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Abstract: The COVID-19 pandemic has highlighted the importance and urgent need of rapid and
accurate diagnostic tests for detection and screening of this infection. In our proposal, a biosensor
based on the ELISA immunoassay was developed for monitoring antibodies against SARS-CoV-2
in human serum samples. The SARS-CoV-2 nucleocapsid protein (N-protein) was selected as a spe-
cific receptor for the detection of SARS-CoV-2 nucleocapsid immunoglobulin G. Thus, the N-protein
was immobilized on surface of screen-printed carbon electrode (SPCE) modified with carboxylated
graphene (CG). The IgG-SARS-CoV-2 nucleocapsid concentration was quantified using a secondary
antibody labelled with horseradish peroxidase (HRP) (anti-IgG-HRP) catalyzed by 3,3’,5,5"-tetra-
methylbenzidine (TMB) mediator by chronoamperometry. A linear response was obtained in the
range of 1:1000-1:200 v/v in phosphate buffer solution (PBS) and the limit of detection calculated
was of 1:4947 v/v. The chronoamperometric method showed electrical signals directly proportional
to antibody concentrations due to Ag-Ab specific and stable binding reaction.
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1. Introduction

The SARS-CoV-2 is the third species of betacoronavirus to cause outbreaks in recent
decades, and the first to cause a high number of infected and deaths resulting from the
effects of disease around the world [1]. COVID-19 is a disease caused by SARS-CoV-2,
which affects billions of people in the world [2].

Covid-19 is a disease caused by SARS-CoV-2, which affects billions of people world-
wide. Infections can be asymptomatic with mild flu-like symptoms, cough, fever, as well
as severe complications that can lead to death. So, its detection is urgently necessary to
effectively control the fast propagation of the virus since asymptomatic individuals can
transmit the disease and therefore it is very important to identify and isolate [3, 4].

SARS-CoV-2 has spike proteins (S), membrane proteins (M), envelope proteins (E)
and nucleocapsid proteins (N) in its structure. Thus, it has greater stability and less muta-
tions over time. Moreover, these proteins are highly immunogenic and are expressed
abundantly during infection, and have high specificity [5].
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For the detection of SARS-CoV-2, there are the conventional methods that can be
highlighted the Reverse Transcription Polymerase Chain Reaction (RT-PCR) which is con-
sidered the gold standard for SARS-CoV-2 detection , enzyme-linked immunosorbent as-
say (ELISA), chemiluminescent immunoassay (CLIA), or through quick tests [6]. These
conventional tests have limitations, such as high cost, time-consuming, need for a labora-
tory structure for its realization and the demand for an immunological window [7].

So, electrochemical biosensors appear as a promisor alternative to traditional meth-
ods, due to its exceptional analytical performance, small size and portability [8]. In addi-
tion, it can be used as diagnostic tool in a point of care, allowing a simple and quick detect
the biomolecules in a complex sample matrix [9].

The electrochemical biosensors usually have been developed in screen-printed car-
bon electrodes (SPCE) to provide disposable devices. These SPCE are also easy to modify
their surface with nanomaterials, contributing to their physical, chemical, and magnetic
properties [8]. Among those used in biosensors, graphene can be highlighted, since it is
usually constituted by functionalized groups, such as hydroxyls, epoxies, carbonyls, and
carboxylic groups. The presence of these chemical compounds in their structure facilitates
the immobilization of the bioreceptor, presenting an advantages in comparison with other
namomaterials [10-12].

Thus, in this work, we propose an immunosensor based on SPCE modified with CG

and N-protein for determination of IgG-SARS-CoV-2. Under optimized conditions, the
immunosensor with electrochemical transducer achieved 0.02021% of detection limit

2. Materials and Methods
2.1. Reagents and Samples

Graphene nanoplatelets (XG sciences, USA), Sulfuric acid (H250s), nitric acid
(H2NOs), disodium hydrogen phosphate (Na2HPOs), monosodium dihydrogen phos-
phate (NaH2POs), 1-ethyl-3-[3-(dimethylamino)propyl]-carbodiimide (EDC), N-hydroxy-
succinimide ester (NHS), bovine serum albumin (BSA) was purchased from Sigma-Al-
drich and Merck Co. LLC (USA) and used without further purification. N-protein was
synthetized and purified in Federal University of Amazonas [14]. 1-Step™ Ultra TMB-
ELISA substrate was acquired from Thermo Fisher™ Scientific (USA). 0.1 mol L' PBS of
pH 7 was prepared using Na2HPOs, NaH2PO:s and Milli-Q water. Besides, a solution con-
taining 5 mmol L KsFe(CN)s/KsFe(CN)s with a ratio of 1:1 prepared in 0.1 mol L' KCI
was used as redox probe in the electrochemical measurements. All the electrochemical
experiments were performed at room temperature (22 + 0.5 °C) and without stirring.

Due to the use of the N-protein as an IgG-specific antigen, the proposed method al-
lows us to detect IgG in biological fluids without interfering with other biomolecules pre-
sent in real samples. The human blood serum samples were provided from Federal Uni-
versity of Amazonas and this study was approved by The Research Ethics Committee of
Federal University of Amazonas (CAAE:34906920.4.0000.5020) in accordance with Brazil-
ian law, and the Declaration of Helsinki.

2.2. Apparatus and Procedures

The electrochemical measurements are obtained by Cyclic voltammetry (CV), elec-
trochemical impedance spectroscopy (EIS) and chronoamperometry (CA) using an Au-
tolab PGSTAT204 potentiostat/galvanostat equipped with FRA32M EIS module and
NOVA software, 2.1.4 version (Metrohm Autolab, Netherlands). The commercial dispos-
able SPCE from Metrohm Dropsens (Netherlands) was used as conductive support. They
are composed of three electrodes, working electrode and counter electrode of carbon and
reference pseudo-electrode of Ag/AgCl. CV was performed in a potential range between
—-0.6and 0.6 V, at scan rate of 50 mV s-!. The EIS measurements were executed in fre-
quency range of 10 kHz to 0.1 Hz at potential of 0.15 V and amplitude of 5 mV.
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2.3. Assembly of the Biosensor

The biosensor fabrication steps, and its subsequent detection of IgG-SARS-CoV-2 an-
tibodies are showed in Scheme 1. Prior to modification, the carbon surface was electro-
chemically activated with 0.5 mol L1 H250: by cyclic voltammetry technique, applying
several potential between +1 and —1.5V at scan rate of 100 mV s[15-17]. For the prepara-
tion of the CG/SPCE, firstly, we prepared the CG through a carboxylation method in acid
medium. For that, 7 mg of graphene was added to 30 mL of H2504ong, and 3 mg was
added to 10 mL of HNOs3(cone). In the end, both solutions were mixed and sonicated for 1 h.
Afterwards, it was made a centrifugation for 1 h at 22 000 rpm, in order to wash five times
the modified graphene with Milli-Q water. The main goal of this process was to neutralize
the resulting graphene, until to achieved the pH 7 [18, 19]. The CG synthesized was then
dried, using a rotary evaporation system.

The working electrode (WE) surface of the SPCE was modified with three layers of
CG, being deposited 2 mg.mL" of CG solution by drop-casting, and dry at 60 °C. After
that, the -COOH groups of the CG were activated through a carbodiimide reaction with
200 mM EDC and 100 mM NHS for 1 h at room temperature [20, 21]. After washing with
PBS buffer, 3.82 ug.mL" of N-protein was immobilized on the WE surface for at least
180 min at 4 °C. The assembly of the biosensor was finalized with the blocking step, add-
ing 1% BSA to the WE surface for 60 min at room temperature.

(a) Maked (b) Carboxylated graphene . () EDC - NHS ) (d) Antigen recognition (N-protein) ()

J
I

(0 Conjugated secondary antibody t\ (&) Primary antibody /Jl\\

Scheme 1. Representation of the immunosensor assembly process and mechanism of indirect detec-
tion of analyte target.

2.2. Electrochemical Detection

The detection of antibodies was carried out by enzymatic reaction using TMB as sub-
strate for 1 min in the dark. Firstly, the human serum sample (1:200 v/v prepared in PBS
solution) was incubated for 30 min on the WE, followed by the addition of horseradish
peroxidase-labeled anti-human IgG (anti-IgG-HRP) (1:1000 v/v prepared in PBS solution)
for another 30 min at room temperature [22-24]. The enzymatic reaction occurs when
TMB is added after the previous step. Chronoamperometric technique was used to follow
the current associated to the oxidized TMB reduction process [25, 26] Thus, it is was ap-
plied a constant potential of -0.19 V during 50 s. The analytical signal was based on the
absolute value of the current and was recorded at the end of the 20s. For IgG- SARS-CoV-
2 detection using the immunosensor, the human serum samples were diluted in PBS, from
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1:1000 to 1:200 and the response registered by CA. All measurements were made in trip-
licate. A new electrode/immunosensor was used for each measurement, which prevents
fouling, non-specific adsorption, and reagent leaching. The samples were also analyzed
in parallel through indirect ELISA method, which is used to measure anti-SARS-CoV-2
nucleocapsid immunoglobulin G (IgG) antibody as a reference method according
LALWANTI et al., 2021.

3. Results and Discussion

3.1

All steps of each modification on SPCEs surface were evaluated, since bare
SPCE, CG/SPCE, EDC-NHS/CG/SPCE, N-protein/EDC-NHS/CG/SPCE to BSA/N-pro-
tein/EDC-NHS/CG/SPCE. The electrochemical response was followed by CV and EIS, us-
ing [Fe(CN)e]*/* as a redox probe (Figure 1) to characterize the electrode surface after each
modification step. As can be seen from the cyclic voltammograms (Figure 1 A), the anodic
and cathodic peaks were registered in all electrode’s modification steps.
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Figure 1. (A) Cyclic voltammograms and (B) EIS measurements of bare SPCE (black) CG/SPCE (blue), EDC-NHS/CG/SPCE (ma-
genta), N-protein/EDC-NHS/CG/SPCE (green) and BSA/N-protein/EDC-NHS/CG/SPCE (orange) in 5 mmol L [Fe(CN)s[>7++ 0.1

mol L1 KCI.

In the case of bare SPCE, the redox peaks exhibited a separation of ~0.2 V. After mod-
ification with CG, the current peaks from CG/SPCE increased approximately 30%. More-
over, the potential of anodic and cathodic peaks got closer to each other, showing a de-
crease in AEp about 0.14 V, which suggests an increment of electron transfer between
electrochemical probe and modified surface of electrode. Consequently, the electrochem-
ical performance of SPCE was improved. The activation of the carboxyl group on the SPCE
surface with EDC-NHS (EDC-NHS/CG/SPCE), promoted a decrease in peak current. A
possible explanation is the insulating feature of these molecules hinders the electron trans-
fer from the substrate to the redox couple in the electrolyte interface [27, 28]. After the
immobilization of antigen (N-protein) onto the electrode surface, the anodic peak current
also decreased significatively to 71 uA. Maybe the reason is that the immobilized struc-
tures acted as electron transfer blocking layer, and it hindered the diffusion of [Fe(CN)s]>
- redox probe toward the electrode surface. This result proved the success immobilizing
of the antigen onto the electrode surface. In the blocking step with BSA (1%), there was a
small decrease in current peaks in comparison to the previous step. It could be explained
by the presence of more biological species on the electrode surface, which can prevent the
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transfer of electrons. This result is expected since the purpose of BSA is to block free -
COOH groups and avoid unspecific binding of antibodies in the detection step.

The EIS analysis (Figure 1 B) showed changes in resistance charge transfer repre-
sented in the Nyquist plot. The semicircle portion from high to intermediate frequencies
refers to the kinetic charge transfer process whereas the straight line at low frequencies
arises from the diffusional barrier regarding the redox couple mass-transfer [29]. The Rct
value for the bare SPCE was 157 Q, while N-protein/EDC-NHS/CG/SPCE and BSA/N-
protein/EDC-NHS/CG/SPCE obtained 836 () and 1250 Q, respectively. These changes in-
dicate that each chemical modification on the electrode surface was successfully obtained.
The increment in the diameter of the semicircle in the Nyquist plot can be attributed to
the steric and resistive behavior of the molecules adhered to the electrode surface, corrob-
orating the performance previously observed in cyclic voltammogram.

3.1. Optimization of Antigen Immobilization

For immobilization of N-protein step different incubation times (10, 20, 30, 60, 120,
180, 360, 720 e 1440 min) were tested. The electrochemical response was followed by CV
and it is illustrated in Figure 2 A. The CV peak currents almost stabilized when the incu-
bation time was higher than 180 min. Thus 180 min was chosen as the optimum immobi-
lization time for the biosensor fabrication Figure 2 B.
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Figure 2. Optimization of N-protein immobilization time. (A) Cyclic voltammograms in 5 mmol L [Fe(CN)s]*#* + 0.1 mol L-* KCI
and (B) Plots of Ipa (1A) versus tempo (min).

3.2. Cyclic Voltammetric and Chronoamperometric Studies of TMB at SPCEs

CV was used to investigate the oxidation and reduction process of the TMB on a
SPCE, by scanning the potential between —400 and 600 mV at scan rate of 50 mV s™. Figure
3 shows the cyclic voltammograms obtained for bare SPCE and CG/SPCE.
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Figure 3. Cyclic voltammograms for SPCE (black) and CG/SPCE (blue) in TMB solution.

The results evidenced an increase in peak current in CG/SPCE (Ipar = 62.2 HA, Ipan=
76.8 uA, Ipcr = -62.3 pA, Ipcu = -41.4 pA) in comparison with bare SPCE (Ipar = 22.4 uA,
Ipan=26.2 uA, Ipcr=-21.5 uA, Ipcni=-9.4 uA) due to the high conductivity of CG compo-
sites that contribute to a faster electron transfer on the modified electrode. In the im-
munosensor format, the detection of HRP-labeled secondary antibody was based on the
electrochemical reduction of TMB oxidized by enzymatic reaction. As previously de-
scribed in the literature [23, 24, 29-40], TMB undergoes a two-electron oxidation-reduction
process, which is characterized in our modified system (CG/SPCE) by two reduction
peaks at 186 and -50 mV. Only the signal from oxidized TMB formed by HRP oxidation
was required and this should be readily achieved by stepping the potential from open
circuit to a suitable negative potential. This is not feasible using CV because any reduced
TMB would be electrochemically oxidized at the initial potential, which would give an
erroneous measurement for the resulting reduction peak [24]. Based on these observa-
tions, an applied potential of -0.19 V was chosen for subsequent chronoamperometric ex-
periments, with the aim of efficiently reducing the oxidized TMB formed on the electrode
surface. Such a detection mode was previously described in the literature [13, 24, 32, 37,
41, 42] for the development of immunosensors and genosensors.

3.3. Immunosensor Calibration

The most suitable electrochemical method to monitor oxidized TMB species was
chronoamperometry. The analytical performance of Immunosensor was evaluated in hu-
man serum samples diluted in PBS. Under ideal conditions, each sample was incubated
separately on the surface of the biodevice. Furthermore, its repeatability was investigated,
which each sample was tested three times. The chronoamperograms discriminated quali-
tatively the presence of IgG-SARS-CoV-2 in negative reference serum and positive refer-
ence serum to test the viability of the immunosensor. PBS was used as a blank control
(Figure 4).
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Figure 4. Chronoamperograms recorded with PBS, negative and positive controls. Applied potential of -0.19 V vs. pseudo-Ag.

As can be seen, the I-T curve showed that the steady-state signal was reached after
10 s. The steady-state current in the presence of IgG-SARS-CoV-2 was -18.72 uA, whereas
for negative reference serum and PBS it was only -3.56 HA and -2.31 HA, respectively pA
(Figure 4 A). The P/N ratio (~5.5) between positive reference serum and negative reference
serum demonstrates the immunosensor's ability to distinguish IgG-SARS-CoV-2 patient
serum from normal human serum. To test the system's ability to detect IgG-SARS-CoV-2
in human serum, various concentrations (1:200; 1:400; 1:600; 1:800 and 1:1000) were tested
on the immunosensor. Once immunoassay and incubation with TMB substrate were per-
formed, chronoamperometric measurements were performed at a reduction potential of -
0.19 V vs. pseudo-Ag for a total of 50 s.

Figure 5 A exhibited a rapid decrease in current during the first 10 s resulting from
electrode polarization, the reaction at the electrode stabilized and began to reach a plateau
state. Furthermore, it was observed that the differences in the current values obtained by
the different concentrations of serum human with IgG-SARS-CoV-2 were smaller, mainly
at higher dilutions. This is clearly seen in Figure 5 B, where the current values were plotted
against the concentration of serum human with IgG-SARS-CoV-2 at different reaction
times. The results show a linear relationship between the concentration of serum human
with IgG-SARS-CoV-2 and the current obtained in short measurement periods between
10 and 20 s. However, after 30 s of reaction, linearity was lost in the highest dilutions of
serum human with IgG-SARS-CoV-2, probably because of electrode passivation related
to TMB precipitation. When HRP oxidizes TMB, the resulting blue product is deposited
on the surface of the electrode, blocking it, and reducing the current obtained. At high
concentrations of labeled antibodies, TMB is oxidized more quickly and, therefore, the
passivation effect is observed earlier. In addition to the loss of linearity, this may also ex-
plain the large standard deviations found at high concentrations of serum human with
IgG-SARS-CoV-2 [24, 43, 44].
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Figure 5. (A) Chronoamperometric response measured for different concentrations of human serum with IgG-SARS-CoV-2. (B) Cur-
rent values registered from 10 to 50 s for different concentrations of serum human with IgG-SARS-CoV-2. Calibration curve for IgG-
SARS-CoV-2 determination through (C) CA technique and (D) ELISA technique. Standard error bars correspond to correspond to
measurements made on three replicates of each concentration (n = 3).

The indirect electrochemical assay was used to estimate the antibodies levels in se-
rum sample. In Figure 5 C, the calibrations curves were plotted using absolute values of
stable current recorded at time 20 s against the concentration of IgG-SARS-CoV-2 present
in the samples. The Immunosensor performance was evaluated using serum human pos-
itive for SARS-CoV-2 concentrations from 1:1000; 1:800; 1:600; 1:400; 1:200. It is observed
that the current values are proportionally to increase the concentration of IgG-SARS-CoV-
2. The resulting average current values (n = 3) was established with regression equation:
y = 58.5038x + 3.43654 According to the Miller and Miller method [26], the detection
limit of our system was determined taking into account the variability of the chronoam-
perometric current that was obtained in positive samples (samples without IgG-SARS-
CoV-2). This limit was established as a current value of 4.59 HA corresponding to a %
concentration of IgG-SARS-CoV-2 of 0,02018% of IgG-SARS-CoV-2, which is equivalent
to a dilution factor of 1:4954. A linear graph is obtained with R? of 0.9908, indicating that
the time at 20 s is suitable for this study. The resolution of the curve fitting indicated a
sensitivity (expressed as the slope of the I vs. % Serum Human with IgG-SARS-CoV-2) of
3.43654 /% Serum Human with IgG-SARS-CoV-2 in the range of 1:1000 to 1:200 v/v. As
shown, the fabricated biodevice can be correctly used in the serum human sample.
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To confirm the results obtained by CA to detect IgG-SARS-CoV-2, experiments
through ELISA technique were performed. The calibration curve (Figure 5 D) was ob-
tained by plotting of Absorbance versus % Serum human with IgG-SARS-CoV-2. The re-
sults showed a linear relationship in the concentration range from 1:1000 to 1:200, with a
LOD calculated of 1:2023 (0.04940%). The curve equation was defined as y = 0.84341 x +

0.13411, com R?=0.9654.

For the feasibility of biodevice in the detection of IgG-SARS-CoV-2 in biological sam-
ples, 10 clinical samples were also tested to verify the biodevice's viability in detecting
IgG-SARS-CoV-2 antibody in biological samples and the results obtained are summarized
in Table 1 and compared with the ELISA test. The results showed possible application of
the biodevice to detect [gG-SARS-CoV-2 in blood serum samples.

Table 1. Detection of IgG-SARS-CoV-2 in blood serum samples using the proposed immunosensor

and the ELISA test.
Patients Immunosensor ELISA

1 + +

+ +

3 + +

4 + +

5 + +

6 - -

7 - -

8 - -

9 - -

10 - -

4. Conclusions

Effective monitoring and surveillance of Covid-19 in Primary Health Care is essential
to prevent the emergence of outbreaks. In this work, a highly sensitive electrochemical
immunosensor for IgG-SARS-CoV-2 nucleocapsid protein detection was successfully de-
veloped. Modification of SPCE with CG as sensor platform and implementation of indi-
rect immunoassay format was successfully used for detection of IgG-SARS-CoV-2 nucle-
ocapsid protein. The electrochemical study revealed the immobilization of Ag in
SPCE/GC, the CG aimed to improve the electrochemical signal and the selectivity in the
immobilization of the N-protein, indicating the suitability of this sensor platform to be
developed as a biosensor. The low LOD (0.02021%) allows detecting smaller amounts of
IgG-SARS-CoV-2 in real samples. In addition, concentration and immunodetection steps
can be integrated into a single support soon, allowing for a more direct and faster system
that provides results within 20 s. Thus, the detection system developed can overcome one
of the most significant disadvantages of the ELISA method, the detection time. As a result,
we achieved our goal of a fast, cost-effective, and easy-to-use system to detect IgG-SARS-
CoV-2.
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