the city of Rio Grande (Rio Grande
do Sul - Brazil), all samples are non-reactive to in-house indirect
ELISA immunoassay.

All biologic samples and the truncated nucleoprotein (N aa160-
406aa) were kindly provided by the Federal University of Pelotas,
Center for Technological Development, Biotechnology Nucleus at
Rio Grande do Sul, Brazil.

Signed informed consent forms were obtained from all patients
as per institutional ethical approvals obtained from the Ethics
Committee in Federal University of Pelotas and National Commis-
sion of Research Ethics (CONEP), reference number 4.043.628.

2.3. PEDOT-AuNPs electrosynthesis and antigen immobilization

The steel mesh electrodes were lightly sanded and cleaned in
acetone in an ultrasound bath for ten minutes. After dried, the
electrode was modified from solution EDOT 0.01 mol L — ! and
7 ¢ mL~1 PSS, in pH 5,5 adjusted with hydrochloric acid, by apply-
ing a potential of 1.1 V and charge density of 120 mC cm~2. Then,
the electrode was washed with deionized water and immersed in
1 mmol L ~ ' HAuCl; / 0.1 mol L — ' KCl solution for ten min-
utes, followed by a gold reduction step by application —1.0 V un-
til a charge density of 30 mC cm~2 was obtained. Next, the PE-
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DOT/AuNPs modified electrode was washed with deionized water
and fifteen cyclic voltametric (CV) cycles were performed for film
stabilization using PBS buffer pH 7.2 as electrolyte, in a potential
range from —0.8 to 0.4 V at scan rate of 20 mV s ~ 1.

For antigen immobilization on PEDOT/AuNPs modified elec-
trode, the electrode was immersed in a solution containing 0.01 pg
mL-! truncated nucleoprotein (N aal60-406aa) in PBS buffer for
20 min. After the interaction time, the electrode was washed in
PBS buffer pH 7.2 and it was immersed in the 1% BSA solution for
30 min, repeating the buffer washer.

The modified electrodes were named accordingly: PE-
DOT/AuNPs, PEDOT/AuNPs/AG (after the truncated nucleoprotein
immobilization) and PEDOT/AuNPs/AG/BSA (after BSA blocking).

2.4. Serum samples detection

The detection of antibodies in real samples was performed
by sequential additions of the serum sample to the electrolyte
[Fe(CN)g]*4~/PBS in the electrochemical cell, gradually increasing
the serum concentration from the dilution factor of 20 x 103 to
2.5 x 103. EIS measurements were recorded after ten minutes of
each addition, sufficient time for the AG-AB interaction. The speci-
ficity of the biosensor was evaluated by adding the nonspecific
serum samples. The average for two different nonspecific serum
samples was used as the control for negative test. Both specific and
unspecific serum tests were made in triplicate, being prepared new
PEDOT/AuNPs/AG/BSA modified electrodes for each replicate, since
specific antigen-antibody binding and also unspecific adsorptions
on the electrode surface do not allow to reuse the electrodes.

2.5. Characterization

All the electrochemical characterizations were done in 1 mmol
L — 1 [Fe(CN)s]3>4~ electrolyte in PBS buffer pH 7.2. Firstly, the
modified electrodes were characterized by cyclic voltammetry in
a potential range of —0.5 to +0.7 V at a scan rate of 20 mV
s = 1. Each EIS measurements was recorded applying the peak ox-
idation potential (Fe!!/Felll) previously obtained by the voltammo-
gram (all the oxidation peaks were around 0.3 V). The frequency
ranged between 10 kHz-10 mHz and the perturbation amplitude
of 10 mV was maintained constant. The morphologies of modi-
fied electrodes were investigated by Scanning Electron Microscopic
(SEM) in a TESCAN VEGA3 LMU coupled with the energy disper-
sive spectroscopy (EDS) detector and Transmission Electron Micro-
scopic (TEM) in a JEOL JEM 2100. All SEM and TEM images were
recorded directly on steel mesh modified electrodes and the im-
ages presented herein are the representative ones, since at least
five different points were checked to assure the homogeneity of
the modified electrodes, and approximately 100 nanoparticles were
counted and measured for size distribution using the Image] soft-
ware. Raman spectra were recorded in a spectrometer Bruker Sen-
terra II, with excitation laser 532 nm and potency of 0.2 mW, with
3-5 cm! resolution.

3. Results and discussion

Chemically modified electrodes are commonly investigated
using redox probes, such as potassium ferro | ferricyanide
([Fe(CN)g]34-), since the electron transfer charge depends on the
electrode interface characteristics, mainly its chemical nature [53].
Thus, the modification steps can be observed by the electrochem-
ical measurements performed on [Fe(CN)g]3-/* | PBS electrolyte.
Fig. 1(a) shows the voltammograms of the modified electrodes in
[Fe(CN)g]3 | PBS electrolyte, in which two redox behaviors are
observed. The first one, located around —0.5 V | —0,2 V, is re-
lated to PEDOT redox reaction, as detailed by Sterby et al. [54].
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Fig. 1. (a) Cyclic voltammograms recorded at v = 20 mV s — ! and (b) Nyquist plot.
All measurements were performed in 1.0 mmol L — ! K;Fe(CN)s/ K3Fe(CN)g in PBS
buffer pH 7.2 for the PEDOT/AuNPs modified electrodes (black line), after antigen
immobilization (blue line), BSA blocking (green line) and steel mesh/AG/BSA (gray
lines in (a)). The solid lines in the Nyquist plots represent the experimental data
fitting using the equivalent circuit inserted in the figure.

Another redox process is located at 0.3 V [/ 0.0 V, that is associ-
ated with Fe(CN)g*/3- conversion by electron transfer and its well-
defined peak profile suggests that the process occurs by diffusion
[53]. A shift towards higher potential values and a decrease in
peak current intensity are observed in the voltammograms after
AG and BSA immobilization, suggesting an increasing difficulty for
the Fe(CN)g*/*~ redox reaction to occur at the electrode | elec-
trolyte interface. The protein layer act as a barrier preventing the
Fe(CN)g*~ ions to approach the electrode surface, so the shift
in redox peaks and the decrease of current density can be at-
tributed to the insulating character of the biological components
on the electrode surface, as well as the proteins steric hindrance
effect [55, 56]. The diminishment of PEDOT cathodic peak can be
attributed to the steric effect caused by the biological compounds
attached at the nanocomposite, which makes the ions approxima-
tion at electrode/electrolyte interface more difficult and hampers
the ions insertion / expulsion from polymeric matrix during PEDOT
redox process, since the biomolecules can partially block the mod-
ified electrode active sites after the immobilization [57]. In addi-
tion, no redox behavior was observed for the unmodified electrode
(steel mesh/AG/BSA) in the investigated potential range, as shown
in Fig. 1(a).
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To further investigate the electrochemical interfacial process of
the modified electrodes, EIS experiments were carried out and the
Nyquist plots are shown in Fig. 1(b). The analysis of EIS data from
conducting polymers and nanocomposites could be subject of dif-
ferent interpretation, so the choice of the correct equivalent circuit
model that represents the electrical effects of the electrochemical
systems, as well as describes the mechanism of the reaction, needs
a careful understating of the individual physical properties of each
system [58, 59]. After a careful consideration of the different ap-
proaches reported elsewhere [58-61] to interpret the EIS results
of conducting polymers, also considering the factors governing the
electrochemical impedance on protein-modified surface, the results
presented here were fitted using an equivalent circuit model com-
posed by a combination of resistors and capacitors.

Nyquist plot in Fig. 1(b) shows a classic conducting polymer
profile, wherein the semicircular segment is related to the charge-
transfer resistance and the double-layer capacitance, and the linear
segment is associated with the ions intercalation in the polymeric
film to maintain the charge neutrality during the redox processes
[17, 62, 63]. It is clearly seen in Fig. 1(b) the increase of the semi-
circle at the high frequency region according to the biomolecules
incorporation in the nanocomposite film (PEDOT/AuNPs). In or-
der to evaluate this effect, EIS data were fitted using the equiv-
alent circuit model inserted in the Fig. 1(b). This equivalent cir-
cuit is composed by a series resistance contribution (Rg), that ac-
counts for electrolyte and current collector resistance, a charge-
transfer resistance (Rcr), related to the interfacial Faradaic pro-
cess, a constant phase element (Qg;), representing the double-layer
capacitance, and another constant phase element (Qy), related to
the low-frequency capacitance that accounts the intercalation pro-
cesses in the polymeric matrix [63, 64]. Lastly, n parameter ac-
counting the non-ideality factor related to the constant phase el-
ement is present, where the n value ranges from 0 to 1, being 1
the value representing the constant phase element as an ideal ca-
pacitor. The calculated values are summarized in Table 1.

The increases in the R can be related to intrinsic resistances of
the electronic transport at the polymeric film since the electrolyte
and current collector were all the same for the different measure-
ments. Both Qg and Qy values decreased as the antigen and BSA
were attached at the electrode surface; these diminishments can
be associated with changes in the film morphology. This proposi-
tion is supported by SEM images (Fig. 3), since Qg is related to the
electrode | electrolyte interface area, and the decrease of the Qj
values can be attributed to the blocking effect of the polymeric ac-
tive sites by the biomolecules. These results corroborate the behav-
ior observed in the cyclic voltammograms. Rqr values increment
indicates the increase in charge-transfer resistance at the electrode
| electrolyte interface after the biomolecules incorporation at the
electrode, as will be better discussed below.

PEDOT/AuNPs composite material is intrinsically conductive,
easily exchanging electrons with the ions probe. In biosensor appli-
cation, the electrochemical response in the presence of Fe(CN)g*/3-
could be influenced by two effects: ionic attraction |/ repulsion
and steric hindrance [55, 65]. The biological species incorpora-
tion at the interface hinders the approximation of the ions probe,
due to the steric hindrance; in parallel, it enhances their electri-
cal resistance due to the non-electroactive nature. The conductiv-
ity changes in the electrode interface can be detected by EIS mea-
surements, specifically analyzing the Rcr parameter [65]. In this
work, Rer was used to study the system response during the mod-
ification step and, later, for the antibody detection. This param-
eter is directly related to the electronic transference kinetics of
the [Fe(CN)g]*7# ions at the electrode | electrolyte interface, be-
ing sensitive enough to detect variations in this interface related to
the presence of non-electroactive species. An increase in the semi-
circle diameter is associated with a higher Rcp Fig. 1(b) and fit-
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Table 1
Parameters values calculated from the EIS data fitting.
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Modified electrode Rs [ kOhm  Rer /[ kOhm Qg /10° Fs™'  ng Qf /1073 Fs™  ny
PEDOT/AuNPs 27.61 548.10 7.11 0.75 0.94 0.84
PEDOT/AuNPs/AG 28.11 678.00 543 0.80 0.92 0.80
PEDOT/AuNPs/AG/BSA 30.40 1105.00 5.02 0.82 0.87 0.77
a
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PEDOT/AuNPs

PEDOT]

X —PEDOT/AuUNPs/AG
— PEDOT/AuNPs
- PEDOT

(0] 0]
G Gy
/\
[~Ng7
C ¢

© L =
g 8 8 >
650 700 750 800 1200 1300 1400 15I00 1600 1200 1250 1300 1350

Wavenumber / cm’! Wavenumber / cm™

Wavenumber / cm™

Fig. 2. Raman spectra obtained for PEDOT, PEDOT/AuNPs and, PEDOT/AuNP’s/AG. (a) emphasis in the region around 698 cm~' highlighting the AuNPs effect on the pristine
PEDOT vibrations; (b) range from 1200 - 1600 cm~' showing the main bands of each material; and (c) the range from 1190 cm~' to 1360 cm~!, highlighting the antigen
influence on the material electrode (c). Radiation incident A = 514 nm. PEDOT monomeric structure is inserted in the figure. The full spectra are show in the Figure S2 in

supplementary material.

ted parameters (Table 1) clearly show that Rcp increases with both
antigen and BSA immobilization on PEDOT/AuNPs electrodes, re-
flecting the higher difficulty of charge transfer process to occur in
the presence of the insulating biological layer on the electrode.

In addition, EIS measurements were carried out for unmodi-
fied electrodes. The Nyquist plot and fitting parameters are shown
in the Figure S1 and Table S2, respectively, in the supplemen-
tary material. The increases observed in the Rer values can be at-
tributed to electrostatic interactions between protein charges and
the characteristic charge of the steel mesh. According to Omanovic
and Roscoe [66] the protein adsorption occurs when any protein-
containing fluid comes into contact with a foreign surface. Al-
though the interaction between metal surfaces and biological com-
pounds is a complex matter, this phenomenon can be related to
electrostatic interactions between protein charges and the charac-
teristic charge of the metal [66]. However, as will be discussed
later in the serum samples detection, the unmodified electrode do
not have ability to differentiate positive and negative serum sam-
ples for COVID-19.

In order to show that the nanocomposite was successfully elec-
trosynthesized, Raman spectra were recorded, and the results are
shown in Fig. 2. The pristine PEDOT spectrum attributions are
compiled in Table S3 in supplementary material, as previously de-
scribed elsewhere [67-73]. In our analysis, some bands stand out
as the signals at 495 and 995 cm~! associated to oxyethylene ring
deformation, the band at 692 cm~! assigned to symmetric defor-
mation of Cy-S-Cy, in 1131 cm™! related to C-O-C bond and the
weak band at 1252 cm~! attributed to Cy-Cy inter rings [67, 70,
71]. The signals centered at 1367, 1439, and 1500 cm~! are at-
tributed to C-C, C = C(-0) e C = C stretching, respectively [67, 68,
70].

Raman resonant effect occurs in conducting polymers by the in-
cidence of radiation at wavelengths that coincide with the allowed
electronic transition band, resulting in a considerable increase in
the intensity of the spectrum bands [73]. By this, PEDOT signals

are dominant in the Raman spectra and the influence of other con-
stituent materials normally can be detected by possible changes in
the profile and position of the PEDOT bands. Therefore, AuNPs in-
corporation in the polymeric matrix is evidenced by a band shift
from 692 to 698 cm~!, accompanied with the significant inten-
sity decrease in this signal (Fig. 2(b)), which can be a result from
the interaction between the gold nanoparticles and the sulfur atom
present in the PEDOT thiophene ring and this behavior is well rec-
ognized in the literature [68, 74, 75]. The deconvolution of the
spectra is shown in the supplementary material (Figure S3 (a-c)),
where the changes are better observed. The decrease in signal in-
tensity at 439 cm~!, 526 cm~! and 1252 cm~! also confirms this
interaction and is related to the thiophene ring deformation [75].
The AuNPs effect on the vibrational modes of PEDOT also can
be observed by slight changes in the other bands, such as the de-
crease in intensity of the signal at 1500 cm~! and the slight band
displacement at 1439 cm~!. The latter is attributed to the C = C(-
0) stretching, and it can reflect a change in PEDOT oxidation levels
when a widening and loss of band intensity is observed [70].
Raman spectrum after antigen immobilization was also
recorded, showing a strong evidence of antigen immobilization on
the PEDOT/AuNPs modified electrode by a change in the intensity
of the band around 698 cm~!, which increases by the interaction
between biological compound and the gold nanoparticles through
carbon-sulfur bonds, indicating that covalent grafting was success-
fully done (Fig. 2(c) and S3) [74, 76]. However, others weak sig-
nals referring to the secondary structure of the protein are diffi-
cult to see due to the high intensity polymeric bands. The main
differences in the vibration fingerprint before and after the anti-
gen immobilization step are concentrated in the spectrum range
between 1200 cm~! to 1360 cm~! highlighted in Fig. 2(c). As re-
ported elsewhere [76, 77], this region gathers the amide III vibra-
tion modes, which range from 1198 to 1224 cm~1, 1251-1267 cm™!
and 1318 to 1346 cm™! and it can be extended up to 1680 cm™!
to include amides I analysis [77]. However, in our case, possible
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Table 2
Raman signals for the modified electrodes.

Electrochimica Acta 404 (2022) 139757

Wavenumber |/ cm~!

Modified electrode C-S-C deformation ~ Amide III C -C stretching for PEDOT and Amide III for antigen ~ Amide IIl («-helix)
PEDOT 692 - 1251 -

PEDOT/AuNPs 698 - 1248 -

PEDOT/AuNPs [AG 699 1217 1251 1315

Literature [69, 74, 76, 77]  691-698 1208 [ 1224 1250 (for PEDOT) 1240-1250 (Amide III) 1320

Fig. 3. Representative SEM images of (a) PEDOT (b) PEDOT/AuNPs and (c) PEDOT/AuNPs/AG modified electrodes in an increase of 800 and 3500 times, with voltage acceler-
ation of 20 kV. (d-e) Representative TEM images of PEDOT/AuNPs/AG modified electrodes in different magnitude. Some AuNPs is marked with red arrows in the figure.

differences registered in the higher wavenumber range are masked
by the PEDOT vibrational modes. For this reason, the spectra in
Fig. 2(c) were deconvoluted making a weak signal at 1217 cm™!
visible only for PEDOT/AuNPs/AG modified electrode, indicating the
amide groups contribution (Figure S3 in supplementary material)
[69, 76, 77]. Moreover, the signal at 1251 cm~!, attributed to PE-
DOT carbon atoms stretching, slightly changed with the modifi-
cation steps, becoming well-defined after antigen immobilization,
since amide III vibration modes contribute to this spectrum re-
gion. The amide III a-helix conformation is expected at 1315 cm™!
and is observed in Fig. 2(c), by the shift of Raman band profile.
Although PEDOT and PEDOT/AuNPs electrodes also record signals
in this region, the bands attributions have not been clearly deter-
mined. The main differences registered in the spectra of each elec-
trode modification step are gathered in Table 2. Raman studies are
in accordance with the electrochemical results, indicating that the
antigen and BSA were successfully immobilized at PEDOT/AuNPs
modified electrodes.

The SEM images were obtained from PEDOT; PEDOT/AuNPs and
PEDOT/AuNPs/AG modified electrodes in order to investigate the
morphology of the materials. From images shown in Fig. 3(a-c) it is
possible to see changes in the modified electrodes morphology; the
electrosynthesis of PEDOT forms a thin homogeneous film covering
the entire steel mesh electrode surface as shown in the Fig. 3(a),
with a globular morphology typical of electrosynthesized conduct-
ing polymers [78, 79]. For PEDOT/AuNPs modified electrode, it can

be seen in Fig. 3(b) the occurrence of small particles with spheri-
cal shape and varying sizes, distributed throughout the polymeric
film, suggesting the successful electrodeposition of gold. AuNPs are
identified by the clearest contrast due to their greater electronic
density, allowing them to be distinguished from PEDOT. In Fig. 3(c),
the antigen immobilization can be observed by the lower contrast
region, suggesting the presence of the biological molecules on the
modified electrode, in addition, a greater surface roughness is ob-
served, suggesting that the antigen was uniformly distributed on
the PEDOT/AuNPs surface, corroborating the Raman and electro-
chemical studies.

A better observation of the AuNPs was obtained by TEM repre-
sentative images shown in the Fig. 3 (d-e). The observed spheri-
cal and darker spots are attributed to the gold nanoparticles which
are homogeneously distributed over the sample and are involved
by the organic materials, represented by the lighter region. The
nanometric size ranging from 2 to 16 nm with an average value
of 5 nm, but 85% fall in the range of 2 to 8 nm, as shown in
Figure S5 in the supplementary material. Also, nanoparticle ag-
gregations were not observed, which is an important characteris-
tic for biosensors application, allowing to explore the entire in-
terfacial region provided by the nanoscale and maximizing the
gold-antigen interaction. TEM and SEM techniques also reinforce
one of the advantages of combining the conductive polymer with
metallic nanoparticles, which is the contribution to nanoparticle
stabilization.
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Table 3

Electrochimica Acta 404 (2022) 139757

Semi-quantitative elemental composition of the electrode materials by EDS analysis.

Elemental composition (%)

Element  PEDOT modified electrode =~ PEDOT/AuNPs modified electrode = PEDOT/AuNPs/AG modified electrode
S 5.04 6.70 3.95

Au - 27.62 22.71

N - - 0.96

Note: The complete table is available in Table S4 in the supplementary material.

A further investigation of SEM images was made by Energy Dis-
persive Spectroscopy (EDS) analysis, which provides an elemental
composition of the observed areas, by this, several spots in dif-
ferent SEM images were chosen for PEDOT, PEDOT/AuNPs and PE-
DOT/AuNPs/AG electrodes (Figure S4 in supplementary material).
The results related to one representative spot for each electrode
are shown in Table 3. EDS analysis suggests the gold element oc-
currence in high quantity in the lighter regions of PEDOT/AuNPs
electrode images. The presence of the nitrogen element was ob-
served only for PEDOT/AuNPs/AG electrode, indicating the presence
of the amino acid groups that compose the antigens protein struc-
ture. These results are in agreement with Raman and EIS studies,
suggesting that the electrode was successfully modified with the
antigen. Other elements identified by the EDS analysis are related
to steel mesh composition and to PBS buffer solution, and are fully
listed in Table S4, in the supplementary material.

The antibody detection in real samples was analyzed by the
impedimetric response of the PEDOT/AuNPs/AG/BSA electrodes
against positive and negative serum samples for COVID-19. All
the detection tests were performed at a controlled temperature
of 23 °C and [Fe(CN)6]3/4~ in PBS buffer pH 7.2 as electrolyte.
Buffer systems are widely used for biological research due to their
ability to chemically stabilize proteins, preserving their activity,
and because the pair of H,PO,~/HPO,~2 helps to maintain a con-
stant pH around 7.0, which is the physiological pH [80]. Due to
the adsorption process, each electrode was used only once, there-
fore, the ARcp is based on the EIS measurements of the PE-
DOT/AuNPs/AG/BSA electrode before contact with the serum sam-
ple.

Nyquist plot in Fig. 4(a) shows a larger semicircle diameter
for the electrode exposed to positive serum sample due to the
highly specific AG-AB interaction, recording the ARcr value of 2.80
kOhm. An increase in resistivity to the negative test is also ob-
served (ARcy = 1.56 kOhm), but of much lower intensity due to
unspecific interactions of the other sample components with the
electrode interface [16]. The small increment in the impedance re-
sponse of negative serum samples can be attributed to the non-
specific adsorption of species present in the complex serum ma-
trix [81-84]. This non-specific reaction can occur due to a variety
of reasons, for instance, protein-protein interactions, surface pro-
teins denaturation, substrate stickiness, non-specific electrostatic
binding to charged surface, and adsorption of molecules in free
spaces at the electrode surface [83]. These phenomenona can lead
to an increment in the Ry values, as observed for negative sam-
ple. However, the increase of Rcr values obtained for positive
samples is greater, suggesting that the material has good proper-
ties to identify the presence of SARS-CoV-2 antibody in real sam-
ples. The same conclusion has been reported for modified screen-
printed gold electrodes for the diagnosis of caninse visceral leish-
maniasis [84], screen-printed electrode based on carbon nanotube-
polypyrrole composite to detection of Zika virus in serum sam-
ple [85], and electrochemical paper-based analytical device mod-
ified by spike protein immobilized on graphene oxide to detect
SARS-CoV-2 antibody [86]. Furthermore, the cross-reactivity of the
recombinant antigen used in the immunosensor was evaluated
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Fig. 4. (a) Comparative Nyquist plot for positive and negative serum samples for
COVID-19 in 2.5 x 103 dilution factor. The solid lines represent the simulation of
the experimental data according to the proposed equivalent circuit, inserted in the
graph. (b) Nyquist plot of the PEDOT/AuNPs/AG/BSA modified electrode to different
positive serum concentrations. (¢) Analytical curves for the evaluated serum sam-
ples (n = 3). The solid line represents the linear fit and the respective linear regres-
sion is present. The error bars show the standard deviations of three measurements.
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of three measurements.

in indirect ELISA with pre-pandemic sera positive for HIV, toxo-
cariasis, dengue, Zika, yellow fever, measles, influenza, hepatitis B
and D or parvovirus (unpublished data), which proved to be ir-
relevant (95% specificity). The cross-reactivity test using the PE-
DOT/Au/NPs/AG/BSA modified electrode will be present in a future
work.

The analytical performance of the PEDOT/AuNPs/AG/BSA elec-
trodes was evaluated by adding successive aliquots of the serum
in the electrolyte, gradually increasing its concentration within a
range of dilution factor from 20 x 103 to 2.5 x 10% and the
Rcr value was determined by the mathematical fitting of the EIS
curves, applying the same electrical circuit discussed above in
Fig. 1(b), and inserted in Fig. 4(a). The enlargement of semicir-
cle diameter in the Nyquist plot (Fig. 4(b)) indicates the increased
charge-transfer resistance with each serum addition, which results
from specific interaction between antibodies present in the sample
with the antigen immobilized at the electrode surface. This spe-
cific AB-AG-interaction affects the impedance response because of
the increased steric hindrance at the electrode | electrolyte inter-
face. Also, the R¢r value could be increased due to the presence
of non-eletrocative species on the electrode surface, as previously
discussed [65].

In addition, the impedimetric sensor displays a linear response
within the evaluated dilution range, as represented in Fig. 4(c),
showing a greater slope module inclination for the positive serum
samples than negative serum samples. These results reflect the
specific AG-AB interaction occurrence in the positive serum sam-
ples. The registered curves slope for negative samples are similar
to each other, while there is a difference in the curve slopes for
the positive serums. This observation can be associated with dif-
ferent antibody levels present in the patient’s body at the sample
collection moment [81, 87], indicating the potential for this sensor
to perform quantitative measurements of antibodies in the sam-
ples. This characteristic could not be exploited at this time. The
samples nature explains the magnitude of the standard deviation
values, since the serum is a complex matrix, containing a variety
of other antibodies and proteins that can nonspecifically interact
with the electrode interface, resulting in a wider distribution of R¢t
values for the replicates of the assays [81, 82].

Fig. 5(a) gathers the impedimetric sensor responses against the
positive and negative serum samples for COVID-19, at different di-
luted samples. The assays with specific antibodies samples showed

a more expressive average Rqr increment compared to the nega-
tive control, for all tested dilutions, as verified by the bars profile
in Fig. 5(a) and by the percentage values highlighted in Fig. 5(b).
The positive serum samples showed more than 3.5-fold the aver-
age % ARcr increment over negative samples for the tested dilution
range (Fig. 5(b)). Also, it is important to be noted that the ARcy
value for negative serum sample do not increases by increasing the
concentration as it does for the positive serum sample, suggesting
a good selectivity of the electrode (Fig. 5(a)), as discussed above.
Furthermore, the ARcr results are in agreement with the ELISA test
(Table S1, in supplementary material). Due to the higher affinity,
IgG and IgA class antibodies probably dominate the immunosensor
reaction, so the reactivity of positive serum [ was greater than that
of positive serum II. In the ELISA, the IgA and probably IgG levels of
positive serum I are higher than those of positive serum II. The fact
that positive serum II has a higher IgM level than positive serum I
suggests that the IgG level of positive serum I is higher than that
of positive serum II. In addition, it is relevant to highlight that the
time necessary to AG-AB interaction was fixed in 10 min and the
complete EIS measurement took about 20 min, so the results were
obtained in approximately 30 min, which is a shorter time when
compared to the ELISA assay.

Similar tests for unmodified electrodes (steel mesh/AG/BSA) for
negative and positive serum samples at dilution factor of 10 x 103
were carried out and the results are shown in the Figure S1(b) in
the supplementary material. It is clearly seen that the unmodified
electrodes have almost the same increment (ARcr) with a large
standard deviation for both samples, suggesting that no specific
antigen / antibody interaction is taking place. These results indicate
that the use of unmodified steel mesh electrodes is not suitable
for immunosensor application, being extremely necessary the steel
mesh surface modification with PEDOT/AuNPs before the antigen
immobilization, as proposed here.

It is important to describe here that the establishment of
the cutoff value allows differentiating a serum sample as posi-
tive or negative for COVID-19 [81]. This set of measurements re-
flects the minimal expected Rcy signal for the serum additions
to the electrolyte since the sample is a complex matrix contain-
ing other species that can interact with the electrode. Thus, the
cutoff value can be determined by the mean plus three stan-
dard deviations (cutoff = mean + (3*SD)) [81, 88]. For now, we
do not have enough sample quantity to determine reliable the
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cutoff value, usually the works relate more than one hundred
samples.

Conclusion

In summary, we developed a simple, selective, reliable and rel-
atively fast-method to detect COVID-19 antibodies in real clinical
serum samples. Raman and SEM-EDS results show that the elec-
trode was successfully modified with PEDOT/AuNPs/AG/BSA, and
SEM and TEM images confirm that the gold nanoparticles were
uniformly distributed on PEDOT surface, allowing the antigen im-
mobilization all over the electrode surface. The method applied
here consists in analyzing the variation of the charge transference
resistance of the electrode/electrolyte interface using [Fe(CN)g]3-4
as a probe; the differences in the Rcp values were observed due the
specific antigen-antibody interaction. Also, for the dilution range
studied here, it was obtained a minimum increase of 3.5-fold (% in
ARcr value) in positive serum samples than negative serum sam-
ples, suggesting the material has potential to be used as an im-
pedimetric immunosensor to diagnose COVID-19 antibodies. How-
ever, in the future more clinical samples could be analyzed by this
method in order to obtain the cutoff value and a quantitative test
for antibodies could be studied to replace the traditional methods.
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