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Abstract

:

The COVID-19 pandemic has underscored the critical need for virus detection methods that are precise, simple, quick, and cost-effective. Electrochemical immunoassay-based methods are a practical solution given their ability to quickly, inexpensively, sensitively, and selectively detect the virus at the point of care. This study details the immunomagnetic capture of SARS-CoV-2 nucleocapsid protein in nasal samples, followed by electrochemical detection using gold nanoparticle labels on a screen-printed carbon electrode. We determined ideal conditions for the size of the gold nanoparticles and the length of the deposition time to maximize the electrochemical signal. The limit of detection for nucleocapsid protein was determined to be 2.64 ng/mL in PBS. The assay was successfully demonstrated to detect nucleocapsid protein in SARS-CoV-2-positive samples with a viral load as low as Ct = 25 (p-value < 0.0001 vs. negative patient control).
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1. Introduction


The social, economic, and healthcare challenges posed by the COVID-19 pandemic have been unprecedented. As of January 2023, worldwide COVID-19 cases have surpassed over half a billion, with an associated death toll of more than 6.6 million [1]. Early in the pandemic, large-scale testing, timely detection, and isolation were identified as vital elements to control the spread [2]. The 2019 COVID pandemic has demonstrated the need for easy, fast, cost-effective, and accurate virus detection techniques. Recently, viral outbreaks such as Monkeypox, Marburg, Ebola, and COVID-19 variants have been of concern. Such outbreaks highlight the need for effective and inexpensive point-of-care (POC) diagnostic tools for surveillance and to deploy rapid medical countermeasures.



Since December 2021, the FDA has authorized two oral antiviral medications for COVID-19. While vaccinations remain the primary and potent tool against COVID-19, antiviral drugs have been found to be effective if administered as soon as possible after diagnosis (within five days of developing symptoms) [3]. Polymerase chain reaction (PCR) remains the gold standard for COVID-19 detection. However, centralized laboratory-based PCR testing involves long turnaround times (up to several days) [4]. Currently authorized COVID-19 antiviral drugs are effective if administered within five days of symptom onset. Hence, widespread access to rapid and accurate point-of-care companion diagnostic tests is essential for the success of antiviral drugs against SARS-CoV-2 infections [5].



Antigen-based immunoassays have been extensively utilized to test for COVID-19. Detection methods include electrochemical, optical, piezoelectric, magnetic, and plasmonics-based methods to detect the COVID-19 antigen [6,7]. Among these, electrochemical immunoassay-based biosensors are a practical approach given their capability for rapid, inexpensive, sensitive, and selective detection at the point of care [8]. Electrochemical (EC) biosensors recognize the interaction between an analyte (e.g., a pathogen or a label) and a recognition element (e.g., a capture antibody), producing an electrical signal that is monitored by a transducer [9]. Often, EC biosensors are combined with metal nanomaterials such as silver (Ag) and gold (Au) nanoparticles (NPs). Such nanomaterials provide distinct advantages such as a high surface-to-volume ratio, superior electron transfer properties, and stability in immobilized biomolecules. EC biosensors utilizing screen-printed carbon electrodes (SPCEs) modified with such nanomaterials offer improved analytical and miniaturization capabilities for POC use [10]. Further, the addition of an immunomagnetic step enables the capture and concentration of the analyte of interest, especially from larger-volume samples [11].



A “sandwich approach” combining immunomagnetic beads for analyte capture and an antibody-conjugated EC label has been utilized to detect pathogens [12]. The use of immunomagnetic beads enables the preconcentration of analytes from complex biological samples and the magneto-controlled transport of the sandwich to the surface of an SPCE for detection [13,14,15]. The secondary component of the sandwich involves antibodies that are labeled with an EC marker. These antibodies are designed to bind to the target analyte at a different site than the immunomagnetic bead-conjugated antibodies. The use of secondary EC labels enables the amplification of the detection signal [16]. Thus, the sandwich approach combines two advantages: preconcentration from large sample volumes and signal amplification. Nascimento et al. reported the use of magnetic beads combined with AuNPs for the detection of the SARS-CoV-2 spike protein in saliva [17]. Karakus et al. developed an AuNP-based biosensor that was utilized for the detection of the SARS-CoV-2 spike antigen in spiked saliva samples [18]. More broadly, EC biosensors for detecting SARS-CoV-2 have been well described, and readers can refer to recent reviews on the same [19,20,21].



Most immunoassays for detecting SARS-CoV-2 active infections utilize the nucleocapsid (N) or the spike protein (antigen) as targets. Many commercially available immunoassay-based COVID-19 self-tests in the US use the N protein (antigen) as a target of detection (Flowflex, BinaxNOW, QuickVue, InteliSwab, BD Veritor, iHealth) [22]. N-based antigen assays have been reported to have higher sensitivity than spike-based assays in nasopharyngeal specimens [23]. According to the literature, 1000 copies of the N protein are expressed by each SARS-CoV-2 virion, compared with an estimated 100 spike protein trimers, which equates to 300 monomers [24]. Here, we target the N protein as our diagnostic marker for SARS-CoV-2 infection in nasal samples.



In this work, we report the use of a magneto-controlled immuno-capture of the SARS-CoV-2 N protein in nasal samples and subsequent EC detection using gold nanoparticle (AuNP) labels (Figure 1). The feasibility of using AuNP labels for EC detection on an SPCE has been well established. The authors direct the interested reader to several noteworthy resources wherein the characterization of the EC mechanism has been described theoretically and experimentally [25,26,27,28]. Magnetic beads (MBs) conjugated with anti-nucleocapsid protein were used to preconcentrate the N protein from nasal samples while simultaneously labeling with AuNPs, forming a sandwich. We identified the ideal size for AuNPs to be used in the assay by considering both the strength of the signal they produce and the ease of attaching antibodies to them. We also determined the ideal deposition time that yields a maximum EC signal and lower noise. Utilizing these parameters, we can report the detection of the N protein in PBS buffer and COVID-19-positive nasal samples. To the best of our knowledge, this is the first protocol to demonstrate the simultaneous magnetic particle preconcentration and AuNP labeling of human-nasal-sample-extracted N proteins for EC detection. Once generated, the MB-N protein-AuNP sandwich is transferred to an SPCE for EC detection utilizing Differential Pulse Voltammetry (DPV).




2. Materials


2.1. Reagents for Immunomagnetic Separation and Sandwich Formation


The SARS-CoV-2 N protein (Catalog# NUN-C5227), the S46 Anti-SARS-CoV-2 N antibody (Catalog# NUN-S46) for conjugation to AuNPs, and the biotinylated anti-SARS-CoV-2 N antibody (Catalog# NUN-S47) for conjugation to M-280 streptavidin beads were obtained from ACROBiosystems (Newark, DE, USA). AuNPs of different nominal diameters (5 nm dia., Catalog# EM.GC5/4; 10 nm dia., Catalog# EM.GC10/4; 20 nm dia., Catalog# EM.GC20/4; 40 nm dia., Catalog# EM.GC40/4) suspended in DI water were procured from BBI Solutions (Portland, ME, USA). M-280 streptavidin superparamagnetic particles (Catalog# 11205D), PBS buffer (pH 7.4, Catalog# 10010049), and dithiobis(succinimidyl propionate) (DSP) (Catalog# 22585) were obtained from Thermo Fisher Scientific (Waltham, MA, USA). The conjugation of S46 Ab to AuNPs (S46-AuNP) was performed using a previously described thiol chemistry [29]. The stock concentration of the 20 nm AuNPs used in the N protein detection experiments was calculated to be 1.132 × 10−4 g/mL (1.4 × 1012 AuNPs/mL) and does not account for losses incurred during the antibody conjugation process. Unless otherwise mentioned, PBS was used at 1× concentration. The conjugation of M-280 particles to S47 antibody (S47-M280) was performed as per Thermo Fisher Scientific’s protocol [30]. The concentration of the prepared M-280 particles was calculated to be 5 mg/mL (3.25 × 108 MBs/mL) and does not account for particle losses incurred during the conjugation process. SARS-CoV-2 N protein was obtained from ACROBiosystems (Catalog# NUN-C5227, 400 μg/mL, 50 μL aliquots). All reagents were of analytical grade and were used as received. Ultra-pure deionized (DI) water prepared with a Purelab System (ELGA Purelab, High Wycombe, UK) was used throughout this work. A custom 3D-printed fixture positioned the SPCE directly above the magnet for magnetic bead capture (Supporting Information, Figure S1). A 2 mm neodymium magnet (Dura Magnetics, Sylvania, OH, USA) was integrated into the 3D-printed fixture. All instances of rotation within the protocol occurred on a Mini Lab Roller (Labnet H5500 Mini Lab Roller (Edison, NJ, USA)). A BioTek ELx800 plate reader (Winooski, VT, USA) was used to analyze an enzyme-linked immunosorbent assay (ELISA) plate. BinaxNOW extraction reagent was procured as part of the BinaxNOW COVID-19 Antigen Self-Test Kit (Catalog# 550147, CVS Pharmacy, Woonsocket, RI, USA).




2.2. Materials for ELISA


ELISA was used to quantify the immunological qualities of the antibody. A high-affinity polystyrene 96-well plate (Corning Costar, Catalog# 3590), BuPH Modified Dulbecco’s phosphate buffered saline solution (MPBS, Catalog# 50-255-873), bovine serum albumin (Catalog# B14), Tween 20 (Catalog# 655204), StartingBlock Blocking Buffer (“blocking buffer,” Catalog# PI-37538, lot# VH312465), biotinylated mouse IgG1 (AS47) anti-SARS-CoV-2 N antibody (ACROBiosystems NUN-S47L8-200ug, Catalog# 50-205-5033, lot# BLS47-20AUF1-2117), and 1-Step Ultra TMB (3,3′,5,5′ tetramethylbenzidine) ELISA Substrate Solutions (Catalog# 34028) were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Streptavidin-conjugated horseradish peroxidase (HRP, Catalog# DY998) was obtained from R&D Systems (Minneapolis, MN, USA). The “wash buffer” used in the protocol consisted of 0.05% Tween 20 (v/v) in MPBS. The “tracer antibody” included a biotinylated anti-SARS-CoV-2 N antibody diluted to 800 ng/mL in MPBS (1% BSA (w/v)). The “stop solution” used was 2 normal sulfuric acid.




2.3. Apparatus for Electrochemical Detection


Hydrochloric acid (HCl) (Catalog# 339253) was obtained from Sigma-Aldrich (St. Louis, MO, USA). The SPCE used in the EC detection (Catalog# TE-100, Zensor R&D, Taiwan) was a three-electrode system consisting of a carbon working electrode (3 mm dia., geometric working area of 7.07 mm2), a carbon counter electrode, and a silver pseudo-reference electrode. A Gamry Reference 600 potentiostat (Warminster, PA, USA) was used for EC analysis.




2.4. Clinical Samples


We utilized residual nasal swab samples collected from individuals seeking a diagnosis for symptoms that align with COVID-19. The nasal swabs were collected in viral transport media (VTM). These samples were previously subjected to RT-PCR testing for SARS-CoV-2 using platforms that received emergency use authorization (EUA) from the U.S. Food and Drug Administration (FDA). After testing, residual patient samples were stored at −20 °C. Prior to using them for this study, these specimens were deidentified (IRB protocol 7275) and unlinked from subjects. In this study, residual, deidentified specimens were collected from 72 females and 61 males, ranging in age from 1 to 96 years. All samples were from patients presenting with respiratory symptoms consistent with COVID-19 at the University of Utah hospital and clinic system. Freeze–thaw cycles were minimized.





3. Methods


3.1. Direct EC Detection of AuNPs on the SPCE


We utilized two pulsed voltammetric techniques, square wave voltammetry (SWV), and DPV, for our analysis. SWV is a special type of DPV [27]. We utilized SWV to identify improved parameters for AuNP size and deposition time. Utilizing these parameters, we performed the subsequent analysis using DPV.



A volume of 2 μL containing different concentrations (D0 = 1.4 × 108, D1 = 1.4 × 107, D2 = 1.4 × 106 and D3 = 1.4 × 105 particles per 2 μL) of different-sized AuNPs (diameter = 5, 10, 20, 40 nm) in DI water was drop-cast on the carbon working electrode of the SPCE and dried in a laminar flow hood until completely dry. A volume of 2 μL was chosen because this volume completely covers but does not extend beyond the surface area of the 3 mm working electrode surface. The droplet on the working electrode was observed to wet the whole working electrode surface up to the electrode insulation material of the SPCE. The control consisted of 2 μL of DI water (no AuNPs) used as a sample for EC detection. Scanning electron microscopy (SEM) was used to verify that the dried AuNP coverage of the working electrode was uniform (image not shown). After the AuNP sample was completely dry, 50 μL of 0.1 M HCl in 5 mM PBS (the supporting electrolyte) was added to the SPCE, completely covering the working, counter, and reference electrodes. A constant voltage of 1.25 V was applied for 120 s (deposition time) to oxidize the AuNPs adsorbed on the surface of the SPCE. This was followed by an SWV scan from 1.25 to 0 V with a pulse size of 50 mV and a frequency of 10 Hz.



The SWV EC signal was normalized by the total mass of the particles in the 2 μL volume (such that the Au ion concentration for a given dilution was equal for all the AuNP sizes under consideration). AuNPs (in an HCl solution) at a potential of +1.25 V oxidized to AuCl4−. Subsequently, a potential scan from 1.25 to −0.2 V resulted in the reduction of AuCl4− to Au, with a cathodic peak observed at 0.3 V. We hypothesized that smaller AuNPs should yield a higher cathodic peak given the larger proportion of surface atoms vs. core atoms (in comparison with larger AuNPs with a lower surface-area-to-volume ratio) [31].



We then determined the optimal deposition time by drop-casting 2 μL of 20 nm AuNPs (concentration = 1.4 × 106 particles in 2 μL DI water) on the SPCE and applying a constant voltage of 1.25 V at four different durations (deposition times = 30, 60, 120, 180 s, performed in 50 μL of 0.1 M HCl solution (supporting electrolyte)). We then performed SWV and measured the peak current. The control (blank) consisted of the peak signal from the SPCE when 2 μL DI water (no AuNPs) was drop-casted and subject to different deposition times (30, 60, 120, 180 s, supporting electrolyte = 50 μL of 0.1 M HCl). The rest of the EC parameters were the same as noted above.



DPV was also used for analysis at the optimized AuNP size (20 nm AuNPs) and deposition time (120 s). The DPV settings were as follows: step size = 10 mV, sample period = 0.294 s, pulse size = 50 mV, and pulse time = 0.1 s. DPV was performed at different concentrations of AuNPs in 2 μL of DI water (from D0 = 1.4 × 108 to D3 = 1.4 × 108). The control (blank) consisted of the peak signal when 2 μL of DI water (no AuNPs) was drop-casted on the SPCE (deposition time = 120 s, supporting electrolyte = 50 μL of 0.1 M HCl). For the EC experiments (SWV and DPV), peak current (associated with reducing Au3+ to Au0+) at 0.3 V was measured and recorded. Data were processed using the GraphPad Prism and JMP software (one-way ANOVA, Tukey multiple comparison test). In the figures, an asterisk (*) denotes different probability values as per the GraphPad style (Supporting Information, Table S1). The selection criteria for the optimal nanoparticle diameter included (1) high signal-to-mass ratio and (2) ease of use in antibody conjugation and assay integration.




3.2. ELISA Protocol for the Characterization of SARS-CoV-2 Capture Antibody


ELISA was performed to confirm the affinity of capture antibodies utilized to target the N protein. In total, 100 μL of 2.5 μg/mL S46 anti-SARS-CoV-2 nucleocapsid antibody (in MPBS) was added to each well of the 96-well plate. The plates were then sealed and incubated overnight (16 h) at 4 °C. Subsequently, the plates were incubated at 37 ℃ on a shaking incubator (250 RPM, VorTemp) for 30 min. The plates were then rinsed thrice with 300 μL (422 μL/s, MultiFlo dispenser) of wash buffer. The plates were blocked by adding 200 μL of blocking buffer and incubated at 37 °C on a shaking incubator (250 RPM, VorTemp) for 60 min. Subsequently, the plates were washed thrice with 300 μL of wash buffer. In total, 100 μL of tracer antibody was added to each well, sealed, and incubated at 37 ℃ on the shaking incubator for 2 h. The plates were then rinsed thrice with 300 μL of wash buffer and labeled by adding 100 μL of 1:200 streptavidin-HRP (1% BSA in MPBS) to each well. The plates were then incubated at 37 ℃ for 25 min and rinsed thrice with 300 μL of wash buffer. Finally, 100 μL of 1-Step Ultra TMB-ELISA Substrate Solution was added to each well and incubated at 37 °C for 30 min. The reaction was stopped by adding 50 μL of the stop solution to each well. A standard ELISA plate reader was utilized to measure the absorbance of each well (measured at 450 nm and 630 nm). The absorbance values were normalized with an optical density at 630 nm subtracted from the optical density at 450 nm.




3.3. Immunomagnetic Capture and EC Detection of COVID-19 Nucleocapsid Protein


AuNP conjugation and immunomagnetic capture were performed on different dilutions of SARS-CoV-2 N protein suspended in 500 μL of PBS to determine the analytical sensitivity of the assay. N protein was serially diluted by factors of ten or less to generate concentrations of 10, 5, 2, and 1 ng/mL (control = 0 ng/mL, i.e., PBS).



Next, 15 μL of prepared S46-AuNPs (20 nm AuNPs) and 4 μL of S47-M-280 magnetic particles were added to each aliquot. The samples were then placed on a rotator for 120 min. Samples were then placed on a custom magnetic separation rack for 3 min with a gentle inversion of the tube performed at 90 s. The supernatant was removed, and 1 mL of PBS containing 0.1% Tween 20 was added to each sample tube. The tubes were returned to the rotator for 5 min and again placed on the magnetic separation rack for 3 min with a gentle inversion of the tube performed at 90 s. The supernatant was removed, and 1 mL of PBS was added to each sample tube, followed by a 5 min rotation and magnetic separation, as previously performed. Then, 100 μL of PBS was added to the sample, followed by 20 cycles of gentle pipette mixing.



Samples were electrochemically analyzed in a randomized sequence. In total, 25 μL of each sample (100 μL) was gently pipette mixed with 25 μL of 0.2 M HCl and placed on the SPCE covering all three electrodes. DPV was then performed on each sample (same DPV setting as described in Section 3.1; deposition time = 120 s).




3.4. Immunomagnetic Capture and EC Detection of COVID-19-Positive Human Nasal Samples


All patient samples were handled adhering to Biosafety Level-2 (BSL-2) regulations. Patient samples were gently resuspended by inverting the sample tube ten times. A 50 or 250 μL aliquot was taken from the patient sample. Next, an equivalent volume (50 or 250 μL, respectively) of BinaxNOW extraction reagent was added to each aliquot and placed on the rotator for 10 min. Then, 15 μL of prepared S46-AuNP and 4 μL of S47-M-280 magnetic particles were added to each aliquot and placed on the rotator for 120 min. Subsequent mixing, magnetic separation, washing, resuspension (in 100 μL of PBS), and SWV-based detection (25 μL aliquot) were performed as described in Section 3.3.





4. Results and Discussion


4.1. Optimization of AuNP Size and Deposition Time to Yield Maximum EC Signal


The ideal size for AuNPs was chosen based on two primary factors: the signal-to-mass ratio and the density of antibody conjugation. As the mean diameter of the particles decreases, the ratio of surface-exposed gold atoms to the given mass of gold increases. Theoretically, a higher proportion of surface-exposed gold for a specific mass should facilitate greater electron transfer, leading to an amplified normalized signal.



As shown in Figure 2, 10 nm AuNPs produced the maximum normalized signal for all the dilutions under consideration. The 20 nm AuNPs produced the second-highest normalized signal for the three lower dilutions under consideration (D1, D2, D3). This result is expected given the relative increase in surface area to mass as the diameter of the particle decreases. However, the smallest particle diameter, 5 nm AuNPs, with the highest surface-to-volume ratio, did not yield the highest normalized signal as expected. This was previously observed by de la Escosura-Muñiz et al. and attributed to the Brownian effects governing smaller particles [32].



The rationale for selecting the 20 nm AuNPs and not the particles with the largest EC signal, the 10 nm AuNPs, was due to the antibody conjugation density and ease of conjugation. Our detection assay’s effectiveness depends on the number of IgG antibodies that can conjugate to AuNPs. Previous experimental studies have shown that ~3 antibodies conjugate to a single 20 nm diameter AuNP using our conjugation process [33]. We argue that the number of attached antibodies would be even lower for 10 nm AuNPs (given the jamming limit) [33]. This work also predicts that the conjugation of antibodies to 10 nm and 5 nm AuNPs will be 0.88 and 0.22, respectively (see Supporting Information), and insufficient for reliable labeling [33]. For these reasons, we selected the 20 AuNP as the most ideal for electrochemical labeling in our system.



It was important to determine the optimal deposition time for the 20 nm AuNPs. Numerous factors can influence the optimal deposition time for an EC system. Through empirical testing, we observed that increased deposition times resulted in increased noise. As shown in Figure S2, the highest peak current was observed at 180 s. However, the blank signal also increased when the deposition time increased (observed to be highest at 300 s). This was possibly due to the supporting electrolyte (0.1 M HCl) affecting the carbon or reference electrodes over time [34]. The ΔSignal illustrates the combined influence of the increased deposition time with the increase in noise. The ΔSignal for the 120 and 180 s deposition times had similar values (0.60 and 0.62 μA, respectively). Hence, we chose the lower duration, viz—120 s, as the optimum deposition time.



Figure 3 shows the absolute EC signal (DPV) from various dilutions (D0 to D3) of 20 nm AuNPs. The lowest signal that could be detected was at D2, which was 30% higher than the blank signal. However, ANOVA shows that the signal at D2 was not statistically significant vs. the blank (p-value = 0.558). The D1 signal was statistically significant compared with the blank (p-value = 0.0027). We also generated a calibration curve (Inset Figure 3). The curve was observed to be linear in the range of D3 = 1.4 × 105 to D1 = 1.4 × 107 (AuNPs in 2 μL of DI water) with the regression equation   y = 1.069 ×   10   − 8     x + 0.3225   (    R   2   = 0.99  , where   y   is the absolute DPV peak current in μA, and   x   is the AuNP dilution). The limit of detection (LOD) was equal to   9 ×   10   6     AuNPs (in a 2 μL volume). The LOD was calculated as 3.3*(σ/S), where σ is the standard deviation of the regression line, and S is the slope of the calibration curve. The LOD represents the lowest absolute number of 20 nm AuNPs we can detect (on a 3 mm dia. SPCE under given DPV parameters). The LOD also represents the best-case scenario for detecting an analyte on a 3 mm SPCE under our experimental parameters (assuming a near or one-to-one binding of the analyte to an AuNP).




4.2. Validation of SARS-CoV-2 Nucleocapsid Protein Binding to Anti-SARS-CoV-2 Nucleocapsid Antibody Utilizing ELISA


Of the four structural proteins comprising SARS-CoV-2, the spike and nucleocapsid proteins are particularly interesting in viral detection. The spike protein was identified early in the 2019 coronavirus pandemic as a potential viral target. As research on the virus progressed, an RNA-binding protein responsible for genome packaging known as the N protein was identified as one of the most abundant proteins in the virions [35]. The N protein was reported to be of potentially more significant interest as a viral target than the spike protein [36]. This protein has been well characterized by others [37,38]. As per the ELISA data (Figure S3) provided by the manufacturer (ACROSBiosystems), the anti-SARS-CoV-2 capture antibodies used in our work (S46 and S47) exhibited minimal cross-reactivity with the nucleocapsid proteins of other coronaviruses (MERS, HCoV-229E, HCoV-NL63, and HCoV-OC43) [39,40]. The limit of detection (LOD = 3.3σ/S) for the nucleocapsid protein in the ELISA was determined to be 0.075 ng/mL. A plot of this data is shown in Figure S4.




4.3. Analytical Sensitivity of the Assay for the Detection of SARS-CoV-2 Nucleocapsid Protein in PBS


Analytical sensitivity refers to the ability of an assay to detect the smallest amount of a target analyte, in this case, the SARS-CoV-2 nucleocapsid protein [21]. The assay’s performance in detecting different concentrations of SARS-CoV-2 N protein in PBS was evaluated. As described in Section 3.3, AuNP conjugation and immunomagnetic capture were performed on different concentrations of SARS-CoV-2 N protein suspended in 500 μL of PBS (ranging from 1 to 10 ng/mL). Figure 4 shows that a linear calibration plot was observed in the 1–10 ng/mL range with a regression equation:   y = 0.1   x + 0.1388   (    R   2   = 0.98  ). The calculated LOD was 2.64 ng/mL (calculated as LOD = 3.3 (σ/S), where σ is the standard deviation of the calibration curve, and S is the slope of the calibration curve). The 0 ng/mL blank control provided a peak current of 0.065 μA. This signal corresponds to AuNP conjugation and immunomagnetic capture performed on 500 μL of PBS (no analyte present). While we observed large standard deviations in our current results (as seen in Figure 4), we recognize the importance of assay precision. To address this and further validate our findings, we plan to conduct a spike-recovery test in subsequent studies. Our current assay comprises a 120 min incubation period, followed by a cumulative washing duration of 19 min and a 2 min electrochemical signal acquisition. The overall duration of the entire procedure is approximately 141 min. Table 1 lists the performance of EC immunoassays that utilize separation with immunomagnetic particles (either antibody- or peptide-conjugated) and an EC tag for the detection of SARS-CoV-2. Our LOD is comparable [41] or better [13] than the results described in the literature. Malla et al. utilized peroxidase-loaded magnetic beads to capture and detect the spike protein of COVID-19 in serum, urine, and saliva. The study utilized human samples spiked with different concentrations (3.12–200 ng/mL) of SARS-CoV-2 spike protein and did not utilize the study on actual clinical samples [41]. Fabiani et al. developed an EC immunoassay for N protein using primary-antibody-conjugated MBs and a secondary phosphatase EC tag. The device provided a LOD of 10 ng/mL and was utilized to detect N protein in SARS-CoV-2-positive human saliva samples [13]. An EC immunoassay utilizing peptide-conjugated MBs and a secondary AuNP EC tag was utilized by Nascimento et al. for the detection of the spike protein of SARS-CoV-2 in clinical saliva samples. The assay reported a LOD of 0.35 ag/mL spike protein in saliva. This is about ten orders of magnitude better than what is currently reported in the literature (Table 1). A LOD of 0.35 ag/mL for the spike protein, using a 50 µL aliquot (used in the study) and a 3 mm working electrode dia., translates into the detection of less than one AuNP (20 nm) on a given SPCE (see Supporting Information). We observed a LOD of   2.8 ×   10   6     (20 nm) for bare, immobilized AuNPs on the working electrode of the SPCE. A recent study reported a LOD of   6.1 ×   10   3     (60 nm) for AuNPs on an SPCE (2.64 mm2 geometric working electrode area) [42]. We were not able to replicate the same result observed by Nascimento et al. with similar equipment, and the reason for this greatly enhanced performance is not obvious based on our current knowledge.




4.4. Detection of SARS-CoV-2 in Clinical Samples


The clinical sensitivity of the assay for detecting SARS-CoV-2 in nasal samples was evaluated. The assay was able to detect SARS-CoV-2-positive samples with cycle thresholds (Ct) of up to 14.3 with statistical significance (p-value < 0.0001 vs. negative sample; one-way ANOVA) (Figure 5). However, the signals for Ct = 23.4 and Ct = 28.5 were not statistically significant (p-values = 0.9980 and 0.9997, respectively, vs. negative sample; one-way ANOVA). We hypothesized that by utilizing a larger-volume aliquot of the nasal sample, we could utilize the MB-based preconcentration to increase the clinical sensitivity of our assay. Hence, we repeated the assay on a 250 μL aliquot (out of the 1 mL nasal samples) and performed EC (DPV) detection. One of the key advantages of immunomagnetic separation over the BinaxNow and similar lateral flow detection mechanisms is the volumetric range that the assay can intake. The BinaxNow detection kit is limited to a sample volume equal to that captured by the nasal swab, which is approximately 50 μL. Using immunomagnetic separation, our assay can reasonably intake up to 500 μL of the sample input. Increased sample intake increases the total amount of analyte and consequently improves the LOD.



Figure 6 shows that the peak currents associated with all the positive samples tested were above those of the negative samples. The assay detected SARS-CoV-2-positive samples with a viral load down to Ct = 25 with statistical significance (p-value < 0.0001 vs. negative sample 1). The peak current associated with Ct = 31 was 21% higher than that for negative samples. However, this difference was not statistically significant (p-value = 0.0976 vs. negative sample 1). It is important to note that we achieved an improved LOD by increasing the sample aliquot from 50 to 250 μL. For nasal samples, the swabs were placed in 1 mL of viral transport media for SARS-CoV-2 commercial PCR assays [43]. Hence, by utilizing a larger sample volume (volumes higher than the 250 μL used in our study) for the MB preconcentration, the assay can, in principle, achieve increased sensitivity. Alternatively, the modification of the collection protocol by reducing the initial sample dilution volume from 1 mL to 250 μL could further improve the clinical sensitivity. The future integration and automation of various steps described in this work utilizing microfluidic devices can lead to the assay being run at the point-of-care [44,45].





5. Conclusions


We described an EC immunosensor for detecting SARS-CoV-2 via the detection of the N protein in nasal samples. The detection utilizes the immunomagnetic capture of SARS-CoV-2 N protein from nasal samples and a second antibody conjugated to 20 nm AuNPs as the EC label. The LOD for the drop-cast bare AuNPs on the electrode under the same EC conditions was determined to be   9 ×   10   6     AuNPs. We believe this represents the lowest LOD possible for non-aggregated N protein bound in a one-to-one ratio with AuNPs. We used ELISA to confirm the sensitivity of the SARS-CoV-2 N protein. We optimized the size of the AuNPs used and the deposition time. We determined that a deposition time of 120 s was the most ideal for this EC system. Immunomagnetic capture of SARS-CoV-2 N protein from infected nasal samples and subsequent EC detection using AuNP labels were demonstrated using human patient samples with PCR detection values as high as 25 Ct. As part of our future research endeavors, we plan to conduct comprehensive specificity tests to ensure the robustness and reliability of our approach. To the best of our knowledge, this is the first instance of combining immunomagnetic separation with EC secondary bead-based tags (AuNPs) utilized for the EC detection of SARS-CoV-2 in nasal samples on an unmodified SPCE. Future efforts will focus on automating and integrating the various processes in our assay into a point-of-care platform.
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Figure 1. This schematic depicts the nucleocapsid protein detection process utilized in this work. This figure is not drawn to scale. The figure was created using BioRender.com (accessed on 2 July 2023). 
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Figure 2. Normalized EC peak current (SWV) was obtained for different sizes of AuNPs (5, 10, 20, 40 nm) at different dilutions (D0 = 1.4 × 108, D1 = 1.4 × 107, D2 = 1.4 × 106, and D3 = 1.4 × 105 AuNPs in 2 μL of DI water). The inset shows the normalized EC plots for dilutions D0 and D1 for clarity. Error bars represent standard deviation (n = 3). A 0.24 μA peak current (n = 3, standard deviation = 0.014) was obtained for the control (2 μL of DI water, no AuNPs). The mean values of normalized current are labeled above the columns. 
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Figure 3. Absolute EC peak current (DPV) was obtained for 20 nm AuNPs in serial 10x dilutions (D0 = 1.4 × 108, D1 = 1.4 × 107, D2 = 1.4 × 106, and D3 = 1.4 × 105 AuNPS in 2 μL of DI water). Error bars represent standard deviation (n = 3). The blank (2 μL of DI water, no AuNPs) represents the control. The mean values of peak current are labeled above the columns. The inset shows the calibration curve generated for AuNP dilutions in a range of D0–D3. In total, 50 μL of 0.1 M HCl was used as the supporting electrolyte (deposition time = 120 s). The asterisk (**) denotes different probability values as per the GraphPad style (see Supporting Information, Table S1). 
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Figure 4. (a) EC DPV peak current corresponding to varying concentrations (0–10 ng/mL) of N protein in 500 μL of PBS buffer (linear regression curve). (b) Subset of the EC DPV peak current corresponding to N protein concentration (in 500 μL of PBS buffer) in a 0–0.5 ng/mL concentration range. Error bars represent standard deviation (n = 3). 
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Figure 5. EC (DPV) peak currents corresponding to human nasal samples obtained from SARS-CoV-2-infected patients (three different cycle thresholds representing varying viral load; analyzed volume = 50 μL). The negative samples (nasal samples from healthy patients) represent the control. Error bars represent standard deviation (n = 3). The mean values of peak current are labeled above the columns. The asterisk (****) denotes different probability values as per the GraphPad style (see Supporting Information, Table S1). 
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Figure 6. EC (DPV) peak currents correspond to human nasal samples obtained from SARS-CoV-2-infected patients (seven cycle thresholds representing varying viral load; analyzed volume = 250 μL). The negative samples (nasal samples from healthy patients) represent the control. Error bars represent standard deviation (n = 3). The mean values of peak current are labeled at the bottom of respective columns above the X-axis. The asterisk (*, ** and ****) denotes different probability values as per the GraphPad style (see Supporting Information, Table S1). 
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Table 1. Electrochemical immunoassays utilized for COVID-19 diagnostics.
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	Technique
	Sample
	Analytical Performance (LOD)
	Ref.





	Immunomagnetic beads for analyte capture and a secondary antibody conjugated to alkaline phosphatase as the EC label (DPV)
	S and N proteins in untreated human saliva
	19 ng/mL for S protein

8 ng/mL for N protein (in untreated human saliva)
	[13]



	Immunomagnetic beads loaded with peroxidase as the EC label (SWV)
	S protein in saliva, urine, and serum (spiked samples)
	0.20, 0.31, and 0.54 ng/mL in human saliva, urine, and serum, respectively
	[41]



	Peptide-conjugated magnetic beads for analyte capture and a secondary peptide conjugated to AuNPs as the EC label (DPV)
	S protein in human saliva
	0.35 ag/mL in human saliva
	[17]



	Immunomagnetic beads for analyte capture and a secondary antibody conjugated to AuNPs as the EC label (DPV)
	N protein in PBS and nasopharyngeal samples
	2.64 ng/mL
	This work
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