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Abstract: The recent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection has 

posed a great challenge for the development of ultra-fast methods for virus identification based on 

sensor principles. We created a structure modeling surface and size of the SARS-CoV-2 virus and 

used it in comparison with the standard antigen SARS-CoV-2—the receptor-binding domain (RBD) 

of the S-protein of the envelope of the SARS-CoV-2 virus from the Wuhan strain—for the 

development of detection of coronaviruses using a DNA-modified, surface-enhanced Raman 

scattering (SERS)-based aptasensor in sandwich mode: a primary aptamer attached to the plasmonic 

surface—RBD-covered Ag nanoparticle—the Cy3-labeled secondary aptamer. Fabricated novel 

hybrid plasmonic structures based on “Ag mirror-SiO2-nanostructured Ag” demonstrate sensitivity 

for the detection of investigated analytes due to the combination of localized surface plasmons in 

nanostructured silver surface and the gap surface plasmons in a thin dielectric layer of SiO2 between 

silver layers. A specific SERS signal has been obtained from SERS-active compounds with RBD-

specific DNA aptamers that selectively bind to the S protein of synthetic virion (dissociation 

constants of DNA-aptamer complexes with protein in the range of 10 nM). The purpose of the study 

is to systematically analyze the combination of components in an aptamer-based sandwich system. 

A developed virus size simulating silver particles adsorbed on an aptamer-coated sensor provided 

a signal different from free RBD. The data obtained are consistent with the theory of signal 

amplification depending on the distance of the active compound from the amplifying surface and 

the nature of such a compound. The ability to detect the target virus due to specific interaction with 

such DNA is quantitatively controlled by the degree of the quenching SERS signal from the labeled 

compound. Developed indicator sandwich-type systems demonstrate high stability. Such a 

platform does not require special permissions to work with viruses. Therefore, our approach creates 

the promising basis for fostering the practical application of ultra-fast, amplification-free methods 

for detecting coronaviruses based on SARS-CoV-2. 
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1. Introduction 

Surface-enhanced Raman scattering (SERS)-based sensors for viral detection are very 

attractive, combining high recognition ability and sensitivity with a rapidness of the 

analysis. The ultimate specificity can be achieved for low-molecular compounds, 

providing identification via the unique Raman spectrum of the compound. In this regard, 

the development of novel improved SERS-active substrates is of high interest [1]. The 
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development and implementation of reliable methods for the synthesis/fabrication of 

uniform, reproducible, low-cost SERS substrates with a high enhanced factor and 

quantitative response within specification limits is being conducted. Thus, the natural 

reed leaves, without any special pretreatment, coated by silver, have been utilized as a 

self-assembled plasmonic structure for ultra-sensitive crystal violet trace detection with 

sensitivity as low as 10−13 M using a novel natural surface-enhanced fluorescence [2]. 

Recently, a scalable design of SERS substrate based on a biopolymer of free-standing 

chitosan film, silver nanoparticles, and graphene oxide has been demonstrated [3]. The 

developed plasmon hybrid structures were assessed by their SERS-sensitivity, 

reproducibility, stability, and quenching capability. The fabricated plasmonic polymer 

nanocomposite offered a limit of detection for R6G down to 100 pM. Using the 3D jet 

writing technique, biologically inert poly(lactic-co-glycolic acid) tessellated scaffolds 

containing fluorescent polymers and/or SERS-encoded gold nanostars have been 

fabricated [4]. Such a hybrid scaffold provides efficient work with high-molecule 

volumetric objects such as live cells and offers sufficient optical transparency for both 

fluorescence and SERS imaging. The novel hybrid metal-dielectric-metal sandwiched 

structures [5,6] demonstrate high sensitivity and reproducibility of the SERS signal [7,8]. 

In this geometry, the overall enhancement factor principally benefits from the 

combination of two main mechanisms. The first one is associated with the excitation of 

localized surface plasmon resonance (SPR) in gold/silver clusters. The second one is due 

to the gap surface plasmons’ excitation in a thin dielectric layer between the metal mirror 

and corrugated gold/silver layers. SERS has attracted much attention for its potential in 

multiplexed sensing. SERS is an optical molecular finger-printing technique that has the 

ability to resolve analytes from within mixtures [9]. However, the biological 

macromolecules are composed of the same set of building blocks—amino acids, 

nucleotides, and sugars, that creates difficulties for SERS detection based on biopolymer 

nature [10]. The specific determination of one protein in a mixture of dozens of other 

macromolecules is challenging [11–13]. Speaking of viruses, reported Raman spectra of 

the S protein of SARS-CoV-2 are not the same [14–17], and Raman spectra of influenza 

virions are rather different [14,15,18,19]. The differences in spectra could be due to 

variations of impurities in biological samples or different SERS-active substrates that 

enhanced Raman spectra of different groups in macromolecules. In both cases, their 

application for real clinical samples is questionable. 

Recognizing molecules, like antibodies or aptamers, can be used to provide the 

specificity of virus detection along with an increase in the limit of detection [11–13]. The 

most common approach is to decorate a SERS-active surface with recognizing molecules 

enhancing the local concentration of the target of interest near the surface [15,20–23]. A 

complementary approach uses labeled recognizing molecules to trace the spectrum of the 

artificial molecule that is detectable in the nanomolar range of concentrations [22–25]. The 

typical Raman active labels used for virus detection are fluorescent dyes like Cyanine 3 

(Cy3), Cyanine 5.5 (Cy5.5), Bodipy FL (BDP FL), and Rhodamine Red-X (RRX) [22–25]. 

Labeled recognizing molecules are either approaching the surface due to sandwich-like 

ternary complexes [22,23] or retiring from the surface due to binding with viral particles 

[24,25]. In both cases, the Q-factor and stability in biological fluids are the key parameters 

that are to be considered. Silver nanoislands and lithography-based substrates were used 

for the sandwich-like complex aptamer1-virus-aptamer2 [22,23]. The first one provided 

nice SERS spectra for ternary complexes with Cy3 and BDP FL-labeled aptamers [22]; 

however, the stability of the nanostructured surface in biological fluids was revealed to 

be suboptimal (authors’ unpublished data). Lithography-based substrates are usually 

stable in various media; however, the SERS spectra of ternary complexes with Cy5.5-

labeled aptamers were not acquired [23]. The detected differences in spectra could be 

attributed to surface-enhanced fluorescence of utilized model dye. 

There is a growing interest in aptamer-based assay methods, without signal 

amplification, due to their low cost, having high stability, being easy to modify, and, in 
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some cases, they have better specificity and affinity [26]. Among them, an electrochemical 

aptasensor for the determination of the SARS-CoV-2 receptor-binding domain in human 

saliva samples demonstrated high sensitivity (down to 7.0 pM) and accuracy [27]. 

Photonic biosensing technologies that have been explored for possible use in SARS-CoV-

2 serology include SPR [28,29] for not only the detection of antibodies but also the 

profiling of binding kinetics of the complete polyclonal antibody response against the 

receptor-binding domain. Moreover, the asymmetric Mach–Zehnder Interferometer 

enables multiplex and ultra-sensitive detection of antibodies that target the viral 

antigens:spike protein, the receptor-binding domain, and the nucleocapsid protein [30]. 

SERS-based aptasensors have been used to detect both SARS-CoV-2 spike protein [31] and 

the whole virus of SARS-CoV-2 [18,23,25,32], providing good accuracy and satisfactory 

performance for SARS-CoV-2 determination in good agreement with RT-qPCR results 

[33]. However, the limit of detection of the sensors is still higher than RT-qPCR. Increasing 

the sensitivity of the method will increase the reliability of the results of the virus 

detection. The research work requires a good model system for the sensor optimization. 

The RBD protein per se cannot be used as a model, as the viruses contain dozens or 

hundreds of surface proteins that bind the solid substrates in multiple points. Therefore, 

the exemplary limit of detection of the virus is typically lower compared to those for the 

recombinant protein [18,23,25,31,32]. Production of virus-like particles (VLP) requires 

genetic engineering, and the stability of these membrane structures is to be traced during 

storage. The production of VLP requires laboratory space organized according to special 

strict safety requirements. In our work, we proposed a simplified imitation of the virus 

surface produced by the adsorption of RBD protein onto silver nanoparticles. We 

optimized the conditions to make the nanoparticles recognizable by the aptamers to RBD 

and storable for several weeks. This model of synthetic virion was used to screen SERS-

substrates, revealing the mirror silver-dielectric-nanostructured silver sandwiched 

plasmonic nanostructures as a promising tool for SARS-CoV-2 detection. A developed 

indicator system for SARS-CoV-2 virions demonstrates applicability of the SERS approach 

for the selective detection of coronavirus-2 infection. 

2. Materials and Methods 

2.1. Oligonucleotides and Some Materials 

Inorganic salts and buffer solutions, as well as bovine serum albumin, were 

purchased from Sigma-Aldrich (New York, NY, USA). 

The following oligonucleotides were studied. Selected in lab [34], Found-SH (SH-

CACCGCTTTTGCCTTTTGGGGACGGATATAGGGAAACACGATA 

GAATCCGAACAGCACC), and complementary to Found—CompFound-SH (SH-

CACCGCTTTTGCCTTTTGGGGACGGATAGGTGCTGTTCGGATTCTATCGTGTTTCC

CTA)—were kindly synthesized by the group of Timofei Zatsepin (Moscow, Russia). 

RBD-1C selected in [35] in two forms: RBD-1C-Cy3(Cy3-5′-

CAGCACCGACCTTGTGCTTTGGGAGTGCTGGTCCAAGGGCGTTAATGGACA-3′) 

and biotinylated aptamer RBD-1C (biotin-5′-

CAGCACCGACCTTGTGCTTTGGGAGTGCTGGTCCAAGGGCGTTAATGGACA-3′) 

from Eurogene (Moscow, Russia). The receptor-binding domain of the S-protein of SARS-

CoV-2 (further referred to as RBD) was from [36] (for details of aptamer preparation and 

binding experiments see in supplementary material citation, Figures S1). 

2.2. Synthesis of the Model of SARS-CoV-2 Virions 

Silver nanoparticles (NP) were obtained by mixing 18 mL of a solution of 3.3 mM 

NaOH and 2.6 mM NH2OH∙HCl with 2 mL of 10 mM AgNO3. The solution of AgNO3 was 

injected for 10 s with a subsequent stirring for 1 h at room temperature. 

RBD, expressed in Chinese hamster ovary cell line [36], was obtained in a 

concentration of 4.7 mg/mL. An amount of 6.4 µL of RBD protein solution was added to 



Biosensors 2022, 12, 768 4 of 14 
 

 

1 mL of silver nanoparticles, providing a final concentration of the protein of 1 µM. The 

mixture was incubated at room temperature for 30 min. Unreacted protein was removed 

by centrifugation for 10 min at 10 rpm. The RBD-coated silver nanoparticles (further 

referred to as RBD NP) were resuspended in 1 mL of buffer with 10 mM Tris-HCl pH 7.5, 

140 mM NaNO3, and 10 mM KNO3. Bovine serum albumin (further referred to as BSA) 

coated silver nanoparticles (further referred to as BSA NP) were obtained following the 

same protocol using 10 µM solution of BSA instead of RBD protein. 

2.3. Characterization of Nanoparticles Coated with RBD Protein 

A dynamic light-scattering instrument ZetasizerNano ZS (Malvern, Worcestershire, 

UK) was used to estimate the size and ζ-potential of nanoparticles. 

The ability to bind aptamers to RBD was estimated using biolayer interferometry 

(Blitz equipment from ForteBio, Dallas, Texas, USA). The sensor was hydrated in water, 

and then it was incubated with 1 µM solution of biotinylated aptamer RBD-1C for 2 min. 

The baseline was acquired in the binding buffer (10 mM Tris-HCl pH 7.5, 140 mM NaNO3, 

10 mM KNO3) for 30 s. Then, the sensor was placed into RBD NP or BSA NP solutions for 

200 s. The 2×, 4×, and 8× dilutions of the nanoparticle samples were obtained in the binding 

buffer. The dissociation was performed in the binding buffer. 

2.4. SERS-Active Aptasensor Platform 

The idea of the aptasensor platform is a formation of sandwich-like complexes on the 

silver nanostructured surface. The primary aptamer was modified with a thiol-group 

providing stable linkage between the plasmonic nanostructured silver surface and the 

aptamer. Primary aptamers bound RBD NP. Secondary aptamers with a Raman-active 

label (Cy3) formed complexes with RBD NP immobilized on the surface. The detailed 

protocol was as following: (1) SERS substrate was incubated in 20 µL of a 20 nM solution 

of thiol-modified aptamer in PBS for 15 min; (2) the substrate was rinsed with PBS; (3) the 

substrate was incubated in 20 µL of RBD NP (or BSA NP in the control experiment) 

solution for 5 min; (4) the substrate was rinsed with PBS; (5) the substrate was incubated 

in 20 µL of a 200 nM solution of labeled aptamer in PBS for 5 min; (6) the substrate was 

rinsed with water; (7) the substrate was dried in air. 

2.5. SERS-Based Substrates 

SERS platforms were prepared by method as previously described [37]. The 

fabrication of plasmonic substrates was performed in a preliminary evacuated chamber 

(base pressure 10−5 Torr). Then, the chamber was filled with Ar gas. The total pressure in 

the preparation chamber was 5 × 10−4 Torr and the temperature ~300 К. The 100 nm layer 

of Ag (99.999%) was deposited on silicon substrate, a 3 nm Ti adhesion interlayer over Ag 

and 50 nm layer of SiO2. A thin titanium layer was introduced, as it promotes adhesion, 

followed by deposited SiO2 to the silver layer. Then, a layer of 20 nm silver (99.999%) was 

deposited on the top of SiO2. These layers were deposited in one regime by electron beam 

evaporation. Then, the substrates were treated by an Ar ion beam with an energy of 150 

eV and dose of 4 × 1016 ion/cm2. The angle between the Ar beam and substrate was 45°. A 

Hall-effect ion source with a cold hollow cathode Klan 53-M (Platar Corp.) generated an 

Ar ion beam. An ion beam modification of silver film allows for the fabrication of 

plasmonic nanostructured surfaces. 
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2.6. Characterization of SERS-Based Substrates 

The surface morphology of the deposited films was investigated using a scanning 

electron microscope (SEM) JEOL JSM-7001F (JEOL Ltd., Tokyo, Japan). 

Raman spectroscopy and SERS studies were carried out using the Enspectr R532 

analyzer (Enhanced Spectrometry, San Jose, CA, USA) with a solid-state laser 

(wavelength—532 nm, 50 MW). All spectra were collected with the working laser spot 

diameter of ca. 2 µm through a × 40 objective. The specific power of the laser was set at 

0.3 mW, and the accumulation time was 5 s with 10 accumulations. The obtained Raman 

scattering spectra were fitted using the pseudo-Voigt functions. Measurements were 

carried out in the range of 200–2000 cm–1 using 3rd-order baseline subtraction. 

3. Results and Discussion 

In this work, we have developed an indicator system for the recognition of SARS-

CoV-2 virions in the future. We have determined optimal conditions for obtaining the 

artificial model of SARS-CoV-2 virions through a specific binding of a Cy3-labeled 

secondary aptamer and a primary aptamer with RBD-covered Ag nanoparticles (both the 

primary and secondary aptamers interact with the protein with approximately the same 

efficiency). In parallel, nonspecific interaction of both aptamers to BSA-covered Ag 

nanoparticles (Table 1), allows for the creation of a model without SARS-CoV-2 virions. A 

developed indicator system demonstrates applicability of the SERS approach for the 

selective detection of coronavirus-2 infection through the control of the distance between 

the SERS platform and the dye moiety. Figure 1 illustrates the platform of the SERS-active 

aptasensor using hybrid plasmonic substrates for the quantitative detection of 

coronaviruses. The self-assembled RBD nanoparticles blocked the direct adsorption of the 

Cy3-labeled secondary aptamer on a SERS-active nanostructured surface due to the 

specific interaction between all components in the assay leading to a strong quenching 

Raman signal of Cy3 (Figure 1). 

 

Figure 1. Scheme of the developed indicator system for SARS-CoV-2 virions’ detection using the 

SERS approach. 
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Table 1. Combinations of aptamers and protein-coated nanoparticles studied. 

 Primary Aptamer Nanoparticles 
Secondary 

Aptamer 
Comment 

Sample 1 Found-SH RBD NP RBD-1C-Cy3 Experiment 

Sample 2 CompFound-SH RBD NP RBD-1C-Cy3 

Control with 

nonspecific 

primary 

oligonucleotide 

Sample 3 Found-SH BSA NP RBD-1C-Cy3 

Control with 

nonspecific 

protein instead of 

RBD 

3.1. Fabrication and Characterization of Model of SARS-CoV-2 Virions 

Silver nanoparticles adsorb proteins, readily forming stable coatings [38]. We 

optimized the conditions for RBD and BSA proteins that were used as coating for silver 

nanoparticles with a diameter of 80 nm. Stable nanoparticles were obtained after 

incubation with 1 µM solution of RBD and 10 µM solution of BSA. An amount of 1 µM 

solution of BSA provided aggregates of nanoparticles during the storage, indicating that 

the protein coating was not completed. The excess of the proteins was removed by the 

centrifugation in both cases. The estimated concentration of the protein-coated 

nanoparticles was 1010 particles per mL. The optimized protocol provided nanoparticles 

that are stable for more than 6 weeks of storage at +4 °C. Unmodified NP and RBD NP 

were studied with dynamic light scattering. RBD NP was shown to have a significantly 

increased size compared to uncoated nanoparticles. The diameter of RBD NP was 320 ± 

30 nm, whereas the diameter of NP was 80 ± 30 nm (Figure 2a,b). The size of RBD NP is 

overestimated, as protein coating decreases the mobility of silver nanoparticles. Similarly, 

ζ-potential was altered significantly from −42 ± 8 mV for NP to −2 ± 5 mV for RBD NP 

(Figure 2c,d), indicating significant changes of the surface of silver nanoparticles. 

We used DNA aptamer RBD-1C selected by Song et al. [35] as a recognition molecule; 

this aptamer has dissociation constants in the range of 0.8–5.8 nM for the complexes with 

recombinant RBD protein [39]. Adsorbed RBD retained the ability of binding DNA 

aptamers as shown by biolayer interferometry (Figure 2e). The binding of BSA NP to DNA 

was 3–4 times lower, indicating a low level of nonspecific interaction. The overall dataset 

confirmed the formation of RBD-coated nanoparticles with a size close to the size of SARS-

CoV-2 virions; RBD NPs are capable of binding DNA aptamers to RBD protein. This 

model system was used in further SERS experiments. Proposed particles are simple in 

preparation, stable during the storage, and composed of one type of protein, providing 

low non-specific binding. 
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Figure 2. The size distribution for unmodified nanoparticles (a) and RBD-coated nanoparticles (b) 

estimated with dynamic light scattering. ζ-potential of unmodified nanoparticles (c) and RBD-

coated nanoparticles (d) estimated with dynamic light scattering. (e) Interaction between aptamer 

RBD-1C and silver nanoparticles coated with RBD or BSA proteins. 

3.2. Characterization of the Hybrid Plasmonic Sandwiched Structures 

First, we obtained an efficient plasmonic sandwiched structure as the SERS-active 

platform. The surface of the sensor element is represented with a multilayered structure 

based on subsequently coated silver mirror film, dielectric film, and Ag nanoparticles, 

further referred to as film-Ag/SiO2/nano-Ag NPs (Figure 3a). As noted above, the 

amplification of the Raman signal for sandwiches in comparison with one-contained-layer 

nanostructured silver surface is associated with the excitation of both gap plasmons in the 

SiO2 layer and local surface plasmon resonances in nano-Ag NPs [5–8]. Moreover, the back 

reflection from the bottom Au layer gives rise to a stronger absorbance and, therefore, the 

enhancement factor (EF) since the excitation beam passes through the top film twice. The 

morphology of the obtained substrates was studied by scanning electron microscopy 

(SEM) (Figure 3b). As it is shown on an SEM image, silver nanoparticles are evenly 

distributed and the plasmonic surface has a reproducible structure. The average size of a 

particle was 13 ± 1 nm for 150 particles (Figure 3b, the inset). 
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The maximum of the plasmonic band of the SERS-active substrate appears at 425 nm 

(Figure S2). Moreover, a wide plasmonic peak covers the wavelength range from the blue 

to the IR regions of the spectrum. To evaluate the SERS activity of the designed hybrid 

substrate, first, we analyzed a model dye Cy3. The EF of the obtained hybrid surfaces was 

calculated according to the following equation [40]: 

EF =
I���� ´ C���

I��� ´ C����

 (1)

where Iref and ISERS are the band’s intensities of the Raman scattering and SERS at 1397 cm−1 

for Cy3; Cref = 1 × 10−2 M and CSERS = 1 × 10−6 M—concentrations of the analytes whose 

signals correspond to Raman scattering and SERS, respectively. Corresponding SERS and 

Raman spectra of Cy3 are in Figures S3 and S4 of the supplementary information. The EF 

of the resulting surface was 9.5 × 104 for Cy3. Moreover, highly reproducible morphology 

of developed hybrid plasmonic substrates results in a good analytical signal 

reproducibility from point-to-point of the sample with the relative standard deviation 

(RSD) for the EF value as low as 7.37%. 

 

Figure 3. (a) Scheme of the fabrication of the hybrid plasmonic sandwiched structure: films of Ag, 

SiO2, Ag stepwise formed by electron beam sputtering with the further formation of a plasmonic 

silver-based structure through the Ar ion beam treatment of the top Ag film. (b) A typical SEM 

image of the sensor element decorated by Ag nanoparticles. The inset shows a size distribution of 

silver nanoparticles on the sensor element. 

3.3. SERS-Active Aptasensor Platform for the Detection of Model of SARS-CoV-2 Virions Using 

Hybrid Plasmonic Substrates 

Figure 4 demonstrates SERS spectra of Cy3 and the Cy3-labeled secondary aptamer. 

The SERS spectrum of the Cy3-labeled secondary aptamer, as well as the spectrum of pure 

Cy3, contains well-resolved characteristic signals on 1140, 1175, 1216, 1274, 1397, 1439, 

1482, and 1591 cm−1, though there is a slight shift within 1–2 cm−1 for some peaks (Figure 

4a). However, low-intensity bands in the region of small Raman shifts (588, 693, 744, 938, 

1140, 1175 cm−1) disappear after binding an aptamer to the Cy3. Of note, the intensity of 

characteristic peaks (1216, 1274, 1397, 1439, 1482 cm−1) for the Cy3-aptamer decreased 

three times in comparison with Cy3. The lateral size of the aptamer is about 2–3 nm [41]. 

The weakening of the signal can be associated with the increased distance between the 

dye and the silver nanostructured surface through the primary aptamer, as schematically 

presented in Figure 4b. The signals at 1272 and 1394 cm–1 have been selected as intense 

characteristic bands for SERS spectra of the platform for aptasensor assays. The peak 1272 

cm−1 corresponds to the deformation oscillation of the hydroxyl group (COH); 1394 cm−1 

corresponds to the CN-bond symmetric stretching [42]. 
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Figure 4. (a) SERS spectrum of Cy3 (green) and Cy3-aptamer mixture (red) on the obtained hybrid 

plasmonic substrate. (b) Scheme of the distribution of Cy3 and Cy3-labeled aptamer on a SERS-

active hybrid structure. 

Further, the SERS spectra of the proposed model for aptasensor assays will be 

compared with the spectrum of the Cy3-aptamer. The spectrum of Sample 1 has the least 

similarity with the model mixture Cy3-aptamer spectrum. The spectrum retains signals at 

1117, 1137, 1176, 1214, 1272, 1372, 1394, 1439, and 1584 cm−1. At the same time, the signal 

intensities (1272 and 1394 cm−1) of the dye in Sample 1 fall relative to the other observed 

peaks. There are also new modes at 1072 and 1315 cm−1, which may be due to a signal from 

an aptamer or RBD protein fragment. A significant three-fold drop in the signal for 

Sample 1 is associated with the enhanced distance of the dye from the SERS surface due 

to the RBD nanoparticle shielding. Consequently, a well-organized, specific interaction of 

aptasensor components with model RBD protein-covered nanoparticles aids in the 

reproducible SERS signal quenching from the Cy3-labeled artificial model of SARS-CoV-

2 virions. 

To test the selectivity of the developed model of aptasensor assay, we performed 

additional experiments with analytes based on the nonspecific interaction of RDB 

nanoparticles with the primary aptamer (further referred to as Sample 2) and the 

nonspecific binding of BSA nanoparticles to the secondary Cy3-labeled aptamer (further 

referred to as Sample 3). We investigated the dependence of signal intensity on the 

distance of the SERS-active label from the plasmonic surface. The similarity in the set of 

signals with a Cy3-aptamer probe has been observed (Figure 5a); all of the main peaks of 

Cy3 are present in both samples’ spectra. The last mode, associated with CH bond 

vibrations, can be highly intense in the spectra for Samples 2 and 3 due to the contribution 

of vibrations of both the dye and protein fragments and aptamers. On average, the 

intensity of the characteristic modes for Samples 2 and 3 is about 2.5 and 2.3 times less 

than the intensities for the Cy3-aptamer sample, respectively. 

The signal comparison for all the samples mentioned is shown in Figure 5a,b. All the 

considered probes are presented in order of decreasing value of EF: from the Cy3-labeled 

primary aptamer to the full-size probe with specific binding RBD NPs with primary and 

secondary aptamers. The EF ratio for samples 1, 2, 3 is 1:1.25:1.34, respectively. The self-

assembled RBD nanoparticle assay blocked the direct adsorption of the Cy3-labeled 

secondary aptamer on the SERS-active nanostructured surface due to the specific 

interaction between all components in the assay leading to strong quenching of the signal 

of Cy3, which agrees with previously demonstrated SERS data for a real influenza virus 

[24]. It is important to mention that a developed artificial indicator system gives us the 

opportunity to investigate simulating viruses as well as their fragments. This confirms the 
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applicability of the proposed artificial indicator system, which does not require special 

permissions to work with viruses and will speed up the process of developing effective 

methods for their detection. The increase in signal enhancement from Sample 1 to Sample 

3 may be due to the full specific binding of the developed model of SARS-CoV-2 virions 

with the thiol- aptamer and the Cy3-labeled aptamer (Figure 5c–f). In the case of Sample 

2, the interaction of Cy3-labeled RBD NPs is not specific with the thiol-modified aptamer. 

It results in the direct closer contact of a labeled probe with the SERS-active surface and 

an increase of EF (Figure 5d). The absence of specific binding in the case of BSA NPs for 

Sample 3 leads to the uneven distribution of probes including BSA NPs, the labeled 

secondary aptamer along with the primary one as schematically presented in Figure 5e, 

and in summary, a further increase of the signal for Cy3 dye in comparison with Samples 

1 and 2. Moreover, a comparison of SERS data of RBD protein with the Cy3-labeled 

secondary aptamer and Sample 1 was performed. As shown in Figure S5, no characteristic 

peaks of Cy3 for RBD protein with Cy3-labeled aptamer were observed. The absence of 

the signal can be associated with the possible dense coverage of the SERS substrate by 

protein fragments. As a result, the dye molecules are away from the SERS-active surface, 

leading to the absence of the Raman signal of Cy3. 

The developed indicator system allowed us to control the distance between the SERS 

platform and the labeled dye moiety. Moreover, it allows us to distinguish sandwich 

bioassays from their fragments, which is not possible to achieve with traditional enzyme-

linked immunosorbent assay (ELISA) test. The application of a fabricated efficient hybrid 

plasmonic structure provides detection with a sensitivity to the target virus down to 10 

nM (1010 particles/mL). This value is slightly above the upper necessary bound of a virus 

in real samples. The typical SARS-CoV-2 load in the clinical samples from the patient is in 

the range from 106 to 109 virus particles/mL [43]. Thus, the analytical sensitivity of the 

obtained platform in our work should be further enhanced to be competitive with the 

limit of detection (LOD) of 102–103 viral particles/mL for SARS-CoV-2 for polymerase 

chain reaction [44,45], the LOD of 2∙× 104 viral particles/mL for loop-mediated isothermal 

amplification [46], and the LOD of 1∙× 106–4∙× 108 viral particles/mL for rapid antibody-

based assays [47,48]. The developed novel plasmonic structure through varying the 

deposition parameters of the films and post-coating treatment paves a promising avenue 

to improve SERS performance of the sensor element, including the LOD, and fosters the 

practical application of the ultra-fast, amplification-free determination of coronaviruses. 

Figure 5. (a) SERS spectra of the Cy3-labeled secondary aptamer (red), Sample 3 (yellow), Sample 2 

(blue), Sample 1 (violet), primary aptamer-RBD NPs (pink), primary aptamer, and BSA NPs mixture 

(black) on the obtained hybrid plasmonic substrate. (b) SERS signal at 1272 and 1394 cm−1 for Cy3-



Biosensors 2022, 12, 768 11 of 14 
 

 

labeled aptamer, Sample 1, Sample 2, and Sample 3. Scheme of the distribution of (c) Sample 1, (d) 

Sample 2, (e) Sample 3, and (f) Cy3-labeled secondary aptamer on an SERS-active hybrid structure. 

4. Conclusions 

Thus, we have proposed a novel SERS sensing platform based on protein-coated 

silver nanoparticles with a size close to the viral size as a highly stable structure for 

studying the detection of SARS-CoV-2 virions. Such a platform does not require special 

permissions to work with viruses and will speed up the process of developing effective 

methods for their detection. The optimal conditions for obtaining an artificial SERS-active 

system due to both specific and nonspecific binding of the primary aptamer and the Cy3-

labeled secondary aptamer to synthetic virions were determined. Utilizing the receptor-

binding domain of the S-protein of the envelope of the SARS-CoV-2 virus as a shell for 

model nanoparticles simulating the virus results in specific interactions by sandwich 

formation of it and both aptamers while bovine serum albumin results in no specific way, 

respectively. The developed indicator system allows us to control the distance between 

the fabricated efficient SERS hybrid platform and the labeled dye moiety. The ability to 

detect the target virus due to specific interactions with such aptameric DNA is 

quantitatively controlled by the degree of the quenching SERS signal from the labeled 

compound linked to an aptamer and paves a promising avenue to foster the practical 

application of the ultra-fast, amplification-free determination of coronaviruses. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/2079-6374/12/9/768/s1, Figure S1: Sensorgrams of 100 nM found aptamer sequence 

(Bt-Found), aptamer from the literature and cmpFound-Bt (nonspecific control), all carrying Bt-

T10—linker at 5′(or 3′)-end; Figure S2: Reflection spectrum of SERS-active substrate; Figure S3: SERS 

spectrum of Cy3 (1 × 10–6 M). (532 nm, 0.3 mW, 5 s, 10 acc., ×40) on the obtained hybrid plasmonic 

substrate; Figure S4: Raman spectrum of Cy3 (1 × 10–2 M). (532 nm, 0.3 mW, 5 s, 10 acc., × 40) on the 

obtained hybrid plasmonic substrate. Figure S5: SERS spectra of Sample 1 (violet), primary aptamer-

RBD protein with Cy3-labeled aptamer (magenta) (532 nm, 0.3 mW, 5 s, 10 acc., × 40). 
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