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Abstract 

This paper reports a sensitive strategy for fast determination of S proteins from both 

SARS-CoV and SARS-CoV-2 using a single disposable, low-cost (<US$ 0.03 per 

device) immunosensor made with modified screen-printed carbon electrodes 

(SPCEs). Gold nanoparticles were electrochemically deposited via direct reduction of 

gold ions on the electrode using amperometry. Capture antibodies from spike (S) 

protein were covalently immobilized on carboxylic groups of self-assembled 

monolayers (SAM) of mercaptoacetic acid (MAA) attached to the gold nanoparticles. 

Label-free detection of S proteins from both SARS-CoV and SARS-CoV-2 was 

performed with electrochemical impedance spectroscopy (EIS). The immunosensor 

fabricated with 9 s gold deposition had a high performance in terms of selectivity, 

sensitivity, and low limit of detection (LOD) (3.39 pmol L−1), thus permitting the direct 

determination of the target proteins in spiked saliva samples. The complete analysis 

can be carried out within 35 min using a simple one-step assay protocol with small 

sample volumes (10 µL). With such features, the immunoplatform presented here can 

be deployed for mass testing in point-of-care settings.  

 

Keywords: SARS-CoV; SARS-CoV-2; S protein; diagnosis; immunosensor; gold 

nanoparticles. 
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1. INTRODUCTION  

The crisis with Covid-19 has highlighted the need for analytical devices to 

monitor and detect high-incident diseases caused by viruses and other pathogens with 

rapid propagation and mutations. Lowcost, portable analytical sensors [1–3] are 

perhaps the only alternative for the diagnosis of such infections as the one caused by 

the coronavirus (SARS-CoV-2) [4, 5]. Indeed, the lack of such sensors explains why 

developing countries could not test their population to the extent recommended by the 

World Health Organization, which would have been essential for the monitoring to 

prevent the person-to-person transmission chain [6, 7]. Mass testing has been almost 

entirely based on molecular techniques, especially real-time polymerase chain 

reaction (RT-PCR), which is not amenable to use outside specialized laboratories. At 

the research level, various methods have been used to diagnose SARS-CoV-2 

infection via the detection of S or N proteins in different biological matrices [8–10]. A 

summary of the sensors developed in recent months is presented in the 

Supplementary Material (Section S1 and Table S2). The particular relevances of our 

work are the electrochemical immunoassays. For example, carbon black-based 

screen printed electrodes (SPE) and magnetic beads (MBs) were used to immobilize 

antibodies and detect S and N proteins with limits of detection (LOD) of 19 ng mL–1 

and 8 ng mL–1, respectively [8]. A working electrode (WE) coated with graphene oxide 

(GO) was modified with 8-hydroxyquinoline (8H), 1-ethyl-3-(3-dimethylamino-

propyl)carbodiimide (EDC), and N-hydroxysuccinimide (NHS) coupled with gold 

nanostars (AuNS), generating an ultrasensitive sensor that could detect the trace of 

viruses in aquatic biological media [6]. 

Electrochemical sensors with a set of electrodes, viz. working (WE), reference 

(RE), and counter (CE) electrodes, allow for multi-target detection, simple arrays, 
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portability, and fast responses, being ideal for applications in situ [2, 11, 12]. Analytes 

can be detected and quantified through redox reactions when binding occurs between 

the target and the biorecognition element [13], and, therefore, the sensing 

performance depends strongly on the WE material [14, 15]. SPEs are suitable for mass 

production and miniaturization at low prices, being advantageous compared with 

typical solid electrodes [16–18]. They may be produced on almost any type of 

substrate, either rigid or flexible, and on stretchable surfaces, using different materials 

[19], including paper [20], ceramic [21], and polymers [22]. When used in conjunction 

with nanomaterials, SPEs may lead to highly sensitive electrochemical sensors [2, 23]. 

In this context, electrodeposited gold on SPEs enhances electrochemical activity [24] 

owing to a facilitated electron transfer and catalytic activity for oxidation and reduction 

reactions [2, 23, 25, 26]. Gold deposition as a film ensures high conductivity, large 

surface-area-to-volume ratios, and enables modification with biomolecules. The 

properties of the gold layer may be tuned by varying the deposition potential (Ed) and 

deposition time (td), thus permitting the optimization of sensing performance [24, 27, 

28]. 

In this study, we developed an immunosensor that can detect the S proteins of 

SARS-CoV and SARS-CoV-2 using a gold-carbon composite material. To the best of 

our knowledge, this is the first time a single biosensor is used to detect both 

pathogens. 

 

2. MATERIALS AND METHODS 

2.1. Chemicals 

Hydrogen tetrachloroaurate (III), mercaptoacetic acid (MAA), EDC, NHS, 

bovine serum albumin (BSA), potassium hexacyanoferrate (II) trihydrate, potassium 
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hexacyanoferrate (III), fluorescein 5(6)-isothiocyanate (FITC), and sulfuric acid 

(H2SO4) were purchased from Sigma Aldrich (USA). Carbon paste ink (ELETRODAG 

423SS E&C) was obtained from LOCTITE® (Germany), and Ag/AgCl ink (90701) was 

acquired from TICON (Brazil). Anti-SARS-CoV S protein antibodies (40150-D006) and 

SARS-CoV S protein (40150-V08B2) were purchased from Sino Biological (China), 

while SARS-CoV-2 glycoprotein S1 (ab273068) was obtained from Abcam (EUA). 

Polyethylene terephthalate (PET) sheets for electrode fabrication were obtained from 

local stationery shops and cleaned with isopropyl alcohol before use. 

 

2.2. Fabrication of screen-printed electrodes 

The screen-printing technique was used to produce carbon electrodes (Figure 

1A). First, a customized polyester screen (77-mesh) (Silk Center, Brazil) was designed 

using AutoCAD software and produced by Iasa Segmentos Industriais (Brazil). The 

carbon paste ink was then manually printed on a PET sheet with a polyurethane 

squeegee. The printed devices containing the three electrodes were then cured at 90 

°C for 30 min. The reference electrodes were manually painted with Ag/AgCl ink and 

dried at 90 °C for 45 min. An insulator adhesive tape was used to delimit the geometric 

area of the working electrode at 12.56 mm2. 

 

2.3. Electrodeposition of gold 

All electrodes received an electrochemical pretreatment with sulfuric acid (0.5 

mol L–1) within a potential range between –2.5 and +2.5 V at a scan rate of 100 mV s–

1 [29]. Two voltammetry cycles were performed, and the sulfuric acid was completely 
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replaced after each cycle. Gold nanoparticles were electrogenerated on screen-

printed electrodes by applying a constant potential of –4.0 V in an electrochemical cell 

containing 20 mL 5.0 mmol L–1 hydrogen tetrachloroaurate (III) solution with 0.5 mol 

L–1 sulfuric acid under vigorous stirring for 9 s (or 30 s or 90 s) (Figure 1B) [30]. 

 

Figure 1. Step-by-step immunosensor fabrication. (A) Fabrication steps of the screen-

printed electrodes. (B) Electrochemical treatments, Au deposition, and modification of 

working electrodes with antibodies. 
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2.4. Optical characterization of the modified electrodes 

Images of the gold nanostructures were obtained with a scanning electron 

microscope (SEM) (ZEISS, LE0 440, model 7060) equipped with an OXFORD® 

system detector. A Thermo Scientific Prisma E Scanning Electron Microscope (SEM) 

with ColorSEM Technology and integrated energy-dispersive X-ray spectroscopy 

(EDS) was used to assess the chemical composition of the modified electrodes. The 

antigen-antibody interaction was studied using a confocal fluorescence microscope 

Zeiss LSM 780 with an argon laser. SARS-CoV S protein was labeled with fluorescein 

isothiocyanate (FITC) by mixing the two molecules in a 1:20 ratio for 1 h at room 

temperature (25 oC). Dialysis was then used to remove unbound FITC. The 

fluorescence of the modified electrodes was measured in the absence and presence 

of labeled S proteins, validating its binding to the biosensor surface. 

2.5. Electrochemical characterization of the modified electrodes 

 Modified electrodes using different gold electrodeposition conditions were 

characterized using cyclic voltammetry (CV) to assess their analytical properties. Bare 

carbon electrodes and devices submitted to 9, 30, and 90 s of gold deposition protocol 

were evaluated. First, CV was performed in a potassium hexacyanoferrate (II)/(III) 

solution (4 mmol L–1 each, 0.1 mol L–1 PBS, pH 7.0) (2 cycles, 100 mV s–1, from -0.3 

to 0.7 V). The electrodes were also submitted to CV in 0.1 mol L–1 sulfuric acid to 

assess the amount of gold present on the electrode (2 cycles, 100 mV s–1, from 0.0 to 

1.5 V). 
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2.6. Functionalization of the gold surface with antibodies 

Modified-gold electrodes were pretreated with cyclic voltammetry (CV) (0.0 - 

1.5 V, 100 mV s–1, 10 cycles) in sulfuric acid (0.1 mol L–1, ultrapure water). Then, 20 

µL of an MAA solution (10 mmol L–1, ultrapure water) was incubated on the gold 

working electrode. After 2 h, electrodes were washed with ultrapure water and dried 

using a low N2 stream. Next, 20 µL of a mixture of EDC and NHS (10 mmol L–1 and 20 

mmol L–1 respectively), MES buffer 100 mmol L–1 (pH 6.0) were incubated on the 

modified electrode for 1 h. The electrodes were then rinsed using MES buffer (100 

mmol L–1, pH 6.0) and dried using N2. 20 µL of a 1 µg mL–1 anti-protein S antibodies 

(PBS, 0.1 mol L–1, pH 7.0) were added to the electrode for 1 h. Electrodes were 

washed using PBS (0.1 mol L–1, pH 7.0) and dried with an N2 gas stream. Finally, a 

BSA solution (1% w/v, 30 min, 0.1 mol L–1 PBS, pH 7.0) was incubated on the electrode 

for 30 min for blocking the bioreceptor layer. After washing the modified electrode with 

PBS (0.1 mol L–1, pH 7.0) and drying it with N2, the biosensor was ready for use. The 

samples were added to the working electrode and incubated for 30 min (0.1 mol L–1 

PBS, pH 7.0). After this period, electrodes were carefully washed using PBS (0.1 mol 

L–1, pH 7.0), and electrochemical measurements were performed (Figure 1B). Unless 

indicated otherwise, positive samples were composed of SARS-CoV S protein, while 

negative samples were composed of BSA. To reduce the evaporation of the droplets, 

all the solutions for incubation were performed in a closed container with wet wipes. 

All procedures were performed at room temperature (25 oC). 
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2.7. Electrochemical immunosensing 

The charge transfer resistance (Rct) of the immunosensors was determined 

using electrochemical impedance spectroscopy (EIS) in a potassium 

hexacyanoferrate (II)/(III) solution (4 mmol L–1 each, 0.1 mol L–1 PBS, pH 7.0). First, to 

activate the double layer of the biosensor, a CV was performed (2 cycles, from –0.3 

to 0.7 V, 100 mV s–1). Then, EIS measurements were performed in open circuit 

conditions (OCP) (10 kHz to 100 MHz, Eac 10 mV). The reproducibility of the 

immunosensor was investigated by analyzing the signal of three parallel assemblies 

after the interaction with 10–9 mol L–1 protein S. The variability is quantified in terms of 

relative standard deviation (RSD) in the signals. Repeatability was assessed using 

RSD of ten successive measurements in a single immunosensor after interaction with 

10–9 mol L–1 S protein. The limit of detection (LOD) was estimated as the analyte 

concentration corresponding to an Rct = bm + 3sb, in which bm is the mean value for 

blank samples, and sb is the standard deviation of the blank measurements (n = 6) 

[31]. 

 

2.8. Biological samples 

Real saliva samples were used to test the practical application of the device. A 

pool of human saliva was obtained from Innovative Research (IRHUSL5ML). The 

samples were centrifuged at 8,000 rcf for 10 min. Then, the supernatant was spiked 

with SARS-CoV S protein to reach concentrations from 10−11 to 10−7 mol L–1 or with 

inactivated SARS-CoV-2 viruses (106 PFU mL-1). For the electrochemical analysis of 

biological samples, SDS 0.05% (w/v in PBS) was used as the washing solution 

between incubations. 
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3. RESULTS AND DISCUSSION 

 

3.1. Characterization of Au-modified SPCEs  

The photographs of Au-modified SPEs in Figure 2A indicate an increased 

deposition of Au as the electrodeposition time increases. The chemical composition of 

the films was confirmed through elemental mapping and EDS measurements in Figure 

2B, Figure S1, and Figure S2. While bare SPE has a carbon-based surface, Au 

features appear with increasing Au deposition. A homogeneous thin film was noted for 

bare SPE, coated with Au structures with regular size and morphology. Different Au 

structures are shown in the SEM images of Figure 2C - 2F, with no significant defects 

for bare SPE and Au-coated SPEs. The bright spots on the images can be attributed 

to Au, while other features in Figure 2C are graphite flakes and carbon nanoparticles 

from SPE ink. According to ImageJ processing, the Au nanoparticles increased with 

electrodeposition time, reaching diameters 143 ± 31, 425 ± 161, and 752 ± 207 nm (n 

= 10), for 9, 30, and 90 s, respectively. The Au deposition was characterized using 

cyclic voltammetry in 0.1 mol L–1 sulfuric acid. Figure 2G shows no redox peaks for 

bare SPE (black), as expected. The CVs for SPE/Au are typical of surfaces containing 

Au in 0.1 mol L–1 H2SO4, with anodic and cathodic peaks at +1.15 V (Epa) and +0.4 V 

(Epc) due to oxidation (formation) and reduction of Au oxides, respectively [32]. The 

concentration of electroactive species (Γ/mol cm−2) of AuNPs on the sensor was 

estimated with Γ = Q/nFA, where Q (C) is the background-corrected electric charge 

calculated by integrating the cathodic peak, n is the number of electrons, F is the 
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Faraday constant (96,485.34C mol−1), and A is the geometric surface area (0.012 

cm2). The estimated charges (Q) were 111, 392, and 966 μC, and the concentrations 

of electroactive species were 9.6, 34, and 83 × 10−8 mol cm−2 for AuNP9s, AuNP30s, 

and AuNP90s, respectively (Figure S3). The values of Γ increased in the order: AuNP9s 

< AuNP30s < AuNP90s, as expected with the increase in AuNPs with longer deposition 

times already observed with SEM and EDS. The increase in AuNPs on the electrode 

leads to an increased reduction peak from Au+ to Au0, corroborating the cyclic 

voltammograms in Figure 2G. 

The shape and morphology of the nanoparticles affect the electrochemical 

properties of modified electrodes, primarily due to the electroactive areas [33, 34]. 

Thus, the electrodeposition time is a crucial factor, as observed in Figure 2 D-F, with 

peak current increasing with time due to increased surface area. Thicker films preclude 

electron transfer and induce a large capacitive current, while the small capacitance 

prevailing with thin films enhances sensitivity [24]. The importance of patterning SPE 

with Au structures became apparent in the increased electron transfer compared to 

bare SPE electrodes, as inferred from CV and EIS measurements. Figure 2H shows 

the Nyquist diagrams for the four electrodes consisting of semicircles and diffusion 

straight lines. These were analyzed using a modified Randles equivalent circuit 

[Rs(CPE[RctZW])], where Rs is the solution resistance, Rct is the charge transfer 

resistance, ZW is the Warburg impedance, and CPE is a constant phase element. The 

apparent heterogeneous electron rate constant was determined using kapp = 

RT/F2RctCA, in which F is the Faraday constant, C is the probe redox concentration in 

solution (4.0 mmol L–1), R is the gas constant (8.3145 J K–1 mol–1), T is the temperature 

(298 K), A is the geometric area (0.1256 cm2), and Rct is the charge-transfer resistance 

obtained by fitting the data. kapp values calculated for bare SPE and SPE/Au are listed 
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in Table S1. Rct for SPE/Au (< 88 Ω) is smaller than for bare SPE (1335 Ω) due to the 

synergy in having SPE and Au sites for electron transfer. The significant increase in 

kapp (from 15 to 5 × 104 times, depending on the gold amount) for the SPE/Au electrode 

confirms the increased electron transfer during the redox process [35]. The same 

effect can be observed in the CV in [Fe(CN)6]4–/3– (Figure 2I), in which the peak current 

of the oxidation/reduction of the redox pair increased with longer electrodeposition 

times. This observation has important implications for the performance of 

electroanalytical devices. The electrochemical behavior of gold-modified electrodes 

was also assessed in mechanical flexion tests. Even after 50 successive manual 

bending cycles, no significant changes in current or potential of [Fe(CN)6]4–/3– oxidation 

peaks were observed (deviations of 6.0% and 5.3% for current and potential, 

respectively, n = 3) (Figure S4). 
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Figure 2 – (A) SPE before and after electrodeposition of gold for 9, 30, and 90 s. (B) 

Elemental mapping of an SPE after electrodeposition of gold for 9 s. Pink and yellow 

shades, respectively, represent carbon and gold. (C) bare SPE. SPE modified with 

gold nanostructures electrodeposited during (D) 9 s, (E) 30 s, and (F) 90 s. (G) Cyclic 

voltammograms in 0.1 mol L–1 H2SO4 for bare SPE (black), SPE modified with gold 

nanostructures electrodeposited during 9 s (red), 30 s (blue), and 90 s (yellow) at –4.0 

V in a 5.0 mmol L–1 hydrogen tetrachloroaurate (III) solution containing 0.5 mol L–1 

sulfuric acid. Scan rate 100 mV s−1. The insert shows a zoomed view of the CV of 

SPE. (H) Nyquist plots for bare SPE (black), SPE modified with gold nanostructures 

electrodeposited during 9 s (red), 30 s (blue), and 90 s (yellow) in 0.1 mol L–1 PBS 

containing 4.0 mmol L–1 [Fe(CN)6]4–/3– from 10 kHz to 10 MHz. (I) CVs for bare SPE 

(black), SPE modified with gold microstructures electrodeposited during 9 s (red), 30 
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s (blue), and 90 s (yellow). CV conditions: 0.1 mol L–1 PBS containing 4.0 mmol L–1 

[Fe(CN)6]4–/3– at a scan rate of 100 mV s–1. 

 

3.2. Assembling the immunosensor 

An immunosensor was assembled with a modified SPE with a gold deposition 

time of 9 s and monitored through the Nyquist diagrams in Figure 3A. The use of a 9-

s deposition time is justified by the increased sensitivity of these devices, as shown in 

the following section (3.3). The immobilization of MAA as a self-assembled monolayer 

(SAM) on the electrode caused Rct to increase to 212.9 Ω (curve ⬥, red) from 144.5 

Ω for the bare electrode (curve ▼, black). A significant decrease to 76.8 Ω occurred 

with the immobilization with EDC/NHS, probably due to the pH used in the reaction 

(6.0). Antibody immobilization on the SPCE/AuNP/MAA/EDC-NHS surface increased 

Rct slightly to 92.4 Ω. With BSA immobilization for blocking active carboxylic acids, Rct 

increased to 259.3 Ω. The incubation of 10−6 mol L−1 antigen (SARS-CoV S protein) 

on the SPCE/AuNP/MAA/EDC-NHS/Ab immunosensor led to a further increase in Rct 

to 362.4 Ω due to hindered electron mobility with the formation of the antigen-antibody 

complex. This complex represents an additional barrier between the electrode and 

[Fe(CN)6]3−/4−redox probes. Similar behavior was observed by Huang and co-workers, 

who considered the results to indicate biosensor assembling, decreasing the chances 

of a false positive response during impedimetric assays [36, 37]. The antibody-antigen 

interaction was also investigated using confocal fluorescence microscopy. The images 

taken before and after the interaction between MAA/EDC-NHS/Ab functionalized 

electrode and a fluorescein-labeled SARS-CoV S protein in Figures 3B and 3C confirm 

the effective biological recognition.  
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Figure 3 – (A) Nyquist plots in 0.1 mol L–1 phosphate buffer containing 5.0 mmol L–1 

[Fe(CN)6]3−/4− using: (i) bare SPCE/AuNP (▼ black), (ii) SPCE/AuNP/MAA (◆ red), (iii) 

SPCE/AuNP/MAA/EDC-NHS (▲ yellow), (iv)  SPCE/AuNP/MAA/EDC-NHS/antibody 

(⬤ green), (v) SPCE/AuNP/MAA/EDC-NHS/antibody/BSA (◀ blue), (vi) and 

SPCE/AuNP/MAA/EDC-NHS/antibody/BSA/antigen (■ purple). Conditions: 0.1 – 

100,000 Hz frequency range with pulse amplitude 10 mV. Inset: equivalent circuit to 

fit the experimental data. The insert brings Rct values (Ω) after each functionalization 

step calculated using [Rs(CPE[RctZW])] as an equivalent circuit. Fluorescence images 

of (C) MAA/EDC-NHS/Ab functionalized electrode, and (D) functionalized electrode 

after detection of fluorescein-labeled protein S from SARS-CoV. Amplification 20 ×. 

 

3.3. Analytical performance of the immunosensor 

Calibration curves obtained from Rct for devices constructed with three gold 

electrodeposition times (9, 30, and 90 s) are shown in Figure 4. All the immunosensors 

could differentiate SARS-CoV S protein from BSA, with R2 and/or sensitivity values 

being significantly decreased for the BSA control assays. The highest sensitivity and 
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selectivity were observed for the immunosensor containing fewer AuNPs (9 s 

electrodeposition), as indicated in Figure 4D with R2 = 0.988 and sensitivity 1.00 Ω L 

mol–1 mm–2. With 9 s electrodeposition time, homogeneous spherical AuNPs are 

generated, thus confirming that the shape and morphology affect the electroanalytical 

performance [38]. For longer deposition times (30 and 90 s) – or larger gold 

nanostructures – the sensitivity is lower (0.258 and 0.274 Ω L mol–1 mm–2 for 30 and 

90 s, respectively), with poor reproducibility (> 25%, n = 3) which might be due to gold 

leaching. Although the longer deposition time led to increased electrochemical 

currents (Section 3.1), electrodes with 9 s electrodeposition exhibited better analytical 

parameters for detecting the S protein since the resistance to charge transfer was the 

parameter of interest rather than the electrochemical current. Furthermore, the cost of 

the sensing units is decreased with less gold being deposited, and therefore the 9 s 

electrodeposition time was used in subsequent studies.  

 

Figure 4. Calibration curves of S protein and BSA for different Au deposition times: 9 

(A), 30 (B), and 90 s (C). (D) Sensitivities for S protein and BSA for each Au deposition 
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condition. EIS conditions: 0.1 mol L–1 PBS containing 4.0 mmol L–1 [Fe(CN)6]4–/3– at 

OCP. (E) Rct signals from SARS-CoV, SARS-CoV-2, and BSA at 10–9 mol L–1 in PBS. 

 

All the sensing results reported so far were obtained with SARS-CoV protein as 

the target analyte. We now report on the use of the same immunosensor to detect 

SARS-CoV-2 S protein. Figure 4E shows that SPEs modified with 9 s gold deposition 

time could distinguish 10–9 mol L–1 S protein from SARS-CoV, S protein from SARS-

CoV-2, and BSA (control) with a statistically significant difference using the ANOVA-

Tukey test (p ≤ 0.05). To  

confirm this statistical significance, we plotted the data for BSA, SARS-CoV, 

and SARS-CoV-2 at the same concentration of S protein (10–9 mol L–1 in PBS) using 

principal component analysis (PCA). Figure S5 indicates excellent distinction of the 

samples, with more than 94% of data explained by PCA. We emphasize that all 

measurements were performed with the proteins separately and at the same 

concentration (BSA, SARS-CoV, and SARS-CoV-2). 

As expected, Rct after interaction with S protein from SARS-CoV-2 had an 

intermediate value due to its lower interaction rate with the antibodies than the S 

protein from SARS-CoV. Rct differs in each case which means that the immunosensor 

platform may be used to differentiate SARS-CoV viruses. The reason the 

immunosensor could be used to detect both S proteins, from SARS-CoV and SARS-

CoV-2, is associated with their similar features. Indeed, SARS-CoV and SARS-CoV-2 

are closely related, and their S proteins have an overall protein sequence identity of 

76%. The S1 receptor-binding domain is less conserved than the S2 fusion domain 

(76 and 90% identity, respectively) [39]. According to the producer of anti-S protein 

antibodies used in this study, there is cross-reactivity with SARS-CoV-2 S protein [40]. 
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The same was observed by Bates (2021), who measured cross-reactivity for most 

SARS-CoV structural protein-targeted antibodies evaluated against SARS-CoV-2 S 

protein [41].  

The reproducibility in device fabrication was tested with three immunosensors 

obtained with 9 s gold deposition, which were made to interact with 10–9 mol L–1 S 

protein. The immunosensor reproducibility was good, with an RSD of 5.12% (n = 3). 

Although the immunosensor was designed to be disposable, the repeatability of the 

sensor was evaluated to ensure signal stability. This was done with ten successive 

measurements in a single device, and the response to 10–9 mol L–1 SARS-CoV S 

protein varied with a 4.51% RSD (n = 10). The LOD of the immunosensors was 10-11.5 

mol L-1. It is worth mentioning that the values used for quantifying S protein throughout 

this paper correspond to the total Rct value from EIS measurements. Therefore, it 

corresponds to the biosensor itself (MAA, EDC/NHS, Antibody, BSA blocking layer) 

plus the analyte. We have decided to use the total Rct value instead of ΔRct (before 

and after sample interaction) due to two main reasons. The first one is the 

simplification of the test for the user, requiring a single measurement. Furthermore, 

since using ΔRct involves two measurements rather than one, the reproducibility of the 

tests may be affected [31]. Indeed, the RSD% values (n=3) for Rct are 5.37% before 

and 5.12% after sample interaction, while RSD% was 9.64% for the difference.  

 

3.4. Application of the immunosensor in biological samples 

Since saliva is a common means of transmission of infectious diseases [42], 

real human saliva samples were applied to evaluate the analytical performance of the 

immunosensor produced with 9 s gold electrodeposition. As with other coronaviruses, 

the spike protein is abundantly expressed during virus infection and is most effective 
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at inducing antibody responses in the host. Then, early diagnosis can be made by 

detecting antibodies against the SARS-CoV spike protein [43, 44]. SARS-CoV S 

protein concentrations (from 10–11 to 10–7 mol L–1) were added to commercial human 

saliva supernatant obtained after centrifugation of the biological fluid. To assure that 

the changes in Rct are due to antigen-antibody interactions, a control was conducted 

with saliva samples spiked with BSA in the same concentration range. To reduce 

nonspecific interactions between saliva components and the immunosensor, the latter 

was washed after sample incubation using PBS with the addition of a surfactant (SDS). 

Figure 5 shows the Nyquist plot (Figure 5A) and the calibration curves (Figure 5B) for 

real human saliva spiked with SARS-CoV S protein (blue) and BSA (red). The curves 

are similar to those where PBS was used, with Rct increasing linearly (R2 = 0.996) with 

the analyte addition (in log scale). As expected, a higher sensitivity was observed for 

S protein (5.935 Ω L mol–1 mm–2) compared to BSA (1.725 Ω L mol–1 mm–2). However, 

Rct is significantly higher than in the curves with PBS, probably due to nonspecific 

interactions with other saliva components. The increase of R2 (R2 = 0.929) and 

sensitivity related to BSA curves corroborates this hypothesis. This behavior is 

probably due to the successive incubations in saliva and not due to the concentration 

of BSA itself. Therefore, considering a single incubation (30 min), the immunosensor 

can differentiate control and positive samples. It can distinguish S protein and BSA in 

concentrations ranging from 10–11 to 10–7 mol L–1 (n = 3) even in a complex 

environment, indicating its potential applicability in biological samples. 

Last, the biosensors were tested regarding their ability to detect inactivated 

SARS-CoV-2 viruses in saliva samples. As expected, the measured Rct was 

significantly increased in the presence of the virus (106 PFU mL-1) due to interaction 

with the immunosensor (Figure 5C). As the typical range of positive cases of patients 
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infected with SARS-CoV-2 is from 105 to 107 PFU mL–1, the proposed method 

exhibited excellent performance with potential applicability to clinical samples.  

 

Figure 5. Application of the proposed immunosensor in biological samples. (A) Nyquist 

plots after incubation of S protein from SARS-CoV from 10–11 to 10–7 mol L–1 in saliva 

samples. (B) Calibration curves for S protein from SARS-CoV and BSA in saliva. (C) 

Nyquist plot for detection of inactivated SARS-CoV-2 viruses in saliva. The inset 

shows the Rct obtained for negative (in the absence of the virus) and positive (in the 

presence of 106 PFU mL-1 of the virus) samples. 

 

A list of immunosensing platforms for SARS-CoV and SARS-CoV-2 is shown 

in Tables S2 and S3, in the supplementary material. It is worth mentioning that none 

of the devices from the literature have been tested for the detection of both SARS-

CoV and SARS-CoV-2, which is the case here. The immunosensor that we reported 

is competitive with other platforms. Even though its LOD is higher than more 

sophisticated immunosensors, its low cost (US$ 0.03) and potential direct applicability 

to biological samples represent considerable advantages. The immunosensor is also 

advantageous due to the ease of preparation and manipulation, as it is label-free and 

does not use expensive materials (graphene, carbon nanotubes) that are commonly 

employed in highly sensitive electrochemical sensors. 
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4. CONCLUSIONS 

A disposable immunosensor for the sensitive determination of S proteins from 

SARS-CoV and SARS-CoV-2 was fabricated onto SPCEs decorated with 

electroformed gold nanoparticles followed by functionalization with a SAM and a layer 

of anti-S protein antibodies. The label-free immunosensing platform had a LOD of 3.39 

pmol L–1 and provided quantitative results in spiked human saliva using only 10 μL in 

a 30 min single incubation step. The high analytical performance exhibited by the 

disposable immunosensor and its simple operation - with no need for signal 

amplification strategies - make the method an attractive alternative to identify SARS-

CoV and SARS-CoV-2 in point-of-care settings. The immunosensor for S protein is 

competitive with other affinity electrochemical biosensors in terms of simplicity, test 

time, and sensitivity. The features of the simple immunosensor are promising for the 

deployment of mass testing in any country. To make this a reality, efforts are needed 

for a complete validation with a more significant number of samples and of different 

nature, in addition to a comparison with gold-standard techniques such as ELISA 

immunoassays and RT-PCR.  
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