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In this article, we report the development of an electrochemical biosensor for the determination of the SARS-CoV-2 spike protein (rS). A gold disc electrode was electrochemically modified to form the nanocrystalline gold structure on the surface. Then, it was further altered by a self-assembling monolayer based on a mixture of two alkane thiols: 11-mercaptoundecanoic acid (11-MUA) and 6-mercapto-1-hexanol (6-MCOH) (SAM mix ). After activating carboxyl groups using a N-(3-dimethylaminopropyl)-N'-ethyl-carbodiimide hydrochloride and N-hydroxysuccinimide mixture, the rS protein was covalently immobilized on the top of the SAM mix . This electrode was used to design an electrochemical sensor suitable for determining antibodies against the SARS-CoV-2 rS protein (anti-rS). We assessed the association between the immobilized rS protein and the anti-rS antibody present in the blood serum of a SARS-CoV-2 infected person using three electrochemical methods: cyclic voltammetry, differential pulse voltammetry, and potential pulsed amperometry. The results demonstrated that differential pulse voltammetry and potential pulsed amperometry measurements displayed similar sensitivity. In contrast, the measurements performed by cyclic voltammetry suggest that this method is the most sensitive out of the three methods applied in this research.

Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus is still a global problem, producing a burden in various countries. Therefore, the development of accurate biosensors for determining these virus proteins and/or antibodies against these proteins are essential strategies to stop or to reduce the spread of this virus.

The development of any electrochemical sensor first starts with the selection of the electrode material. Different types are commonly used to prepare electrochemical sensors, such as: gold [START_REF] Liustrovaite | Towards an Electrochemical Immunosensor for the Detection of Antibodies against SARS-CoV-2 Spike Protein[END_REF][START_REF] Drobysh | Electrochemical Determination of Interaction between SARS-CoV-2 Spike Protein and Specific Antibodies[END_REF][START_REF] Białobrzeska | Performance of electrochemical immunoassays for clinical diagnostics of SARS-CoV-2 based on selective nucleocapsid N protein detection: Boron-doped diamond, gold and glassy carbon evaluation[END_REF], platinum [START_REF] Ratautaite | Molecularly Imprinted Polypyrrole based Sensor for the Detection of SARS-CoV-2 Spike Glycoprotein[END_REF][START_REF] Ratautaite | Evaluation of the interaction between SARS-CoV-2 spike glycoproteins and the molecularly imprinted polypyrrole[END_REF], indium-doped tin oxide [START_REF] Avelino | Nanostructured sensor platform based on organic polymer conjugated to metallic nanoparticle for the impedimetric detection of SARS-CoV-2 at various stages of viral infection[END_REF], nanocrystalline diamond [START_REF] Białobrzeska | Performance of electrochemical immunoassays for clinical diagnostics of SARS-CoV-2 based on selective nucleocapsid N protein detection: Boron-doped diamond, gold and glassy carbon evaluation[END_REF][START_REF] Ratautaite | Evaluation of Histamine Imprinted Polypyrrole Deposited on Boron Doped Nanocrystalline Diamond[END_REF][START_REF] Hartl | Protein-modified nanocrystalline diamond thin films for biosensor applications[END_REF][START_REF] Witt | Boron doped diamond thin films for the electrochemical detection of SARS-CoV-2 S1 protein[END_REF], glassy carbon [START_REF] Białobrzeska | Performance of electrochemical immunoassays for clinical diagnostics of SARS-CoV-2 based on selective nucleocapsid N protein detection: Boron-doped diamond, gold and glassy carbon evaluation[END_REF][START_REF] Ahammad | Characteristics of a Poly (thionine) Modified Glassy Carbon Electrode and the Detection of Dopamine and Uric acid[END_REF], graphite [START_REF] Ratautaite | Electrochemical Sensors based on L-Tryptophan Molecularly Imprinted Polypyrrole and Polyaniline[END_REF][START_REF] De Lima | Minute-scale detection of SARS-CoV-2 using a low-cost biosensor composed of pencil graphite electrodes[END_REF], and some other materials [START_REF] Liu | A Sensitive Electrochemical Assay for T4 Polynucleotide Kinase Activity Based on Fe 3 O 4 @TiO 2 and Gold Nanoparticles Hybrid Probe Modified Magnetic Electrode[END_REF][START_REF] Wang | Tungsten Disulfide Nano-Flowers/Silver Nanoparticles Composites Based Electrochemical Sensor for Theophylline Determination[END_REF][START_REF] Wang | Electrochemical biosensor for simultaneous determination of guanine and adenine based on dopamine-melanin colloidal nanospheres-graphene composites[END_REF][START_REF] Drobysh | Determination of rSpike Protein by Specific Antibodies with Screen-Printed Carbon Electrode Modified by Electrodeposited Gold Nanostructures[END_REF][START_REF] Zhang | Highly sensitive electrochemical determination of the SARS-COV-2 antigen based on a gold/graphene imprinted poly-arginine sensor[END_REF]. Electrochemical biosensors are one of the methods for testing SARS-CoV-2 among other methods such as enzyme-linked immunosorbent assay (ELISA) [START_REF] Roy | SARS-CoV-2-specific ELISA development[END_REF] and polymerase chain reaction [START_REF] Tan | Current commercial dPCR platforms: Technology and market review[END_REF].

In many types of research, gold electrodes have been used as working electrodes. Previously, it was demonstrated that the electrochemical treatment significantly changes the gold electrode surface, e.g., the voltammetric pre-treatment of a gold electrode in sulfuric acid leads to changes in the surface roughness [START_REF] Ahrens | Electrochemical Formation of Gold Nanoparticles on Polycrystalline Gold Electrodes during Prolonged Potential Cycling[END_REF]. It was demonstrated that by selecting a suitable potential window, specific gold-based nanostructures were formed on the surface of the gold electrode. Gold electrodes were pretreated by mechanical polishing with alumina slurry, chemical oxidation (e.g., with H 2 SO 4 /H 2 O 2 ), or were electrochemically 'polished' [START_REF] Carvalhal | Polycrystalline Gold Electrodes: A Comparative Study of Pretreatment Procedures Used for Cleaning and Thiol Self-Assembly Monolayer Formation[END_REF]. The additives in the electrolyte used during the pre-treatment of gold yielded interesting results. Hence, the formation and characteristics of gold nanoparticles are tuned during the electrochemical pre-treatment by selecting the electrolyte composition, e.g., surfactants-tetra-dodecyl ammonium bromide [START_REF] Huang | Electrochemically Controlling the Size of Gold Nanoparticles[END_REF], homopolymers used to prevent agglomeration-polyvinylpyrrolidone [START_REF] Fernandez-Blanco | Spectroelectrochemical synthesis of gold nanoparticles using cyclic voltammetry in the presence of a protective agent[END_REF], or pyrrole to produce polypyrrole (Ppy)-coated gold nanocomposites [START_REF] Liu | Fabricating Gold Nanocomplexes of Controllable Size Using Electrochemical Oxidation-Reduction Cycling of Gold Substrates in Aqueous Solution[END_REF].

In addition to the electromechanical treatment, there are other ways to change the surface properties. The chosen electrode materials need to be bio-compatible and easily functionalized; a commonly used example that fits these criteria could be chitosan [START_REF] Chen | High performance chitosan diaphragm-based fiber-optic acoustic sensor[END_REF].

A notable example would be creating a multi-layer chitosan/alginate structure utilizing different pH values during the formation process [START_REF] Yuan | pH-Controlled Construction of Chitosan/Alginate Multilayer Film: Characterization and Application for Antibody Immobilization[END_REF]. SAMs are used to modify the electrode surface using fetal bovine serum on a H/O-terminated diamond [START_REF] Rezek | Adsorption of fetal bovine serum on H/Oterminated diamond studied by atomic force microscopy[END_REF] or human immunoglobulin G (IgG) [START_REF] Tsugimura | Protein-G-based human immunoglobulin G biosensing by electrochemical impedance spectroscopy[END_REF]. SAMs based on alkanethiols and dialkanethiols formed on gold electrodes are used in the design of various sensing systems [START_REF] Vericat | Self-assembled monolayers of thiols and dithiols on gold: New challenges for a well-known system[END_REF][START_REF] Bhadra | Effect of Concentration, Chain Length, Hydrophobicity, and an External Electric Field on the Growth of Mixed Alkanethiol Self-Assembled Monolayers: A Molecular Dynamics Study[END_REF]. Alkanethiols chemically absorb on gold; however, the details of the bonding between the sulfur head group and gold is still a subject for debate [START_REF] Guo | Self-assembled alkanethiol monolayers on gold surfaces: Resolving the complex structure at the interface by STM[END_REF]. It was observed that among different types of SAMs, the ones with terminal carboxyl and methyl groups were the most reliable for establishing highly effective links with the spike protein of the SARS-CoV-2 virus [START_REF] Drobysh | Biosensors for the Determination of SARS-CoV-2 Virus and Diagnosis of COVID-19 Infection[END_REF][START_REF] Pandey | Design of engineered surfaces for prospective detection of SARS-CoV-2 using quartz crystal microbalance-based techniques[END_REF].

This article focuses on designing an electrochemical biosensor to determine the concentration of antibodies against the SARS-CoV-2 spike protein (anti-rS). The study paid significant attention to the preparation of the electrode surface. Several electrochemical methods, cyclic voltammetry (CV), potential pulsed amperometry (PPA), and differential pulse voltammetry (DPV), have been applied to determine the interaction between the immobilized rS proteins and the anti-rS, which were present in the sample. The limits of detection (LOD) and quantification (LOQ) obtained from the CV, PPA, and DPV experimental results were compared. The designed electrochemical biosensor displayed the highest sensitivity towards anti-rS antibodies when the electrochemical signal was determined by cyclic voltammetry measurements.

Results and Discussion

Cleaning the Gold Electrode

The polycrystalline structure of the gold electrode was formed before each set of experiments, which we identified according to the representative peaks in voltammograms obtained by the CV method (Figure 1). For this purpose, the potential was cycled from -0.1 V to 1.5 V at a scan rate of 0.1 V/s in 1 M H 2 SO 4 solution until the system stabilized. The smooth voltammogram with a cathodic peak at ~900 mV is characteristic of the bare gold electrode (Figure 1, dashed line, red). The 1 M H 2 SO 4 solution was changed as necessary between steps. Afterwards, the electrode was electrochemically polished by creating a 2 V potential for 3 min in 1 M H 2 SO 4 using the chronoamperometry technique. The representative peaks of the polycrystalline structure of the gold on the voltammogram were identified (Figure 1, smooth line, black). The change in the electrode due to the electrochemical treatment can be seen from the change in the voltammograms before (Figure 1, dashed line, red) and after (Figure 1, smooth line, black) electrochemical polarization. We observed a significantly increased cathodic peak at ~900 mV and the formation of new anodic peaks at 1180 mV (1st peak), 1280 mV (2nd peak), and 1390 mV (3rd peak) (Figure 1, smooth line, black).

into three peaks after potential cycling. Following the conclusions of the previous study and the emergence of characteristic peaks in this study (Figure 1, smooth lines, black) at 1180 mV, 1280 mV, and 1390 mV in voltammograms, it was concluded that we successfully obtained the polycrystalline structure of the gold electrode. According to the study of Sukeri and Bertotti [START_REF] Sukeri | Nanoporous gold surface: An efficient platform for hydrogen evolution reaction at very low overpotential[END_REF], the newly formed peaks observed on cyclic voltammograms correspond to crystal planes Au 100 (Figure 1, Peak 1), Au 110 (Figure 1, Peak 2), and Au 111 (Figure 1, Peak 3). The quality of the treatment of the electrode was assessed using the cyclic voltammetry method. The electrode's surface was cleaned and electrochemically polished to a satisfactory degree when the distance between the oxidation and reduction peaks was ∆E < 0.1 V, as demonstrated in Figure 2. Next, the SAMmix on the gold was formed according to the procedure described in the experimental setup and in past studies [START_REF] Liustrovaite | Towards an Electrochemical Immunosensor for the Detection of Antibodies against SARS-CoV-2 Spike Protein[END_REF]. According to our experience accumulated in previous studies, it was known that the 11-MUA forms a stable and compact SAM film and 6-MCOH in the SAMmix to facilitate access of the redox The registered cyclic voltammograms were compared with the ones reported in previous studies at similar conditions. Some studies used a prolonged potential cycling of a polished gold electrode in 0.1 M of H 2 SO 4 at a slow scan rate [START_REF] Ahrens | Electrochemical Formation of Gold Nanoparticles on Polycrystalline Gold Electrodes during Prolonged Potential Cycling[END_REF]. The observations of this study demonstrate that potential cycling led to changes in the anodic peak, which split into three peaks after potential cycling. Following the conclusions of the previous study and the emergence of characteristic peaks in this study (Figure 1, smooth lines, black) at 1180 mV, 1280 mV, and 1390 mV in voltammograms, it was concluded that we successfully obtained the polycrystalline structure of the gold electrode. According to the study of Sukeri and Bertotti [START_REF] Sukeri | Nanoporous gold surface: An efficient platform for hydrogen evolution reaction at very low overpotential[END_REF], the newly formed peaks observed on cyclic voltammograms correspond to crystal planes Au 100 (Figure 1, Peak 1), Au 110 (Figure 1, Peak 2), and Au 111 (Figure 1, Peak 3).

The quality of the treatment of the electrode was assessed using the cyclic voltammetry method. The electrode's surface was cleaned and electrochemically polished to a satisfactory degree when the distance between the oxidation and reduction peaks was ∆E < 0.1 V, as demonstrated in Figure 2. Next, the SAM mix on the gold was formed according to the procedure described in the experimental setup and in past studies [START_REF] Liustrovaite | Towards an Electrochemical Immunosensor for the Detection of Antibodies against SARS-CoV-2 Spike Protein[END_REF]. According to our experience accumulated in previous studies, it was known that the 11-MUA forms a stable and compact SAM film and 6-MCOH in the SAM mix to facilitate access of the redox mediator to the electrode surface [START_REF] Liustrovaite | Towards an Electrochemical Immunosensor for the Detection of Antibodies against SARS-CoV-2 Spike Protein[END_REF]. In the previous study, CV and electrochemical impedance spectroscopy (EIS) were applied for the evaluation of the electrode surface with SAM mix . This effect was not observed in a different study that only used an 11-MUA-based SAM on the gold electrode [START_REF] Drobysh | Electrochemical Determination of Interaction between SARS-CoV-2 Spike Protein and Specific Antibodies[END_REF] or an L-Cysteine-based SAM on a screen-printed carbon electrode with gold nanostructures [START_REF] Drobysh | Determination of rSpike Protein by Specific Antibodies with Screen-Printed Carbon Electrode Modified by Electrodeposited Gold Nanostructures[END_REF]. Among different types of SAMs, the ones with terminal carboxyl and methyl groups have been proven to be the most reliable for specifically linking with the SARS-CoV-2 spike protein [START_REF] Drobysh | Biosensors for the Determination of SARS-CoV-2 Virus and Diagnosis of COVID-19 Infection[END_REF][START_REF] Pandey | Design of engineered surfaces for prospective detection of SARS-CoV-2 using quartz crystal microbalance-based techniques[END_REF]. The characteristic feature of the SAM mix layer is the decreased peak height of the redox probe observed on the cyclic voltammogram or the increased values of the electron transfer resistance R ct , which were determined by EIS-based experiments [START_REF] Liustrovaite | Towards an Electrochemical Immunosensor for the Detection of Antibodies against SARS-CoV-2 Spike Protein[END_REF]. The same study also displays what changes are expected after SAM activation using EDC/NHS coupling chemistry and the immobilization of the SARS-CoV-2 spike protein.

SAMmix layer is the decreased peak height of the redox probe observed on the cycli ammogram or the increased values of the electron transfer resistance Rct, which we termined by EIS-based experiments [START_REF] Liustrovaite | Towards an Electrochemical Immunosensor for the Detection of Antibodies against SARS-CoV-2 Spike Protein[END_REF]. The same study also displays what chang expected after SAM activation using EDC/NHS coupling chemistry and the immo tion of the SARS-CoV-2 spike protein.

We tested a discrete electrode at different formation steps using the CV tech (Figure 3). Compared with the Au/SAMmix electrode, the Au/SAMmix/EDC-NHS ele displayed an increased cathodic current, which agrees with the observations repor other authors [START_REF] Bahadır | A comparative study of short chain and long chain mercapto acids used in biosensor fabrication: A VEGF-R1-based immunosensor as a model system[END_REF]. By forming the Au/SAMmix/rS electrode, we observed notably re cathodic and anodic current densities with a further reduction after blocking the s with BSA. We tested a discrete electrode at different formation steps using the CV technique (Figure 3). Compared with the Au/SAM mix electrode, the Au/SAM mix /EDC-NHS electrode displayed an increased cathodic current, which agrees with the observations reported by other authors [START_REF] Bahadır | A comparative study of short chain and long chain mercapto acids used in biosensor fabrication: A VEGF-R1-based immunosensor as a model system[END_REF]. By forming the Au/SAM mix /rS electrode, we observed notably reduced cathodic and anodic current densities with a further reduction after blocking the system with BSA.

Electrochemical Assessment of the Developed Biosensor

In the following part of the study, the electrochemical sensor, according to the protocol described in the experimental part, is constructed and used for the detection of anti-rS antibodies.

The anodic peak on the cyclic voltammogram was used as the analytical signal. Due to the peaks becoming visually indistinct at some concentrations of anti-rS, we used the second differential to locate their position (Figure 4A). J 0 represents the reference current density value; it is a signal measured with the sensor after blocking it by BSA and in the absence of specific antibodies (C = 0 nM). J x is the measurement where the x-axis corresponds to the concentration of anti-rS antibodies. The data response (∆J = J x -J 0 ) follows an exponential curve; as such, we used the first measurement point, which is still linear, to determine the LOD and LOQ. 

Electrochemical Assessment of the Developed Biosensor

In the following part of the study, the electrochemical sensor, according to the protocol described in the experimental part, is constructed and used for the detection of anti-rS antibodies.

The anodic peak on the cyclic voltammogram was used as the analytical signal. Due to the peaks becoming visually indistinct at some concentrations of anti-rS, we used the second differential to locate their position (Figure 4A). J0 represents the reference current density value; it is a signal measured with the sensor after blocking it by BSA and in the absence of specific antibodies (C = 0 nM). Jx is the measurement where the x-axis corresponds to the concentration of anti-rS antibodies. The data response (∆J = Jx -J0) follows an exponential curve; as such, we used the first measurement point, which is still linear, to determine the LOD and LOQ. During the evaluation of the affinity interaction of the immobilized SARS-CoV-2 spike proteins with the anti-rS antibodies on the polycrystalline gold electrode by DPV, analogously to the peaks on cyclic voltammograms, the peak maximum on the voltammogram was used as the analytical signal (Figure 4B). The amplitude between the anodic current maximum and the cathodic current minimum averaged out over 10 pulses was interpreted as the analytical signal of PPA (Figure 4C). It was found that the linear range of the ∆J signal was up to 6 nM concentration of anti-rS antibodies in CV and DPV measurements and up to 12 nM concentration of anti-rS antibodies in PPA measurements. The LOD and LOQ values of three different electrochemical methods are summarized in Table 1. DPV and PPA measurements produced similar values for the LOD and LOQ, while the measurements obtained using CV produced values nearly half of those, suggesting higher sensitivity. However, CV generated a significantly higher systematic deviation error. The comparison of LOD and LOQ values obtained by the three electrochemical methods demonstrated that the difference between the analytical signals determined by the different methods is insignificant. Therefore, for further experiments, only DPV was applied. During the evaluation of the affinity interaction of the immobilized SARS-C spike proteins with the anti-rS antibodies on the polycrystalline gold electrode by D analogously to the peaks on cyclic voltammograms, the peak maximum on the vol mogram was used as the analytical signal (Figure 4B). The amplitude between the an To assess the specificity of the system, we tested the reaction of the Au/SAM mix /rS electrode to the incubation in a blood serum sample of a person who was not infected by SARS-CoV-2 and was not vaccinated against COVID-19 (Figure 5, black line) and compared the results to the interaction observed when tested with the blood serum of an individual that was infected with SARS-CoV-2 and vaccinated against COVID-19 (Figure 5, red dashed line). Throughout the test, we observed all the characteristic peaks at expected positions. We tested two discrete Au/SAM mix /rS electrodes blocked with BSA. After the blocking the system with BSA we calculated their current density values and used them as our base value, which we subtracted from the values determined during further measurements to calculate the biosensor response. We then tested the respective electrode interaction with two sets of 1 nM and 60 nM blood serum samples, one with anti-rS antibodies and the other without anti-rS antibodies. We observed current density changes in both systems. The system tested with blood serum without anti-rS antibodies expressed a current density delta of ~20 µA/cm 2 ; an equivalent system tested with anti-rS antibodies displayed a change in current density of ~160 µA/cm 2 , around eight times larger. From testing, we can observe some nonspecific bonding in the system; however, the response was significantly lower than that determined after the interaction with the serum sample of the person who was not infected by SARS-CoV-2 and was not vaccinated against COVID-19. A summary of different electrochemical sensors for the detection of SARS-CoV-2 is demonstrated in Table 2. 

Experimental Setup

Reagents and Instrumentation

Reagents: the H 2 SO 4 (96%, CAS# 7664-93-9), phosphate-buffered saline (PBS) tablets (pH 7.4), ethanol (EtOH) (99.9%, CAS# 64-17-5), 6-mercapto-1-hexanol (6-MCOH) (97%, CAS# 1633-78-9), 11-mercaptoundecanoic acid (11-MUA) (98%, CAS# 71310-21-9), N-(3dimethylaminopropyl)-N'-ethyl-carbodiimide hydrochloride (EDC) (≥99.0%, CAS# 25952-53-8), K 3 [Fe(CN) 6 ] (≥99.0%, CAS# 13746-66-2), K 4 [Fe(CN) 6 ] (≥99.0%, CAS# 14459-95-1), and bovine serum albumin (BSA) (>98.0%, CAS# 90604-29-8) were purchased from Sigma-Aldrich (Steinheim, Germany). The N-hydroxysuccinimide (NHS) (98.0%, CAS# 6066-82-6) was purchased from Alfa Aesar (Karlsruhe, Germany).

The SARS-CoV-2 rS proteins were prepared by UAB Baltymas (Vilnius, Lithuania) according to the procedure previously described by Liustrovaite et al. [START_REF] Liustrovaite | Towards an Electrochemical Immunosensor for the Detection of Antibodies against SARS-CoV-2 Spike Protein[END_REF].

Serum Sample Collection and Preparation of the Analysis

Anti-rS antibodies were prepared according to the protocol reported in our previous research [START_REF] Liustrovaite | Towards an Electrochemical Immunosensor for the Detection of Antibodies against SARS-CoV-2 Spike Protein[END_REF]. Serum samples were collected from a patient who, four weeks before taking the blood sample, was vaccinated by a single dose of the Vaxzevria (initially named AstraZeneca) COVID-19 vaccine two weeks before being infected by the SARS-CoV-2 virus. A positive polymerase chain reaction test confirmed the infection, and the patient displayed apparent COVID-19 symptoms. Whole-blood samples of this patient were collected into Vacuette ® tubes with 3.5 mL of CAT Serum Separator Clot Activator (Greiner Bio-One GmbH, Kremsmünster, Austria). The serum was separated from the whole-blood sample by centrifugation (5000 rpm with a radius of 9.5 cm/RCF 2655 g for 15 min). The concentration of the specific anti-rS antibodies in the serum was determined by a chemiluminescent microparticle-based immunoassay, and it was measured to be 4666 BAU/mL. The anti-rS concentration was converted from BAU/mL to nM by using the molecular weight of the anti-rS antibodies; the molecular weight of the IgG-class anti-rS antibodies was 150 kDa, and it was recalculated to the ratio of 1 BAU/mL:20 ng/mL [44][45][START_REF] Dietzen | 13-Amino Acids, Peptides, and Proteins[END_REF]. The collected serum was stored at -20 • C. All biological samples were handled and collected according to the regulations determined by the Lithuanian law of ethics and were officially confirmed by the Vilnius Regional Biomedical Research Ethics Committee.

Milli-Q water (conductivity 0.055 µS/cm) was used for cleaning the gold disc electrode surface and for preparation of the phosphate-buffered saline (PBS) solutions. All chemicals were of analytical reagent grade and were used as received from the producers unless otherwise stated. All electrochemical measurements were performed in a 0.1 M PBS solution, pH 7.4, with 2 mM of [Fe(CN) 6 ] 3-and 2 mM of [Fe(CN) 6 ] 4-.

Instrumentation

The µAUTOLAB TYPE III potentiostat from Metrohm (Utrecht, The Netherlands) was controlled by Nova 2.1 software (Utrecht, The Netherlands) and was used for electrochemical measurements. The measurements were performed in a three-electrode cell. The gold disc (the surface area was 0.071 cm 2 ) was used as the working electrode, Pt was the counter electrode, and Ag/AgCl (3M KCl) from ItalSens (Houten, The Netherlands) was the reference electrode.

Cleaning and Assessing of the Gold Disc Electrode

The polycrystalline structure on the surface of the gold disc electrode was formed before each set of experiments. Firstly, the surface of the gold electrode was polished using 0.3 µm of alumina slurry and cleaned in Milli-Q water for 20 min using sonification. The polycrystalline structure was formed using electrochemical polarization techniques in a two-stage process: (1) the potential was cycled from -0.1 V to 1.5 V at a potential scan rate of 0.1 V/s in a 1 M H 2 SO 4 solution by CV until the system stabilized; (2) the electrode surface was electrochemically polished by chronoamperometry at a potential of 2 V in a 1 M H 2 SO 4 solution for 3 min.

The quality of the electrode pre-treatment was assessed by measuring the potential difference between the redox probe's oxidation and reduction peaks in cyclic voltammograms. We used 2 mM of [Fe(CN) 6 ] 3-and 2 mM of [Fe(CN) 6 ] 4-(ferrocyanide and ferricyanide) in a PBS solution (pH 7.4) as the redox probe.

Protein Immobilization

A mixed self-assembling monolayer (SAM mix ) was obtained by immersing the pretreated gold electrode in a 1 mL ethanol solution with alkanethiols for 16 h. The alkanethiols solution was prepared by mixing 1 mM 6-MCOH and 1 mM 11-MUA solutions in ethanol in a volumetric ratio of 9 parts 6-MCOH and 1 part 11-MUA, resulting in an alkanethiols ratio of 9:1. After 16 h in the alkanethiol solution, the electrode was removed and washed with ethanol, dried in a nitrogen gas stream, and submerged in Milli-Q water for 2 h to remove any excess reagents. The EDC-NHS mixture (0.04 M EDC and 0.01 M NHS in PBS) was used to activate the carboxylic groups of SAM mix that formed on the surface of the Au electrode (Au/SAM mix ), thereby creating a new Au/SAM mix /EDC-NHS structure. EDC-NHS develops an intermediary active ester (Scheme 1, Step 3). The Au/ SAM mix /EDC-NHS formation step lasted for 20 min and was performed in a dark environment protected from direct light exposure. Afterwards, the Au/SAM mix /EDC-NHS-modified electrode was exposed to the SARS-CoV-2 spike protein. Au/SAM mix /rS structure was formed by immersing the Au/SAM mix /EDC-NHS-modified electrode into a 50 µg/mL rS protein solution in PBS at room temperature for 30 min. The rS protein covalently couples via primary amine functional groups (Scheme 1, Step 4). The remaining active esters are blocked with BSA by immersing the Au/SAM mix /rS electrode in 0.5% BSA for 30 min (Scheme 1, Step 5). 

Assessment of SAMmix Formation, Protein Immobilization, and Biosensor Response towards Anti-rS Antibodies by Cyclic Voltammetry, Differential Pulse Voltammetry, and Potential Pulsed Amperometry Methods

Au/SAMmix/rS electrodes formed according to the protocol described in the 'Experimental part' and were used to determine specific anti-rS antibodies. The sensitivity of Au/SAMmix/rS towards anti-rS was performed in a 100 µ L electrochemical cell filled with PBS and serum with anti-rS antibodies, which were added in corresponding amounts to form anti-rS concentrations in a range between 1 and 95 nM. The determination of anti-rS Au/SAM mix /rS electrodes formed according to the protocol described in the 'Experimental part' and were used to determine specific anti-rS antibodies. The sensitivity of Au/SAM mix /rS towards anti-rS was performed in a 100 µL electrochemical cell filled with PBS and serum with anti-rS antibodies, which were added in corresponding amounts to form anti-rS concentrations in a range between 1 and 95 nM. The determination of anti-rS with Au/SAM mix /rS electrodes was performed by incubating Au/SAM mix /rS electrode at room temperature for 40 min in the solution containing anti-rS serum, thus forming an Au/SAM mix /rS/anti-rS structure. The anti-rS was repeatedly determined by the incubation of Au/SAM mix /rS electrodes in solutions with different anti-rS concentrations. The electrodes after the formation of immune complexes were thoroughly rinsed in a PBS solution, and then electrochemical measurements were performed in PBS containing 2 mM of [Fe(CN) 6 ] 3-and 2 mM of [Fe(CN) 6 ] 4-as a redox probe.

Three electrochemical methods were used to evaluate the immobilization of rS proteins on the electrode surface and to provide an assessment of the interaction of the Au/SAM mix /rS electrode with the anti-rS antibodies, namely: the CV, DPV, and PPA methods. Electrochemical measurements were performed in 0.1 M PBS, pH 7.4, with 2 mM of [Fe(CN) 6 ] 3-and 2 mM of [Fe(CN) 6 ] 4-as a redox probe. The potential was swept from -0.1 V to +0.6 V vs. Ag/AgCl (3M KCl) at a scan rate of 0.05 V/s for the 2 CV cycles. For DPV, the potential was swept from -0.1 V to +0.6 V vs. Ag/AgCl (3M KCl) with a pulse height of 25 mV, a pulse width of 50 ms, a pulse period of 100 ms, and step potential of 5 mV. For PPA, the samples were analyzed using a sequence of 10 potential pulses of +0.6 V vs. Ag/AgCl (3M KCl) lasting for 2 s; between these pulses, 0 V vs. Ag/AgCl (3M KCl) was applied for 2 s.

The limit of detection (LOD) and limit of quantification (LOQ) were calculated according to Equations (1) and ( 2 where σ is the standard deviation and S is the slope value.

The layered composition of the electrochemical biosensor based on the polycrystalline gold electrode modified with the SAM mix and proteins is presented in Scheme 1.

Conclusions

The appearance of a nanocrystalline structure on the gold electrode surface was proved by the emergence of characteristic anodic peaks at ~1.2 V, ~1.3 V, and ~1.4 V on the cyclic voltammogram after electrochemical treatment. These anodic peaks proved that the nanocrystalline structure on the gold electrode surface suitable for the formation of SAM was formed. The interaction of the rS and anti-rS was evaluated by three electrochemical methods: (i) CV, (ii) DPV, and (iii) PPA. A comparison of the LOD and LOQ values demonstrated that DPV and PPA measurements produced similar values of the LOD and LOQ, while the measurements obtained using CV produced values that were nearly half of what had been obtained from the other methods, which would suggest higher sensitivity. The final part of the study was dedicated to the assessment of the specificity of the system. For this purpose, the sensors' reaction to a blood serum sample of a person who was not infected by the SARS-CoV-2 virus and was not vaccinated against COVID-19 was tested. It was found that despite the nonspecific bonding in the system, the response of the serum sample of a person that did not contract the COVID-19 disease was significantly lower than that determined after the incubation of gold electrodes modified by spike protein of SARS-CoV-2 virus in the serum sample of a person who was infected by the SARS-CoV-2 virus and was not vaccinated against COVID-19.

Figure 1 .

 1 Figure 1. Cyclic voltammograms of the gold electrode in the 1 M H2SO4 solution before and after the electrochemical treatment. The potential was cycled from -0.1 V to 1.5 V at a potential sweep rate of 0.1 V/s.
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 1 Figure 1. Cyclic voltammograms of the gold electrode in the 1 M H 2 SO 4 solution before and after the electrochemical treatment. The potential was cycled from -0.1 V to 1.5 V at a potential sweep rate of 0.1 V/s.

Figure 2 .

 2 Figure 2. Gold electrode assessment using cyclic voltammetry in PBS (pH 7.4) with 2 m [Fe(CN)6] 3-and 2 mM of [Fe(CN)6] 4-as a redox probe.
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Figure 3 .

 3 Figure 3. Cyclic voltammograms of Au/SAMmix (black, solid line), Au/SAMmix/EDC-NHS (red, dashed line), Au/SAMmix/rS (blue, dotted line), and Au/SAMmix/rS electrode blocked with BSA (green, solid line) in PBS (pH 7.4) with 2 mM of [Fe(CN) 6 ] 3-and 2 mM of [Fe(CN) 6 ] 4-as a redox probe.
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 3 Figure 3. Cyclic voltammograms of Au/SAM mix (black, solid line), Au/SAM mix /EDC-NHS (red, dashed line), Au/SAM mix /rS (blue, dotted line), and Au/SAM mix /rS electrode blocked with BSA (green, solid line) in PBS (pH 7.4) with 2 mM of [Fe(CN) 6 ] 3-and 2 mM of [Fe(CN) 6 ] 4-as a redox probe.

Figure 4 .

 4 Figure 4. The evaluation of anti-rS antibody interaction with the rS protein, which was immob on the polycrystalline gold electrode, was performed by three electrochemical methods: cyclic ammetry (A), differential pulse voltammetry (B), potential pulsed amperometry (C). Measurem were performed in PBS solution (pH 7.4) while adding 2 mM of [Fe(CN)6] 3-and 2 mM of [Fe(C as a redox probe; the current density was calculated taking into account the surface area of the trode (0.071 cm 2 ).
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 4 Figure 4. The evaluation of anti-rS antibody interaction with the rS protein, which was immobilized on the polycrystalline gold electrode, was performed by three electrochemical methods: cyclic voltammetry (A), differential pulse voltammetry (B), potential pulsed amperometry (C). Measurements were performed in PBS solution (pH 7.4) while adding 2 mM of [Fe(CN) 6 ] 3-and 2 mM of [Fe(CN) 6 ] 4-as a redox probe; the current density was calculated taking into account the surface area of the electrode (0.071 cm 2 ).
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 85 Figure 5. The assessment of specificity of the Au/SAMmix/rS electrode blocked with BSA to s samples with anti-rS antibodies (red dashed lines) and serum samples without anti-rS antib (black lines).
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 5 Figure 5. The assessment of specificity of the Au/SAM mix /rS electrode blocked with BSA to serum samples with anti-rS antibodies (red dashed lines) and serum samples without anti-rS antibodies (black lines).

14 Scheme 1 .

 141 Scheme 1. The layered composition of the electrochemical biosensor based on the gold electrode modified with an SAMmix and covalently immobilized spike protein used for the detection of anti-rS antibodies: (1) polycrystalline gold substrate; (2) SAMmix of 6-MCOH and 11-MUA; (3) SAM activation with EDC-NHS; (4) SARS-CoV-2 spike protein; (5) blocking of the activated functional groups of SAM with BSA; (6) SARS-CoV-2 anti-rS in the blood serum samples.
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 1 Scheme 1. The layered composition of the electrochemical biosensor based on the gold electrode modified with an SAM mix and covalently immobilized spike protein used for the detection of anti-rS antibodies: (1) polycrystalline gold substrate; (2) SAM mix of 6-MCOH and 11-MUA; (3) SAM activation with EDC-NHS; (4) SARS-CoV-2 spike protein; (5) blocking of the activated functional groups of SAM with BSA; (6) SARS-CoV-2 anti-rS in the blood serum samples.

Table 1 .

 1 Comparison of the LOD and LOQ values obtained by the three electrochemical methods.

		LOD, nM	LOQ, nM	Linear Range
	Cyclic voltammetry	0.34	1.04	1.0-6.0 nM
	Differential pulse voltammetry	0.61	1.86	1.0-6.0 nM
	Potential pulsed amperometry	0.70	2.11	1.0-12.0 nM

Table 2 .

 2 A summary of different electrochemical sensors for the determination of SARS-CoV-2 proteins and this virus-caused infection.

	No	Electrode and Modifica-tion	Experimental Conditions	Electrochemical Methods	Sample	Analyte Specification	LOD	Linear Range
			20 mM sodium					
	1.	Ti with Co-TNT*	phosphate, 500 mM NaCl, 8 M urea, 200 mM im-	CA	Nasal secre-tions and sa-liva samples	SARS-CoV-2 S-RBD	0.7 nM	14-1400 nM
			idazole, pH 4.0					
		Carbon black-based				SARS-CoV-2 S (subunit S1) 19 ng/mL	
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 2 A summary of different electrochemical sensors for the determination of SARS-CoV-2 virus proteins and this virus-caused infection.

	No	Electrode and Modification	Experimental Conditions	Electrochemical Methods	Sample	Analyte Specification	LOD	Linear Range	Ref.
			20 mM sodium						
	1.	Ti with Co-TNT*	phosphate, 500 mM NaCl, 8 M urea, 200 mM	CA	Nasal secretions and saliva samples	SARS-CoV-2 S-RBD	0.7 nM	14-1400 nM	[36]
			imidazole, pH 4.0						
	2.	Carbon black-based SPEs with commercial CB N220 dispersion	PBS, pH 7.4	DPV	Saliva	SARS-CoV-2 S (subunit S1) SARS-CoV-2 N	19 ng/mL 8 ng/mL	0.04-10 µg/mL	[37]
	3.	SPCE with SiO 2 @UiO-66	-	EIS	Nasal sample	SARS-CoV-2 S	100.0 fg/mL	100.0 fg/mL-10.0 ng/mL	[38]
		GCE with bismuth							
	4.	tungstate/bismuth sulfide composite decorated with gold	PBS, pH 7.0	DPV	Product	SARS-CoV-2 N	3.00 fg/mL	0.01-1.00 pg/ mL	[39]
		nanoparticles							
	5.	GCE with Pd-Au nanosheets	PBS with 10 mM H 2 O 2	DPV	Product	SARS-CoV-2 S	0.072 ng/mL	0.01-1000 ng mL -1	[40]
	6.	SPCE with Ni(OH) 2 nanoparticles	PBS, pH 7.4, with redox probe	DPV	Human blood	IgM/IgG	0.3 fg/mL	1 fg/mL-1 µg/mL	[41]
	7.	SPCE with streptavidine	1,4-benzoquinone	CA	Human monoclonal anti	IgG IgM	10.1 ng/mL 1.64 ng/mL	10.1 pg/mL-60 µg/mL 1.64 ng/mL-50 µg/mL	[42]
	8.	ePAD with graphene oxide-activated EDC/NHS	PBS, pH 7.4, with redox probe	SWV		IgG IgM	0.96 ng/mL 0.14 ng/mL	1-1000 ng/mL	[43]
	9.	Vaporized Au with SAM	PBS, pH 7.4, with redox probe**	CV EIS	Human serum polyclonal anti rS	Mixture Ig	2.35 nM 1.99 nM	30-150 nM	[1]
	10.	Polycrystalline Au with SAM	PBS, pH 7.4, with redox probe	CV DPV PPA	Human serum polyclonal anti rS	Mixture Ig	0.344 nM (CV), 0.695 nM (PPA) 0.613 nM (DPV),	1-90 nM	This study

Co-TNT*-Ti nanotube functionalized with Co; SPE-screen printed electrode; SPCE-screen printed carbon electrode; Redox probe**-ferri/ferrocyanide; CB-carbon black; GCE-glassy carbon electrode; ePAD-electrochemical paper-based analytical device; EDC-1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; sulfo-NHS-N-hydroxysulfosuccinimide; SARS-CoV-2 S-RBD-SARS-CoV-2 spike protein receptor-binding domain; SARS-CoV-2 S-SARS-CoV-2 spike protein; SARS-CoV-2 N-SARS-CoV-2 nucleocapsid protein; IgMimmunoglobulin M; IgG-immunoglobulin G. CA-chronoamperometry, DPV-differential pulse voltammetry, EIS-electrochemical impedance spectroscopy, SWV-square wave voltammetry, CV-cyclic voltammetry, PPA-pulsed potential amperometry.

  3.6. Assessment of SAM mix Formation, Protein Immobilization, and Biosensor Response towards Anti-rS Antibodies by Cyclic Voltammetry, Differential Pulse Voltammetry, and Potential Pulsed Amperometry Methods

Funding: This project has received funding from the Research Council of Lithuania (LMTLT), GILI-BERT 2021 program agreement No S-LZ-21-4; the project was also co-funded by Campus France grant No. 46593RA (PHC GILIBERT 2021). Institutional Review Board Statement: Not applicable. Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments:

The authors of the study are grateful to the volunteer, who kindly agreed to endure unpleasant blood collection procedures and donated his blood to prepare serum samples as many times as needed. The authors are also grateful to the laboratory of Tavo Klinika, Ltd. (Vilnius, Lithuania), where all blood collection procedures were performed and for their effort to make these procedures as gentle as possible for the volunteer. The last thanks go to UAB Baltymas, where our study's SARS-CoV-2 rS proteins were produced and purified.

Conflicts of Interest:

The authors declare no conflict of interest.