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Abstract

As a promising approach for serological tests, the present study aimed at designing a robust electrochemical
biosensor for selective and quantitative analysis of SARS-CoV-2-specific viral antibodies. In our proposed strategy,
recombinant SARS-CoV-2 spike protein antigen (spike protein) was used as a specific receptor to detect
SARS-CoV-2-specific viral antibodies. In this sense, with a layer of nickel hydroxide nanoparticles (Ni(OH), NPs),
the screen-printed carbon electrode (SPCE) surface was directly electrodeposited to ensure better loading of spike
protein on the surface of SPCE. The differential pulse voltammetry (DPV) showed signals which were inversely
proportional to the concentrations of the antibody (from 1 fg mL™' L to 1 pg mL™") via a specific and stable binding
reaction. The assay was performed in 20 min with a low detection limit of 0.3 fg mL™!. This biodevice had high
sensitivity and specificity as compared to non-specific antibodies. Moreover, it can be regarded as a highly sensitive
immunological diagnostic method for SARS-CoV-2 antibody in which no labeling is required. The fabricated hand-
held biodevice showed an average satisfactory recovery rate of ~99-103% for the determination of antibodies in real
blood serum samples with the possibility of being widely used in individual serological qualitative monitoring. Also,
the biodevice was tested using real patients and healthy people samples, where the results are already confirmed using

the enzyme-linked immunosorbent assay (ELISA) procedure, and showed satisfactory results.
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electrode; Nickel hydroxide nanoparticles; Biodevice.



1 Introduction

Renamed as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), Coronavirus disease 2019
(COVID-19), has been regarded as an emerging human infection which causes fatal pneumonia in humans [1]. The
disease is highly contagious and has a rate of much faster transmission than SARS and MERS [2]. This has led to an
epidemic of the disease around the world, so that, until April 12, 2021, more than 136.78 million COVID-19 cases

have been reported globally, including more than 2.95 million deaths [3].

There are several test methods for coronavirus; most of which are based on molecular or serological tests.
Molecular tests look for signs of active infection which can only help diagnose current cases of Coronavirus [4]. The
tests try to find viral genes in nose or throat swab and, then, the samples will be tested by polymerase chain reaction
(PCR) [5 and 6]. This test has been widely used around the world after the release of the Coronavirus genetic code in
early January [7]. SARS-CoV-2 serological tests detect antibodies produced by the body to fight the virus. While
immunoglobulin M (IgM) antibodies can be produced during the early stages of the infectious disease (between 4 and
10 days), immunoglobulin G (IgG) response is produced later (around 14 days) [4]. Moreover, not only the mentioned
test has the capability of detecting the active infections, but also it can determine the past infections. In this sense, it
can be because of the fact that the body can retain antibodies against pathogens [8 and 9]. Moreover, serological tests
are especially useful in diagnosing cases with mild or no symptoms [10 and 11]. Moreover, donors for convalescent
plasma therapy can be identified by serology testing which can be applied in order to model the course of the pandemic
and understand the antibody responses mounted upon SARS-CoV-2 infection and vaccination [12-14]. Therefore, the
development of sensitive immunological diagnostic methods which are capable of detecting viral antibodies in clinical

samples is highly significant for a fast and precise diagnosis of SARS-CoV-2-specific antibodies.

During recent decades, different kinds of serological assays have been developed in order to measure
antibody responses to pathogens in bodily fluids, i.e. blood serum or plasma i.e. enzyme-linked immunosorbent assay
(ELISA) [15-17]. As compared to conventional immunoassays, electrochemical biosensors are popular due to their
ease of use, feasibility of miniaturization and the subsequent portability, low cost, rapid response times, high
sensitivity and compatibility [18 and 19]. Therefore, biosensors have held great potential for the next-generation

detection strategy.

As structural proteins, spike, envelope, matrix, and nucleocapsid are encoded by SARS-CoV-2[20 and 21].
In this sense, the spike protein has been significantly considered as a diagnostic antigen due to the following features:
being the basic transmembrane protein of the virus, being immunogenic and also, exhibiting amino acid sequence
diversity among coronaviruses [21]. Consequently, it would have the potential to enable the specific detection of

1gM/1gG antibody [22].

Regarded as an encouraging tool for point-of-care diagnostics, a SPCE has provided "lab-to-market"
capability for many sensors [23]. In addition, the mentioned electrode is also capable of providing an inexpensive kit
and also disposable devices in order to simply and rapidly detect and also quantitatively analyze the biomolecules in

a sample matrix [24-26]. Different nanomaterial matrices and nanocomposites can be applied to enhance the



biosensor’s performance features and also to immobilize biomolecules onto the electrode surfaces [27].
Electrodeposition of Ni(OH), NPs on the surface of carbon electrodes can be regarded as an attractive strategy because
of the fact that its preparation is direct, fast and easier. Moreover, Ni(OH), NPs have some excellent advantages; such
as electrocatalytic properties, cost-effectivity, high porosity, electro-inactivity in physiological pH solutions and the
ability to interact with biomolecules [28 and 29]. Besides, it is able to maintain the spike protein-specific antigen

bioactivity.

Herein, we design a label-free electrochemical sensor made by using the spike protein, as a specific-receptor
in order to detect IgM/IgG antibody. The spike protein was immobilized on the SPCE modified with Ni(OH), NPs as
a nanotool for the ultra-sensitive selective quantitative analysis. Moreover, bovine serum albumin (BSA) was applied
in order to block the non-specific sites. Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and
DPV were used to investigate the proposed biodevice and to analyze the 1gM/1gG antibody using [Fe(CN)g]* 73~ as the
redox probe. When 1gM/IgG antibody is specifically attached to the spike protein, the [Fe(CN)s]*"*~ electron-
transferring can be disturbed, as shown in the CV, DPV and EIS curves. The suggested biodevice can have the
following advantages: i.e. speed response, good mechanical and chemical stability, simple fabrication process, low
cost and possibility of in-situ testing and on-site screening of samples. This novel biodevice can simply and selectively
detect 1gM/IgG antibody followed by a successful detection of antibodies in serum samples. Heretofore, as far as we
know, no electrochemical biosensor has been reported for the detection of IgM/1gG-specific viral antibody based on

spike protein and Ni(OH), NPs.



2 Experimental section
2.1 Materials

Spike protein antigen and antibodies was purchased from cusabio Company (https://www.cusabio.com). We

prepared 1 mg.ml! of antibodies, then diluted with phosphate-buffered (PB) solutions. Sulfuric acid (H,SOy), acetic
acid (CH;COOH), sodium acetate (C,H;NaQ,), disodium hydrogen phosphate (Na,HPO,), monosodium dihydrogen
phosphate (NaH,POj), nickel(Il) nitrate hexahydrate Ni(NO3),-6H,0, and all other reagents were purchased from
Sigma-Aldrich and Merck Co. LLC (USA) and used without further purification. In order to prepare the PB solutions,
0.1 M Na,HPO, and NaH,PO, were applied. Besides, a solution containing 5 mM K;Fe(CN)s/K4Fe(CN)4 with a ratio
of 1:1 as a redox probe in 0.1 M KCI was used for the experiments. In this regard, in order to prepare the solutions

deionized water was used. It is worth mentioning that room temperature (25 = 0.5 °C) was used for the experiments.
2.2 Apparatus and procedures

The EIS, DPV and CV techniques were used to record the electrochemical data. In this sense, i-AUTOLAB
electrochemical system type III and FRA2 board computer, controlled by Potentiostat/Galvanostat (Eco-Chemio,
Switzerland) with NOV A software, was used. Bought from Dropsens (Spain), A SPCE was applied as a three electrode
planar based on a graphite working electrode with 2 mm in diameter, a carbon counter electrode, and a silver pseudo-
reference electrode. We executed the EIS analysis within the frequency range of 0.1-100 kHz with 5 mV amplitude
and with a bias potential of 0.20 V. The DPV measurements were performed by scanning the potential of —0.2 to 0.7
V with modulation time of 50 ms and modulation amplitude of 20 mV. In order to measure the pH, a Metrohm
pH meter (model 780 pH/mV meters) was applied. Moreover, morphological, structural and chemical analyses of the

samples were performed using a FESEM (TESCAN, Mira III LMU, Czech Republic) equipped with an EDS probe.
2.3 Construction of the biosensor

The fabrication procedure of the biosensor, as a biodevice for detecting SARS-CoV-2 antibodies, is shown
in schematic 1. Before measurements, in order to electrochemically activated the SPCE surface, we carefully dropped
6 uL H,SO4 (2 M) on the surface of SPCE and, then, a voltage of 1.5 V during 150 s by chronoamperometry technique
was applied. Afterwards, distilled water was used to wash the clean electrode which was then dried under N, gas.
Next, in order to achieve the NiO NPs film, we aimed at performing the controlled electrodeposition of the NiO NPs
by a simple technique as an efficient platform. For this in-situ synthesis, 6 pL of a solution containing 0.1 M NiNO;
in acetate buffer (pH =4.0) was dropped on the surface of SPCE and, then, the cycling process was applied in the
potential scanning between 0 to —1 V for 20 cycles at scan rate of 50 mV s7!. In the next step, in order form the nickel
hydroxide layer, it was in a range of 0 to +0.8 V at a scan rate of 100 mV s™! during 20 scans that the CV was performed
ina 0.1 M NaOH. The electrodeposited Ni(OH), NPs film was applied onto the SPCE surface as a substratum in order
to load spike protein molecules. Next, 6 pL of spike protein (10 pg mL™") in PB solutions (pH = 7.4), as a receptor of
IgM/IgG, was casted onto the Ni(OH), NPs@SPCE surface during 2h in order to immobilize it via the amine groups
in the protein structure by the formation of Ni(OH), NPs-NH, covalent bond. Subsequently, PB solutions was used to

wash the electrode in order to remove the non-bonded molecules and, then, it was dried under N, gas. In the last step,
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we used 6 puL of BSA (1%) solution to cover the electrode surface for 30 min. Accordingly, the available active sites
will be blocked and also the non-specific adsorption will be avoided. Then, we washed the obtained spike
protein/Ni(OH), NPs@SPCE, as a biodevice, with PB solutions which can be directly applied for the detection

experiments or stored at 4 °C to later use.
Schematic 1
2.4 Pretreatment of real samples

Due to the use of the spike protein as an [gM/IgG-specific antigen, the proposed method allows us to detect
IgM/IgG in biological fluids without interfering with other materials in real samples. The human blood serum sample
was provided from a local hospital at Ilam city and, then, various concentrations of IgM/IgG were added. Next, it was
ultrafiltrated by being loaded in a centrifugal filtration tube at 5000 rpm for 30 minutes and, then, was analyzed by
standard addition method under optimized condition. Also, serum samples of real patients and healthy individual
samples, the results of which have already been confirmed using the standard PCR method, were obtained from a

clinical laboratory.
3 Results and discussion
3.1 Characterization of the biodevice

The FESEM technique was used to study the morphology of the electrodeposited Ni(OH), NPs film. The
FESEM images of bare SPCE displayed that the surface of SPCE consists of a uniform layer of carbon particles (Fig.
la, b). When the Ni(OH), NPs were electrodeposited, a layer of Ni(OH), NPs were formed uniformly around each
carbon particles (Fig. 1c, d). Moreover, the high-magnification FESEM image revealed that a hierarchical structure of
Ni(OH), NPs were formed around each carbon particles (Fig. 1d), which can provide a substrate with high surface
area and high hydroxyl groups for better immobilization of biological species like spike protein. Furthermore, the EDS
mapping of the Ni(OH), NPs@SPCE shows the uniform distribution of Ni and O elements in the structure, confirming
the successful formation of Ni(OH), nanostructures (Fig. le). The FESEM images of spike protein/Ni(OH),
NPs@SPCE clearly confirm that the protein is well covered the electrode surface due to the interaction with Ni(OH),
NPs and the flower-like structure of Ni(OH), NPs seems to have disappeared (Fig. 2a, b). Moreover, the EDS mapping
of the spike protein/Ni(OH), NPs@SPCE shows the uniform distribution of Ni, O, C, and N elements in the structure,

confirming the successful immobilization of the protein on the surface of Ni(OH), nanostructures (Fig. 2 c-f).
Fig. 1
Fig. 2

The FTIR spectra of Ni(OH), NPs@SPCE shows a small peak appeared about 650 cm™! that can be corresponded to
the presence of Ni-O bending vibration [30] (Fig. 3a). A broad peak at around 3447 ¢cm™' can be attributed to the
vibrational mode of O-H stretching, which relates to the vibration of OH groups and intercalated H,O molecules

located in inter-lamellar spaces of Ni(OH), [30]. The other vibration modes can be related to the SPCE layer or acetate



groups trapped in the deposited layers. The FTIR spectra of spike protein/Ni(OH), NPs@SPCE shows some
differences compared to the Ni(OH), NPs@SPCE (Fig. 3b). The broad and sharp peaks around 3426 cm! can be
related to the N-H or O-H stretching vibrations in the protein. The sharp peaks at around the 2203 em™!' and 1084 cm-
I can be corresponded to the C=N and C-N vibrational modes, respectively, [31]. The Ni-O bending vibration are
appeared about 659 cm! which has shifted to higher wavenumber compared to the Ni(OH), NPs@SPCE, which can
be due to its interaction with proteins. The FTIR results well show the presence and interaction of proteins to the

surface.
Fig. 3

The EIS technique was used to study the stepwise fabrication processes of biodevice. In this sense, the EIS
can be regarded as an applicable method in order to obtain electrical information in a broad range of frequency and
also to monitor the modified electrode traits?®. In this technique, due to the importance of the charge transfer resistance
(Rey), the variations in R, amounts for modified electrodes at each stage of biodevice fabrication process were
investigated. After electrodeposition of the Ni(OH), NPs nanofilm on the SPCE surface, R, value increased from
0.350 kQ for the bare SPCE (curve a) to 1.320 kQ for the Ni(OH), NPs@SPCE (curve b). Since the Ni(OH), NPs
were formed of metal oxide with the negative partial charge, the R, increases because of the repulsion between the
Ni(OH), NPs and the anion redox probe, indicating the successful metal oxide layer’s attachment. The Ni(OH), NPs
with the very high surface to volume and metal sites which possess the capability to interact with the spike protein,
due to the presence of the abundant amine groups in the spike protein structure, can make a suitable substrate, resulting
in the spike protein’s immobilization onto the electrode surface via Ni(OH), NPs-NH, covalent bond?. Afterwards,
with the immobilization of spike protein, as a capture molecule, on the Ni(OH), NPs@SPCE, the R, was increased
and spike protein hindered the transmission of electrons due to the steric/conformational restrictions (curve ¢, Ry =
2.824 kQ). In addition, when BSA solution was dropped onto spike protein/Ni(OH), NPs@SPCE, the R similarly
increased further (curve d, R, = 3.550 kQ). Finally, by incubating IgM/IgG as a target onto the sensing platform
surface, R was increased, representing a successful connection of IgM/IgG to spike protein via the specific interaction
between spike protein molecules and IgM/IgG via Fab fragment [32] (e, R = 5.945 kQ). These results indicated that
the interaction of IgM/IgG with spike protein at the electrode surface is well done (Fig. 4A).

The CV was used as another useful technique for step-by-step evaluation of the fabrication processes of the
sensor in the [Fe(CN)4]* 73~ solution as the redox probe. First, the bare SPCE’s CV was recorded (curve a, AE =14 mV).
Next, by the electrodeposition of Ni(OH), NPs onto the surface of SPCE, we had a decrease in the peak current (curve
b, AE =19 mV). By attaching the spike protein onto the Ni(OH), NPs@SPCE, the current experienced a dramatic
decrease along with the AE value increment (curve ¢, AE =34 mV). Accordingly, it led to the inhabitation of the
electron transfer (ET) between redox probe and the modified electrode’s surface. This electrochemical change would
be related to the successful attachment of spike protein onto the Ni(OH), NPs@SPCE resulting in
steric/conformational restrictions. Similarly, a decrease in current was observed when BSA was incubated on the
surface spike protein/Ni(OH), NPs@SPCE (curve d, AE =38 mV). As expected, the incubation of the target onto the

surface of biodevice resulted in steric/conformational restrictions which then brought about the inhibition of the ET



(curve e, AE =47 mV). These results accorded with the EIS results and confirmed the successful preparation of the

sensing interface and also the capability of the biodevice in measuring the I[gM/IgG (Fig. 4B).
Fig. 4
3.2 Optimization study of the experiment

Some parameters should be optimized in order to obtain a steady signal of the biodevice such as pH,

concentration and incubation time must be optimized.

Optimization of pH: Due to the fact that spike protein and antibodies are biological molecules, a neutral
environment is necessary so that these molecules are not destroyed. Therefore, all experiments were performed in a

PB solutions with pH 7.4.

Optimization of the concentration of spike protein: In order to get the best response from the biodevice,
analyzing the effect of spike protein concentration as the receptor molecule is very significant. Different
concentrations of spike protein were incubated in the range of 1 ug mL~ ' to 20 ug mL~! on the surface of the modified
SPCE for 45 min. The DPV response in the [Fe(CN)s]*”3~ solution as the redox probe was applied to monitor each
electrode signal. As it is evident from Fig. 5A, response signal growing was stopped specifically when the
concentration of spike protein was over 10 pg mL™!; after which a plateau was obtained. In this sense, it indicated a
maximum adsorptive quantity of spike protein on the electrode surface, therefore, 10 ug mL™! was selected as the

optimum concentration in subsequent experiments.

Optimization of the incubation time of spike protein: The connection time between spike protein and Ni(OH),
NPs@SPCE was optimized. The tested incubation time varied from 15 min to 65 min. It was observed that, regarding
the DPV response signals, there is no obvious change after 45 min, indicating that the adsorptive of spike protein on
Ni(OH), NPs@SPCE reached the saturated condition at 45 min. Accordingly, the immobilization time of spike protein
was set as 45 min. (Fig. 5B).

Optimization of the incubation time of IgM/IgG: The time required to form the spike protein-IgM/IgG
complex was optimized to achieve the highest response of biodevice in the shortest time. DPV experiments were used
to investigate the incubation time for the interaction of 10 pg mL™! of IgM/IgG and spike protein for different time
periods from 5 to 30 min. As can be seen in Fig. 5C, it is after 20 min, that we reached the maximum response;
illustrating the surface saturation with the maximum number of antibody molecules. Accordingly, 20 min was selected

as the optimum incubation time.
Fig. 5

3.3 Performance study of the biodevice

The feasibility of proposed biodevice based on BSA/Ni(OH), NPs@SPCE was investigated using DPV

technique in [Fe(CN)g]*73~ with scanning range from 0 to 0.5 V. Under optimal conditions, the dynamic response of



the biodevice to different concentrations of [gM / IgG was evaluated in the range of 1 fg mL™! to 1 pg mL~'. When
the concentration of I[gM/IgG was increased, the relative DPV current as a signal response was decreased, due to
formation of IgM/IgG-spike protein complex on the surface of the proposed biodevice that significantly restrain the
electrochemical reaction, consequently, the ET decreases. The regression equation was attained as Al (uA) =-2.113
log [IgM/IgG] (fg mL™") + 22.76 (R?=0.9976) (Fig. 6B). Thus, this biodevice can be measured quantitatively with
IgM/IgG. Moreover, the LOD was calculated to be 0.3 fg mL™! of IgM/IgG (S/N = 3) that was significantly lower than
that of the ELISA method (Amanat et al. 2020). It is worth mentioning that the electrochemical sensor, as being user-
friendly and having a low cost, can be regarded as more appropriate in areas with limited resources and expertise.
Moreover, the mentioned method with its high sensitivity, fast response and its capability of miniaturization can be
regarded as an excellent way of detecting IgM/IgG. A comparison of the proposed biodevice performance with some

other method for SARS-CoV-2 detection are summered in Table 1.
Fig. 6
Table 1
3.4 Reproducibility, selectivity and stability of the method

In designing the biodevice, reproducibility, selectivity and stability parameters can be regarded as key factors
in improving the performance. To investigate the immunosensor’s reproducibility, five modified electrodes were used
to detect 100 pg mL™! of IgM/IgG. The RSD measurements were 3.1%; indicating the desirable reproducibility of the
biodevice (Fig. 7A) Moreover, for five repeated measurements of 100 pg mL™! of IgM/IgG, the repeatability of the
sensor was evaluated. The obtained RSD value was 1.4% (Fig. 7B); confirming that the designed biodevice has

excellent repeatability. For this purpose the DPV response was used in the [Fe(CN)s]* >~ solution as the redox probe.

In investigating each sensing method, the ability to identify the target species from other off-target ones is a
key factor to evaluate the assay protocol. In order to confirm the biodevice selectivity, its response was studied against
other unrelated antibodies, such as severe acute respiratory syndrome coronavirus (SARS-CoV), influenza A and B
antibodies, with more 103-fold concentration than the 100 fg mL™! IgM/IgG. The biodevice responses for the off-target
were significantly lower than the IgM/IgG, which can be related to the sensor’s selectivity toward its respective
antibody (Fig. 7C). Moreover, the control electrode on which BSA protein was immobilized on the surface instead of
the specific antigen was tested. We witnessed no significant responses for the control electrodes clarifying the fact
that there would be no non-specific adsorption on the biodevice (Fig. 7D). The results clarify that the proposed
platform had appropriate selectivity. Thus, the immunosensor possesses good specificity for detecting IgM/IgG. For
this purpose the DPV response was used in the [Fe(CN)q]*7>~ solution as the redox probe.

Another fascinating feature of this strategy was its stability to detect IlgM/IgG. Thus, the biodevice stability
was evaluated by performing CVs in electrolyte solution with scan rate of 100 mV s™!. The results showed that the
peak separation was remained unchanged with only 3% reduction in peak current intensity after 100 periods; indicating
the high stability of the modified electrode (Fig. 7E). Additionally, to evaluate the long-term stability of the provided
sensor, the biodevice was incubated with 100 pg mL ! IgM/IgG and stored at 4 °C. The biodevice showed only around

9



3% change in the current even after 14 days; indicating good stability of the assay (Fig. 7F). For this purpose the DPV

response was used in the [Fe(CN)g]* 73~ solution as the redox probe.
Fig. 7

3.5 Real sample analysis

Under optimal conditions, each sample was incubated separately on the biodevice surface and, accordingly,
the measurement was performed by DPV technique. Besides, in order to investigate their repeatability, each sample
was tested three times. Antibodies levels in serum sample were estimated using calibration curves and the relevant
data are summarized in Table 2. As shown in Table 2, the recovery shows that the fabricated biodevice can be correctly

used in the serum sample.

Also, for the feasibility of biodevice in the detection of SARS-CoV-2 antibodies in biological samples, the
detection performance of biodevice was tested using clinical samples and the results obtained are summarized in Table
3 and compared with the ELISA test. The results showed possible application of the biodevice to detect SARS-CoV-
2 antibodies in blood serum samples that exhibited great promise as a reliable nanotool for the detection of SARS-

CoV-2 antibodies in biological sample.

4 Conclusion

A biodevice was constructed based on the SPCE modified with spike protein/Ni(OH), NPs for the
quantitative detection of IgM/IgG for serological tests. This strategy displayed spike protein’s immobilization as a
receptor element of IgM/IgG by chemisorption bond onto the modified electrode surface. In this sense, it aimed at
improving the biodevice stability and making a good sensitivity and selectivity to the target detection. Moreover,
under optimal conditions, the electrochemical biodevice was capable of accurately and readily detecting and
determining the [gM/IgG in human blood serum at a remarkable detection limit in less than 20 min with broad dynamic
range and without sacrificing its specificity. Moreover, disposable SPCEs reduce the cost of the assay, have the
capacity of miniaturization and can be regarded as a tool for point-of-care diagnostics. The results demonstrate that
the fabricated biodevice is capable of being used as a promising clinical tool, which can be used for the serological

tests and human diseases diagnosis at the early stages with satisfactory results.
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Caption to figures

Scheme. 1. Schematic of the step-by-step preparation of biodevice. a) bare SPCE; b) electrodeposition of Ni(OH),
NPs on the SPCE surface; c) Immobilization of spike protein on the Ni(OH), NPs/SPCE surface; d)
Immobilization of BSA on the spike protein/Ni(OH), NPs/SPCE surface and e) Immobilization of IgG or IgM on
the BSA/spike protein/Ni(OH), NPs/SPCE surface.

Fig. 1. The FESEM images of SPCE (a and b), Ni(OH), NPs@SPCE (c and d), EDS mapping of the Ni(OH),
NPs@SPCE (e and f).

Fig. 2. The FESEM images of spike protein/Ni(OH), NPs@SPCE (a and b), EDS mapping of the spike
protein/Ni(OH), NPs@SPCE (c-f).

Fig. 3. The FTIR spectra of Ni(OH), NPs@SPCE (a) and The FTIR spectra of spike protein/Ni(OH), NPs@SPCE
(b).

Fig. 4. The resulted from EIS (A) and CV (B) from various stages of fabrication of the modified electrode in the probe
solution containing 5 mM K;[Fe(CN)s]/K4[Fe(CN)g] (1:1) and 0.1 M KCI with a scan rate of 100 mV S™!: SPCE (a),
Ni(OH), NPs@SPCE (b), spike protein/Ni(OH), NPs@SPCE (c), BSA/spike protein/Ni(OH), NPs@SPCE (d) and
IgM or IgG/BSA/spike protein/Ni(OH), NPs@SPCE (e).

Fig. 5. Optimization of analytical conditions. (A) Optimization of spike protein antigen concentration from 1 pg mL™!
to 20 pg mL™!, (B) Effect of binding time between spike protein antigen and Ni(OH), NPs from 15 min to 65 min, (C)
Effect of binding time between antibody and immobilized antigen from 5 min to 30 min, (each measurement was

performed 3 times and the RSD averaged 1.5%).

Fig. 6. DPV responses of the designed biodevice after incubation with different of the IgM/IgG solutions with
concentrations of 0, 1 fgmL™!, 10 fg mL™!, 100 fgmL"!, I pgmL~!, 10 pg mL~!, 100 pgmL"!, I ngmL™!, 10 ng mL",
100 ng mL™!, 1 pg mL™!, 1.2 pg mL™! (out of the linear range) and 1.5 ug mL™" (out of the linear range) (from top to
bottom) n = 3. Calibration curve of DPV signal vs log C g, (fg mL™).

Fig. 7. (A) The histogram and DPV response of reproducibility investigation of the biodevice for 100 pg mL™! of
IgG/IgM on the five different modified electrodes, (B) the histogram of the repeatability investigation of the biodevice
for five repeated measurements of 100 pg mL™! of IgG/IgM, (C) the histogram and DPV response of then biodevice
after incubation with IgM/IgG and some off-target species such SARS-CoV influenza A and B antibodies and a
mixture of them, (D) the histogram and DPV response of the control electrode, (E) the recorded CVs of the 2" and
100™ cycles related to the IgM or IgG/BSA/spike protein/Ni(OH), NPs@SPCE in electrolyte solution with scan rate
of 100 mV s7! and (F) the histogram of the long-term stability of the biodevice in present of 100 pg mL ™! of IgG/IgM.
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Tablel. Comparison of performance of the biodevice in this work with other method.

Method Target Assay time Measurement Receptor Ref.
Electrochemical impedance SARS-CoV-2 ) o ) )
) o 5 min Quantitative Spike protein [33]
detection system antibodies
i ) o Nucleocapsid
DNA-assisted nanopore sensing  IgG and IgM - Quantitative ) [34]
protein
ELISA IgG - Qualitative Nucleoprotein [35]
) ) SARS-CoV-2 o )
Rapid ELISA detection 60 s Quantitative ~ Nucleoprotein [36]
antibodies
Electrochemical immunosensor  IgG and IgM 20 min Quantitative  Spike protein ~ This work

Table 2. Measurement of IgM/IgG in blood serum samples with proposed biodevice.

Added Founded Recovery (%) RSD (%)
0 0 - -
1 fg mL™! 1.01 101 2.8
1 pg mL™! 0.99 99 3.0
1 ng mL™! 1.02 102 29
1 pg mL™! 1.03 103 3.1

(Each sample is measured three times)

Table 3. Detection of SARS-CoV-2 antibodies in blood serum samples with proposed biodevice.

Patients

Biodevice test

ELISA test

#1
#2
#3
#4
#5

+ + + o+ o+

+ o+ o+ o+ o+

#6
#7
#8
#9
#10
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Highlights:
» A novel electrochemical immunosensor biodevice for fast screening of SARS-CoV-2 antibody was
developed.
» High sensitivity, good selectivity, repeatability, and accuracy were obtained.
» Nickel oxide nanoparticles was capable of loading more SARS-CoV-2 spike protein S1 antigen.

» The assay was performed in 20 min with a low detection limit of 0.3 fg mL"! for antibodies.
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