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Abstract

:

For over 2 years, the coronavirus has been the most urgent challenge to humanity, and the development of rapid and accurate detection methods is crucial to control these viruses. Here, a 3D FDTD simulation of Au/SiO2/Au metal–insulator–metal (MIM) nanostructures as a biosensor was performed. The strong coupling between the two plasmonic interfaces in the Au/SiO2/Au cavity helped us to obtain relatively higher sensitivity. The attachment of SARS-CoV-2 changed the refractive index, which was used to detect SARS-CoV-2. Due to the higher overlapping of plasmonic mode with the environment of nano-discs, a higher sensitivity of 312.8 nm/RIU was obtained. The peak wavelength of the proposed structure shifted by approximately 47 nm when the surrounding medium refractive index changed from 1.35 (no binding) to 1.5 (full binding). Consequently, the SPR peak intensity variation can be used as another sensing mechanism to detect SARS-CoV-2. Finally, the previously reported refractive index changes for various concentrations of the SARS-CoV-2 S-glycoprotein solution were used to evaluate the performance of the designed biosensor.
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1. Introduction


Since winter 2019, the world has been in a continuous battle with a novel disease [1]. Coronavirus Disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has spread around the world, causing several million deaths globally as of early 2022 [2,3]. To slow down the spread of this disease, different levels of restrictions have been applied in various countries. The daily number of new cases is used as feedback by the health sector authorities to control this disease. Hence, conducting tests for detecting SARS-CoV-2 is a key factor in regulating the restriction policies and fighting this pandemic. Accurate and rapid testing is critical to identifying newly infected individuals, consequently limiting the COVID-19 outbreaks [4,5]. The common method to detect SARS-CoV-2 is reverse transcription polymerase Chain Reaction (RT-PCR) testing, which is referred to as the gold-standard method for COVID-19 diagnosis [6]. It can take several hours to produce a result [6,7]. The process includes extracting ribonucleic acid (RNA) from the collected sample (usually from the person’s throat where SARS-CoV-2 gathers). Then, reverse transcription is performed using a specific enzyme for converting the extracted RNA to deoxyribonucleic acid (DNA), which gets amplified through several cycles. RT-PCR testing requires professional laboratories and trained clinical laboratory staff, making the test highly time-consuming, laborious, and costly [8,9,10]. Hence, there is a need for a reliable and fast method for detecting SARS-CoV-2. Indeed, innovative approaches must be examined to invent novel, sensitive, and highly selective biosensing tools. Some clinical methods of diagnosis have been developed to detect this fatal virus [11,12,13,14]. Such methods suffer from low sensitivity, high cost, and complex laboratory equipment requirements [15]. High sensitivity is a crucial factor for detecting a specific virus at low concentrations [16,17].



Among various types of optical biosensors, plasmonic biosensors are relatively new and promising tools that are capable of detecting different biomarkers through the interaction between the incident light and the matter at subwavelength geometries [18,19,20,21,22,23,24]. Plasmonic resonances are a phenomenon in which an incident light stimulates resonance oscillation of the conduction electrons at the metal–dielectric interface [25,26,27]. Several biosensors have been developed using the surface plasmon resonance (SPR) sensing method for detecting different chemical substances [28,29,30,31,32,33]. An SPR-based biosensor consists of a thin layer of metal (usually gold or silver), which makes the fabrication process complex and costly. Localized surface plasmonic resonance (LSPR) is an alternative method to SPR. In LSPR-based biosensors, nanoparticles are utilized instead of a continuous metal film. In this way, the complexity and cost of the fabrication can be reduced significantly. The sensitivity factor for the SPR-based sensors is higher than for LSPR-based biosensors, but the LSPR-based biosensors have some important advantages [34]. For instance, an LSPR-based biosensor responds with high linearity. It is also less sensitive to temperature variation, and it needs simple instrumentation compared to SPR-based biosensors [34]. Therefore, increasing the sensitivity of LSPR-based biosensors will make this type of biosensor highly desirable for biosensing applications.



Various LSPR-based sensors have been proposed by different research groups for detecting microorganisms and viruses [35,36,37,38]. Due to their unique optical properties during their interaction with incident light, noble metal nanoparticles have been widely used in different applications such as biomedicine, energy, and information technology [39,40,41,42]. The basic concepts (electromagnetic interaction and dielectric constant of metals) were discussed in several studies, and the effects of near-field enhancement, shape, composition, and surrounding medium of nanoparticles on optical properties were described in detail [39,42,43,44,45,46]. The optical properties of plasma-based nanoparticles (for example, light absorption, scattering, and field enhancement) have been used to develop medical and healthcare products and technologies [46,47,48]. In this paper, a novel LSPR-based biosensor for SARS-CoV-2 detection is proposed. Au–SiO2–Au nano-discs were considered as the sensing structure of the sensor. The proposed sensor’s high accuracy and easy-to-use feature may drastically reduce the required time and cost for SARS-CoV-2 testing. There are other advantages of this sensor such as label-free detection, reusability, fast response, and low cost.




2. Sensing Methodology


2.1. Structure Design


SARS-CoV-2 is roughly spherical with an average diameter of 100 nm [49]. The RNA is a single-stranded molecule containing genetic information located inside the virus [50,51]. Nucleoproteins are bound to RNA and enable viral transcription and replication [52]. The RNA and its associated nucleoproteins are encapsulated by a viral envelope, which is a layer made of lipids [53]. The viral envelope protects the genome. It also anchors different proteins needed for infecting cells. Figure 1a shows different parts of SARS-CoV-2. When SARS-CoV-2 enters the body, the immune system produces antibodies, which are Y-shaped proteins, in response to exposure to the antigen. An antibody has an antigen-binding site named a paratope which recognizes the antigen and binds specifically to it. This tagging mechanism helps the immune system fight and eliminate the antigens from the body. Antibodies are broadly used as bioreceptors in biosensors to capture the target elements. The change in physical or chemical properties caused by the binding of the target to receptors can be measured through a transducer. Hence, the target elements can be detected. Our proposed SARS-CoV-2 sensor is an immuno-biosensor that is based on the interaction between the antibody coated on the sensor’s surface and the viral antigen. Figure 1b depicts the structure of the proposed cylindrical metal–insulator–metal nanoparticle-based plasmonic biosensor. The conjugated antibody on the surface of the sensor binds to the spike proteins of the virus. Therefore, the virus can be captured and detected by the sensor. There are different conjugation methods such as adsorption process, affinity-based attachment, crosslinking, and specific covalent linking that can be used in this biosensor for antibody immobilization. Each method provides different binding sites and antibody orientation on the Au surface [54,55].



The plasmonic nanoparticle is surrounded by a medium that is filled with the substance to detect its refractive index changes due to the existence of SARS-CoV-2. The sensor mainly consists of a substrate made of silicon dioxide (SiO2), Au–SiO2–Au metal–insulator–metal nano-discs formed on the surface of the substrate, and the antibody for SARS-CoV-2 coated on the surface of the nano-discs. If viral antigens exist in a test sample, they bind with the sensor’s bioreceptors (the coated antibody). The change in effective refractive index on the sensor’s surface due to the bound viruses can be detected by measuring the resonance frequency. The measurement process includes collecting the sample analyte, usually from oropharyngeal or nasopharyngeal tracts. The sample analyte is dropped on the sensor’s surface, where the nanoparticles with immobilized antibodies are located. Then, the detection process is performed using the optical setup. It is worth mentioning that nonspecific binding is the critical bottleneck for all biosensors. Antibodies are vulnerable to cross-reactivity in which different molecules can bind to the same binding region on the sensor’s surface. There are different ways such as using blocking agents, surface engineering, and sample treatment to minimize the nonspecific binding issue in biosensors [56].




2.2. Methodes


Currently, 700–780 nm wavelength laser diodes are widely available for biomedical measurement [57], and they can be used as an optical source for the excitation of plasmonic nanostructures. In LSPR systems, the electromagnetic field is more intense and closer to the nanoparticles, and it can be approximated as decaying exponentially with distance. In modeling, an adsorption layer whose refractive indices are characterized by virus concentration is used, and an appropriate platform for the detection of SARS-CoV-2 is designed. Although some other steps are needed until the practical realization, an accurate simulation model is very necessary to realize a sensor for the detection of SARS-CoV-2. In our simulation model, SARS-CoV-2 assumed a spherical core–shell system with radii r1 and r2, respectively, containing RNA covered with a membrane protein. Thus, the effective refractive index of the SARS-CoV-2 was calculated by taking a volume-weighted sum of the two refractive indices, as shown in Equation (1).


    n  e f f     =    n 1     V 1     V 1  +  V 2    +    n 2     V 2       V  1 +      V 2    =    n 1  +  n 2     η 3  − 1      η 3      a n d    r 2  = η  r 1  ,   



(1)




where n1 and n2 are the refractive indices of the RNA and the membrane protein volume, and V1 and V2 are their volumes, respectively. η is 1.25 according to the average value of several measurements of transmission electron microscopy (TEM) pictures [58]. Hence, using this effective refractive index and the volume ratio, the effective refractive index for a bonding layer with a thickness of 120 nm was calculated. The value of 120 nm was selected according to the maximum diameter of the SARS-CoV-2 virus. It is important to mention that the refractive of the binding layer depends on the number of bonded viruses, and it is determined by their concentration. Here, the refractive index of 1.35 or a concentration of 0 nM was attributed to the no binding case, a refractive index of 1.43 or a concentration of 0.002 nM was attributed to the medium binding case, and a refractive index of 1.5 or a concentration of 0.001 nM was attributed to the full binding case.



Our proposed SARS-CoV-2 biosensor monitors the extinction peak shifts induced by changes in the refractive index of the surrounding environment of the nano-discs. The absorption and scattering of light by a nanoparticle can be characterized by its electrostatic polarizability. For instance, for spherical nanoparticles, the electrostatic polarizability can be written as Equation (2).


  a  =   3 V   4 π      ε m   λ  −  ε a   c       ε m   λ  + 2  ε a   c    =  r 3     ε m   λ  −  ε a   c       ε m   λ  + 2  ε a   c    ,   



(2)




where εm(λ) is the optical permittivity of metal nanoparticles as a function of wavelength, εa(c) is the refractive index of the adsorption layer as a function of concentration, V is the volume, and r is the radius. By obtaining the integrated absorption and scattering, the extinction cross-sections can be obtained using Equation (3).
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where k is the wave number (k =   2 π      ε a   c     2  / λ  ). In this work, a numerical method was used, and the extinction spectra were calculated. The fabrication processes of the MIM nano-discs are shown in Figure 2, which can be applied to obtain a realistic MIM biosensor. ZEP520A is a high-performance positive electron beam (E-beam) resist which shows high resolution and dry etch resistance [59,60]. It is suitable for various E-beam processes, which can be used for fabrication of our proposed structure.



A numerical simulation using the finite difference time-domain (FDTD) method was performed to analyze the scattering efficiency of light from MIM nanoparticles. Here, we chose to work with the commercial software package Lumerical FDTD Solutions. Our simulation results showed that the LSPR modes of the proposed MIM nano-discs created a strong peak in their extinction spectra. The intensity of the resonant peak and its wavelength shift were used to identify the SARS-CoV-2 viruses in the surrounding nanoparticles. The refractive index changes were used to detect SARS-CoV-2 (n = n0 + Δn). In the detection process, the designed biosensor was composed of several layers such as the functionalization layer and bonded antibody (protein layers), as well as the bonded virus particle layer. To evaluate the specific sensing ability of the proposed structure for SARS-CoV-2 detection, the mentioned layers were simplified as a uniform layer with a thickness of 120 nm, selected according to the maximum diameter of the SARS-CoV-2 virus. It is worth mentioning that the effective refractive index of such a layer depends on the number of bonded viruses (virus concentration). From the resonance peak wavelength shift, the sensitivity is calculated using Equation (4) [61].


S = Δλ/Δn,



(4)




where   Δ λ   is the wavelength shift of the plasmonic resonance peak, and   Δ n   is the refractive index change. It is important to mention that the sensitivity alone cannot describe the broadening of the plasmonic spectrum [62]. The problem arises when the sensor’s performance is compared in the wavelength and energy domains. In the field of this research area, the figure of merit (FOM) was introduced to overcome such problems. The FOM is defined in Equation (5) [63,64].


FOM = S/FWHM,



(5)




where  S  is the sensitivity. In this equation, the   FWHM   is the full width at half-maximum of the corresponding reflectance spectrum.



In the final step of this work, the existing refractive indices for the SARS-CoV-2 S-glycoprotein solution were used to evaluate our designed biosensor. In [65], the refractive index changes for various concentrations of the SARS-CoV-2 S-glycoprotein solution were presented. The concentration of the SARS-CoV-2 S-glycoprotein solution was varied from 0 nM to 1 nM, and the wavelength shift, sensitivity, and FOM were calculated.





3. Results and Discussion


3.1. MIM Biosensor Desining


As stated earlier, the optical equipment required for LSPR-based devices is much less complex than for SPR-based devices. The main disadvantage of LSPR-based in comparison to SPR-based sensors is their lower sensitivity. This is due to the lower interaction of electromagnetic waves with nanoparticles compared to a metallic film. On the other hand, the electromagnetic decay length in LSPR-based is shorter than in SPR-based sensors, making LSPR-based sensors more suitable for biomolecular detection, such as for SARS-CoV-2. However, an improvement in the sensitivity of LSPR-based biosensors is essential for detecting bioparticles with low concentrations. Here, metal–insulator–metal cylindrical shape plasmonic nanoparticles were used to improve the sensitivity of LSPR biosensors. Then, their specific capability for SARS-CoV-2 sensing was examined. The surrounding refractive index of nanoparticles is a critical parameter for detecting biological substances. Our proposed LSPR-based sensor consisted of three MIM layers as a disc form with a radius of  r . The heights of the bottom and top layers were equal to    h  A u     and the height of the middle layers was    h  S i O 2    . The intensity distribution of the electric field near the MIM nano-disc at the resonance wavelength was simulated using the FDTD method. The result of this simulation is shown in Figure 3a. As shown in this figure, the intensity was higher near the edges of the nano-disc. This is because of the plasmonic effect between the metal and the dielectric. The electrical field overlapping with the environment can also be seen in this figure. This high intensity around the nanoparticles provides a better sensitivity for detecting the resonance wavelength shift. It is worth mentioning that this distribution of the electrical field was plotted for Au/SiO2/Au thicknesses of 60 nm/60 nm/60 nm with the nano-disc radius of 60 nm. Here, MIM nano-discs were used instead of single-layer nano-discs to increase the sensitivity of the biosensor. Figure 3b shows a comparison between the extinction spectra of the Au nano-disc and Au/SiO2/Au MIM nano-disc. The two plasmonic interfaces in the Au/SiO2/Au cavity help the structure to have a strong coupling between them. Consequently, these exponentially decaying plasmonic waves at the two Au/SiO2 interfaces result in a higher resonance peak compared to the single-layer Au nano-disc form, as shown in Figure 3b.



To find the suitable dimensions for the MIM layer, the extinction for    h  A u   =  h  S i O 2   = 40   nm   was compared with that for    h  A u   =  h  S i O 2   = 50   nm   as a function of wavelength and radius. The results are shown in Figure 4a. The wavelength and intensity of the resonance peak depend on LSPR wave confinement in the MIM disc structure. These resonance peaks are the results of the plasmonic effect. The resonance wavelengths and their peak intensity are depicted in Figure 4b. For all cases, the resonance wavelength increased with the radius of the nano-disc. The intensity of the plasmonic peak had a maximum point for each case.



A similar comparison is depicted for    h  A u   =  h  S i O 2   = 60   nm   and    h  A u   =  h  S i O 2   = 70   nm   in Figure 5a,b, respectively. As seen, nano-discs with    h  A u   =  h  S i O 2   = 60   nm   exhibited several better features compared to other cases. They had higher peak intensity than other cases, in addition to showing a narrower plasmon bandwidth, making them promising candidates for LSPR-based sensors to accurately measure the LSPR shift. The FWHM of nano-discs with    h  A u   =  h  S i O 2   = 60   nm   was 77 nm, while it was 140 nm, 137 nm, and 80 nm for Au and SiO2 heights of 40 nm, 50 nm, and 70 nm, respectively. The FOM, as an important parameter of biosensors, can be calculated as the ratio of wavelength sensitivity to FWHM. Therefore, a lower FWHM results in a higher FOM.




3.2. SARS-CoV-2 Biosensing: Sensing Layer


As mentioned, the sensing layer refractive indices were obtained using the SARS-CoV-2 virus effective refractive indices by considering the two volume-weighted refractive indices. Figure 6a shows the simulation results for the extinction spectrum of the designed sensor under the surrounding refractive index range of 1.35 to 1.5. Here, hAu = 60 nm, hSiO2 = 60 nm, and r = 60 nm were selected. It is important to mention that the selected sizes had an optimum extinction spectrum. When we changed only the refractive index of the medium while keeping other structural and material parameters fixed, the LSPR peak wavelength of the extinction spectrum increased. As shown in Figure 6b, there was a redshift for the LSPR peak when there was an increase in the refractive index of the bonding layer. To evaluate the sensitivity of this sensor, three binding cases of SARS-CoV-2 were considered. By adjusting the MIM layer dimensions, the absorption peak wavelength of 715 nm was obtained for a case without binding any SARS-CoV-2 viruses, as shown in Figure 6b. This wavelength was matched with the laser excitation wavelength. Therefore, the detection of SARS-CoV-2 could be achieved using the refractive index changes and measuring the amount of resonance wavelength shift. It can be seen in Figure 6b that the peak wavelength shifted from 715 nm for no binding to 739.5 nm and 759.5 nm for medium binding and full binding of SARS-CoV-2, respectively. An increase in SARS-CoV-2 concentration resulted in a larger refractive index change in the surrounding medium. Consequently, a larger shift of the resonance wavelength was observed. In addition, as shown in Figure 6b, the peak intensity amplitude of the resonance wavelength increased with the increase in SARS-CoV-2 concentration.



The amount of the resonance wavelength shift is proportional to the number of SARS-CoV-2 viruses present in the surrounding medium, which was modeled by the refractive index change in this work. Figure 7a,b show the wavelength shift as a function of surrounding refractive indices for a biosensor based on Au nano-discs and Au/SiO2/Au nano-discs, respectively. As seen in these figures, the resonance wavelength shift had an approximately linear relationship with the refractive index change of the surrounding medium. The progressive equation for linear fitting could be written as y = 217.7x − 293.9 for the Au nano-disc and y = 312.8x − 421.9 for the Au/SiO2/Au nano-disc, where y is the amount of wavelength shift, and x is the refractive index of the analyte. Considering the entire range of refractive index, the R-squared value was calculated as 0.9997, which shows that the designed sensor was relatively linear. The existence of some nonlinearity at some points was due to the existence of error, as the nature of the plasmonic concept does not have an entirely linear relationship with refractive index changes [66,67,68]. The peak wavelength shifted by approximately 32.4 nm and 47 nm for the Au and Au/SiO2/Au nano-discs, respectively, when the surrounding medium refractive index changed from 1.35 (no binding) to 1.5 (full binding). Figure 7c compares the wavelength shift as a function of surrounding refractive indices for a biosensor based on Au and Au/SiO2/Au nano-discs. The main sensitivity was the slope of the fitted line according to Equation (4). According to this figure, sensitivities of 217.7 nm/RIU and 312.8 nm/RIU were obtained for the biosensor based on Au and MIM (Au/SiO2/Au) nano-discs, respectively. Thus, a small change in the surrounding medium refractive index resulted in a significant shift in the resonance wavelength.



As mentioned, the designed sensor has the capability of SARS-CoV-2 detection with a refractive index in the range of 1.35 (no binding) to 1.5 (full binding). The simulation results show that the main sensitivity of the proposed biosensor was 312.8/RIU for the Au/SiO2/Au nano-disc-based sensor, while this value was around 217.7 nm/RIU for the Au nano-disc-based sensor, representing an approximately 1.5-fold increase in sensitivity. The high sensitivity of the proposed biosensor makes it an ideal choice for detecting biological analytes like SARS-CoV-2. The existence of two interfaces of Au–SiO2 instead of a single interface improved the optical performance of the designed LSPR biosensor significantly. FWHMs of 129 nm and 77 nm were calculated for the Au nano-disc and Au/SiO2/Au nano-disc, respectively. Hence, according to the sensitivity and FWHM, the FOM was 4 and 1.7 for the Au/SiO2/Au and Au nano-disc-based sensors, respectively. In this work, we demonstrated a highly sensitive optical biosensor for detecting SARS-CoV-2 by focusing on the design and optimization of the metal–insulator–metal LSPR biosensor structure. This LSPR-based biosensor with a higher sensitivity can be utilized in different biomedical applications. Alternatively, the plasmonic resonance peak intensity variation can be used as the main sensing mechanism to determine the binding of any viruses. As shown in Figure 7d, the peak intensity amplitude variation also had a relatively linear relationship with the refractive index change of the surrounding medium.




3.3. Using SARS-CoV-2 S-Glycoprotein Solution


Here, refractive index changes of SARS-CoV-2 S-glycoprotein solution in different concentrations were used to analyze the performance of the designed biosensor. A change in the concentrations of the SARS-CoV-2 S-glycoprotein solution can be considered a change in the refractive index. Using these refractive index changes and applying them to our biosensor, the extinction was calculated as shown in Figure 8a for different concentrations of the SARS-CoV-2 S-glycoprotein solution. Furthermore, the wavelength shift as a function of concentration was calculated, as shown in Figure 8b. As can be seen, our designed sensor had relatively higher wavelength shifts, which helped us to detect different concentrations of SARS-CoV-2.



For a further comparison, the performance parameters of the proposed biosensor with the different concentrations of the SARS-CoV-2 S-glycoprotein solution are summarized in Table 1. The results indicate that our proposed sensor has good sensitivity and FOM.



Before comparison of our designed sensor with previously reported studies, it is important to mention that there are different cases of biosensors based on plasmonic such as fiber optics, LSPR nanoparticles, and SPR structures. Thus, a comparison of their performance parameters is somewhat difficult, as each method has some advantages and disadvantages. For instance, in the case of fiber-optic plasmonic biosensors, the fiber geometry must be modified to obtain higher sensitivity. In the case of sensitivity, SPR biosensors have a long electromagnetic field decay length compared to LSPR biosensors, which makes them less sensitive to refractive index changes [34,69]. In the case of linearity, SPR shows good linearity only at short refractive index changes, whereas, for higher refractive index changes, it has lower linearity. LSPR does not suffer from this problem, with much better linearity than the SPR sensor through the whole RI range [34,69]. Furthermore, a prism is not required to combine light for the LSPR technique, meaning the optical hardware is simpler and the system can be made more affordable and more compact [70]. The angle is not essential for LSPR, which leads to a spectral shift and not a change in angle; this makes the instrument more resistant to mechanical noise and vibration. Here, our design was based on the LSPR effect, so as to obtain higher sensitivities. As a result, we designed an LSPR-based biosensor with good linearity and higher sensitivity to detect SARS-CoV-2. It is worth mentioning that the performance of the LSPR biosensors strongly depends on the shape, size, and composition of nanoparticles. The performance parameters such as sensitivity and FOM of the proposed structure are compared with some of the previously reported studies in Table 2. The sensitivity and FOM were relatively higher in our proposed sensor compared to other sensors. The FOM revealed a high value for this sensor, making it a more desirable sensor for use in bio-analyte detection. The accuracy and repeatability of this sensor will be analyzed through experimental results as future steps of this research project.





4. Conclusions


In conclusion, we developed a highly sensitive Au/SiO2/Au metal/insulator/metal LSPR biosensor to detect SARS-CoV-2. A strong coupling between the two plasmonic interfaces in the Au/SiO2/Au enables us to design a biosensor with high sensitivity. The designed sensor provides a sensing alternative for fast detection of SARS-CoV-2. Exponentially decaying plasmonic waves at the two Au/SiO2 interfaces results in a higher resonance peak and, hence, a higher sensitivity (312.8 nm/RIU). The peak wavelength shift was 47 nm when the surrounding medium refractive index changed from 1.35 (no binding) to 1.5 (full binding). Using the previously reported refractive index changes in different concentrations of the SARS-CoV-2 S-glycoprotein solution, the sensitivity and FOM were calculated as a function of concentration. Hence, our proposed Au/SiO2/Au plasmonic biosensor has the capability of SARS-CoV-2 detection with high sensitivity.
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Figure 1. (a) SARS-CoV-2 structure; (b) structure of the proposed SARS-CoV-2 biosensor based on metal–insulator–metal nanoparticles. 
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Figure 2. Schematic illustration of the fabrication process of Au/SiO2/Au MIM nano-discs. 
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Figure 3. (a) Electrical field distribution surrounding the MIM nanoparticles. (b) Comparison between the extinction spectra of Au nano-disc and Au/SiO2/Au MIM nano-disc. 
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Figure 4. Extinction, resonance wavelength, and peak intensity of MIM nanocylinders: (a) 40 nm/40 nm/40 nm and (b) 50 nm/50 nm/50 nm Au/SiO2/Au thicknesses. 
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Figure 5. Extinction, resonance wavelength and peak intensity of MIM nanocylinders: (a) 60 nm/60 nm/60 nm and (b) 70 nm/70 nm/70 nm Au/SiO2/Au thicknesses. 
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Figure 6. (a) Contour plot of extinction versus wavelength and refractive index of environment. (b) Comparison of the extinction as a function of wavelength for three cases of SARS-CoV-2 concentration (no binding, medium binding, and full binding). 
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Figure 7. (a) Resonance wavelength shifts as a function of the refractive index of the surrounding medium for Au nano-disc. (b) Resonance wavelength shifts as a function of the refractive index of the surrounding medium for Au/SiO2/Au nano-disc. (c) Comparison of the sensitivity for Au/SiO2/Au nano-disc- and Au nano-disc-based biosensors. (d) Peak intensity as a function of the refractive index of the surrounding medium and (c). 
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Figure 8. (a) Extinction as a function of wavelength for different concentrations of the SARS-CoV-2 S-glycoprotein solution. (b) The wavelength shift as a function of concentration. 
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Table 1. The performance parameters of the proposed biosensor for different concentrations of the SARS-CoV-2 S-glycoprotein solution.
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	C (nM)
	Δn (RIU)
	Δλ (nm)
	S (nm/RIU)
	FOM





	0.0000
	0.0000
	-
	-
	-



	0.0001
	0.0220
	6.91
	314
	4



	0.0010
	0.0660
	20.71
	313.8
	4



	0.0100
	0.1760
	55.1
	313.1
	4



	0.1000
	0.3080
	96.3
	312.7
	4



	1.0000
	0.4840
	141.7
	312.2
	4
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Table 2. Comparison of the sensitivity and FOM of reported in various plasmonic nanostructures with this work.
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	Type [Reference]
	Method
	S (nm/RIU)
	FOM





	Nanosphere [69]
	LSPR
	148
	3.3



	Nano-cube [69]
	LSPR
	204
	3.7



	Nanoplate [69]
	LSPR
	233
	4.4



	Nanoring [70]
	LSPR
	66
	7.66



	Nanocomposites [71]
	LSPR
	180
	1



	Gold nanoring [72]
	LSPR
	350
	3.1



	Gold colloidal nanoparticles [73]
	LSPR
	71
	-



	Hollow gold nanoshell [73]
	LSPR
	408
	-



	Arrays of gold nano-disc [74]
	LSPR
	167
	-



	Nanocross [75]
	LSPR
	1000
	6.6



	Fiber optics [76]
	LSPR
	783–1933
	-



	Nanopillar arrays [77]
	SPR
	675
	112.5



	MIM nano-disc (This work)
	
	312.8
	4
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