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A B S T R A C T   

The outbreak of life-threatening pandemic like COVID-19 necessitated the development of novel, rapid and cost- 
effective techniques that facilitate detection of viruses like SARS-CoV-2. The presently popular approach of a 
collection of samples using the nasopharyngeal swab method and subsequent detection of RNA using the real- 
time polymerase chain reaction suffers from false-positive results and a longer diagnostic time scale. Alterna
tively, various optical techniques namely optical sensing, spectroscopy, and imaging shows a great promise in 
virus detection. Herein, a comprehensive review of the various photonics technologies employed for virus 
detection, particularly the SARS-CoV family, is discussed. The state-of-art research activities in utilizing the 
photonics tools such as near-infrared spectroscopy, Fourier transform infrared spectroscopy, Raman spectros
copy, fluorescence-based techniques, super-resolution microscopy, surface plasmon resonance-based detection, 
for virus detection accounted extensively with an emphasis on coronavirus detection. Further, an account of 
emerging photonics technologies of SARS-CoV-2 detection and future possibilities is also explained. The progress 
in the field of optical techniques for virus detection unambiguously show a great promise in the development of 
rapid photonics-based devices for COVID-19 detection.   

1. Introduction 

The sub-micron sized viruses, described as “organisms at the edge of 
life” have been responsible for some of the worst human pandemics in 
history like influenza (1918), smallpox (1978),COVID-19. As of 
September 17, 2020, COVID-19 caused by the SARS-CoV-2 virus has 
affected nearly 29 million people and caused 936,521 death causalities 
(WHO, 2020). Genomic characterization studies on the full-length 
genome sequences obtained from SARS-CoV-2 infected patients have 
found a genome similarity of ~80%, ~50%, and ~96% with SARS-CoV, 
MERS- CoV, and bat coronavirus RaTG13, respectively (Lu et al., 2020). 
The pathways such as aerosolized droplets assisted transmission, direct, 
oral-fecal route, etc., are suggested to contribute towards pandemic 
spread with a viral incubation time as long as 24 days (Guan et al., 
2020). In the case of SARS-CoV-2, the spike glycoprotein (S protein) on 
the virus SARS-CoV-2 normally binds to the receptor, 
angiotensin-converting enzyme 2 (ACE 2), on the surface of human cells 
and invade the cell (Yan et al., 2020). Different kinds of clinical samples 
have been explored for COVID-19 detection. Conventional viral 

detection techniques usually employ the respiratory specimens collected 
from the upper and lower respiratory tract. The upper respiratory 
specimens from nasopharynx or oropharynx swabs have been collected 
in case of acute infection stage, which usually occurs within 7 days of 
viral infection. High viral loads have been reported in nasal samples as 
compared to the specimens obtained from the throat (Zou et al., 2020). 
The presence of viral RNA could be weakly detected in nasal and throat 
swabs after two weeks from symptom onset (Walsh et al., 2020). How
ever, sampling of both nasal and oropharynx specimens is recommended 
to minimize the error in the detection of viruses. Lower respiratory 
samples are being used to evaluate disease progression by quantitative 
monitoring of viral load, especially in cases of low viral load (Yu et al., 
2020). Higher viral loads and prolonged viral shedding have been 
observed in lower respiratory specimens compared to upper respiratory 
samples of critically ill COVID 19 patients (Huang et al., 2020). Bron
choalveolar lavage fluid (BLF) from the lower respiratory tract samples 
obtained via bronchoscopy or tracheal aspiration has been used for 
COVID-19 detection in symptomatic subjects with more than a week 
history. Sputum samples have also been used for viral detection by 

* Corresponding author. , Department of Atomic and Molecular Physics, Manipal Academy of Higher Education, Manipal, 576 104, India 
E-mail address: sajan.george@manipal.edu (S.D. George).  

Contents lists available at ScienceDirect 

Biosensors and Bioelectronics 

journal homepage: http://www.elsevier.com/locate/bios 

https://doi.org/10.1016/j.bios.2021.113004 
Received 25 September 2020; Received in revised form 11 January 2021; Accepted 12 January 2021   

mailto:sajan.george@manipal.edu
www.sciencedirect.com/science/journal/09565663
https://http://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2021.113004
https://doi.org/10.1016/j.bios.2021.113004
https://doi.org/10.1016/j.bios.2021.113004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2021.113004&domain=pdf


Biosensors and Bioelectronics 178 (2021) 113004

2

expectorating deep cough into a sterile container (Mohammadi et al., 
2020). Sputum sampling has displayed higher viral RNA detection rates 
in comparison with nasopharyngeal, oropharyngeal samples. Immuno
assay based technologies have been employed for diagnostic purposes 
using blood serum as the clinical sample. In addition, detection of viral 
samples has also been performed from saliva and stool specimens, which 
demands fewer sampling procedures in comparison with respiratory 
samples (Feng et al., 2020). However, testing of samples from different 
sites may always improve sensitivity and minimize the false negative 
test results. This is evident in the clinical study, which has reported 
RT-PCR test results of samples collected from various sites of COVID-19 
infected patients (Wang et al., 2020a). The researchers have demon
strated a detection rate of 93% in bronchoalveolar lavage fluid, 72% in 
sputum, and 63% in nasopharyngeal swabs, whereas the detection rate 
was low for pharyngeal swabs (32%) and stool (29%) (Wang et al., 
2020a). 

The current clinical diagnosis approaches for COVID-19 detection 
include searching for clinical manifestations, evaluation of epidemio
logical history, lung imaging, virus response to the antibody in blood 
serum, and real-time polymerase chain reaction (rT-PCR) of the naso
pharyngeal swab sample (Long et al., 2020). The gold standard PCR 
technique has several pitfalls in the way and the position of nasopha
ryngeal swab collection, sample transportation to the test center, RNA 
extraction, enzyme inhibitors, etc. that often lead to false-negative cases 
(Long et al., 2020). Another commonly used enzyme-linked immuno
sorbent assay (ELISA) technique offers the advantages of 
cost-effectiveness, robustness, scalability to large sample size, repeat
ability, and reproducibility but often requires high-quality antisera 
(Sakamoto et al., 2018). Moreover, the method is destructive to the 
samples, and identifying specific viral species/strains can be chal
lenging. As is well known, faster and early diagnosis tools are the key to 
control pandemic like COVID -19. The high population of asymptotically 
infected patients and the high reagent requirement for the PCR testing 
during pandemic necessitate alternative detection/diagnostic tools. 
With the advancement in the miniaturization of imaging devices and the 
development of tunable laser sources that allow highly reproducible 
spectral recording and imaging for sensitive and specific measurements, 
photonics-based tools are now becoming increasingly popular in clinical 
science, particularly for virus detection (Wallace, 2020). In this review, 
we summarize the recent progress made in the field of optical techniques 
that include spectroscopic as well as imaging techniques for virus 
detection. Initially, we provide a short account of the various popular 
methods currently employed for virus detection. Following it, a detailed 
account of the applicability of techniques such as near-infrared spec
troscopy, Fourier-transform infrared spectroscopy, Raman spectroscopy, 
fluorescence-based techniques, super-resolution microscopy techniques, 
surface plasmon resonance-based detection, for virus detection, partic
ularly for coronavirus. Further, a brief overview of other light assisted 
techniques that can potentially detect SARS-CoV-2 is also discussed. 
Finally, our perspective on the current and future directions in the field 
of optical technologies for the detection of viruses like SARS-CoV-2 is 
also presented. Recently, in an interesting review, M. Soler et al. dis
cussed various label-free nanophotonics sensors for the detection of vi
ruses like COVID-19 (Soler et al., 2020a). The researchers accounted 
mainly for genomic detection and intact virus detection primarily using 
surface plasmon resonance technique with a little discussion on silicon 
photonics sensor based detection but not accounted in detail about the 
spectroscopic signature-based detection of viruses. In another inter
esting review, A. M Amarni and the colleagues gave a perspective of 
emerging engineered photonics solutions for COVID-19 (Soler at al. 
2020b). In the review, the researchers accounted that beyond the well 
known SPR biosensors, there are emerging plasmonic nanotechnology 
and silicon-based photonics and rings and waveguide-based rapid virus 
screening and diagnosis tools. Additionally, they accounted for various 
photonics-based disinfection technologies. As compared to these works, 
the present review article focused on the optical techniques largely using 

the spectroscopic tools for the virus detection. Several industries have 
shown interest in exploring the high potential of optical techniques for 
COVID-19 detection, as given in Supplementary Table 1. A group led by 
Wilfred Dore from Samsung Strategy and Innovation Center have initi
ated research on developing SERS based technology, which can enable 
rapid detection of SARS-COV-2 at an earlier stage from human saliva 
(Devpost, 2020). Botanisol Analytics, a start-up based at the University 
of Arizona, has been working on a Raman spectrometer-based COVID-19 
detector for faster and cost-effective detection than conventional 
RT-PCR tests. The team has already received $1.5 million financial 
support from Air Force Research Laboratory to build the viral detection 
systems (Optics.org. 2020). Biomark Diagnostics and its affiliated 
company Bio-Stream have also been trying to develop cost-effective and 
quick viral detection modalities using optical techniques. Their ultimate 
goal is to provide the test results from saliva within 30 s by exploring the 
combination of SERS and machine learning techniques (Newsfile. 2020). 
Advanced Nanotechnologies (Ant), Ireland, in collaboration with Starna 
Scientific and Trinity College Schools of Chemistry and Engineering, 
have been working towards the development of a POIN2T testing device 
for COVID-19 (Ant. 2020). They have been trying to extend their 
existing technology ANT Raman Flipper device for viral detection from 
passengers saliva at various point of interactions such as airport security, 
cruise ship boarding point, community centers, etc. Similarly, Lamb
dagen Corporation has also been extending their plasmonic 
sensing-based point of care Laura digital platform towards COVID-19 
testing (LambdaGen. 2020). Creative Biostructure has been using their 
commercial SPR systems to evaluate the binding affinity between 
SARS-CoV-2 S protein and human ACE2 receptors (Creative Bio
structure. 2020). Xantec has already developed ready to use COVID-19 
RBD sensor chip based on SPR technology, which can be utilized in 
commercial SPR platforms for viral detection (Xantech. 2020). ProMIS 
Neurosciences, Inc. have also used SPR technology to develop highly 
accurate antibody test for SARS CoV-2 detection with the collaborative 
support from BC Neuroimmunology Lab Inc. (BCNI) (ProMIS Neurosci
ences. 2020). Todos Medical Ltd has been effective in transforming FTIR 
technology into a successful detection platform for cancer and neuro
degenerative diseases. Currently, efforts have been going on to translate 
the potential of this technology for COVID-19 diagnosis (BioWorld. 
2020). LightDeck Diagnostics has raised $11 Million for the develop
ment of a rapid, point of care device for COVID 19 detection in 5 min 
with the aid of laser-based planar waveguide technology (LightDeck 
Diagnostics. 2020). 

2. Popular techniques for virus detection 

Isothermal nucleic acid amplification-based techniques such as 
reverse transcription loop-mediated isothermal amplification (RT- 
LAMP) and Rolling Circle Amplification (RCA) have been receiving great 
attention due to their advantages over conventional RT-PCR test. Unlike 
RT-PCR, RT-LAMP does not demand the requirement of a thermal cycler 
for nucleic acid amplification since the isothermal amplification occurs 
at a constant temperature ~60–65 ◦C. The amplified DNA in this tech
nique is usually detected by evaluating the turbidimetry or fluores
cence/colorimetry. LAMP enables cost-effective, rapid, and specific 
detection with respect to the PCR technique. However, the complexity in 
designing the primers and the chances of false-positive results due to 
non-specific amplification while using pH indicators are the associated 
limitations (Feng et al., 2020). RCA facilitates sensitive viral detection 
due to its ability to amplify signals up to 109 fold within 90 min (Wang 
et al., 2005). This technique performed with minimal reagents can 
provide high specificity since it minimizes the false-positive results. 
Researchers have also incorporated isothermal amplification strategies 
with Clustered Regularly Interspaced Short Palindromic Repeats 
(CRISPR) based assays (SHERLOCK, DETECTR) for realizing 
cost-effective, sensitive, and specific virus detection (Zhang et al., 
2020a; Broughton et al., 2020). This technique does not need complex 
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instrumentation and can be performed in <1 h duration. The separate 
isothermal amplification and the need for multiple manual operations in 
these techniques can complicate the detection procedures and elevate 
the probability of carry-over contaminations (Kumar et al., 2020; Ding 
et al., 2020). All-In-One Dual CRISPR-Cas12a (AIOD-CRISPR) assay 
developed by Ding et al. minimize the chances of such contaminations 
by performing one step and one-pot reaction system, despite its chal
lenging task of experiment optimization (Kumar et al., 2020). Even 
though mass spectrometry-based tests can facilitate rapid, highly sen
sitive and specific viral detection, this technique suffers shortcomings in 
the form of the upfront cost of equipment and the requirement of 
technical expertise (Nachtigall et al., 2020; Mahmud et al., 2020). 
Graphene-based Field-effect transistor (FET) biosensors have also shown 
promising results by detecting spike protein of SARS-Cov-2 in naso
pharyngeal swab specimens with a detection limit down to 2.42 × 102 

copies/mL (Seo et al., 2020). However, the semiconductor defects are a 
matter of concern in FET biosensors (Menon et al., 2020). The synthesis 
of high-quality graphene with identical parameters is difficult, and any 
variation in the parameters may alter the sensor’s response character
istics (Sengupta et al., 2020). The use of electrochemical biosensors 
provides the benefits of lower sample volume requirement, 
cost-effective detection, and translational potential to develop minia
turized point of care devices, but also suffers from the lower shelf life 
and its sensitivity to sample matrix (Menon et al., 2020). The compari
son of different methods reported for COVID-19 detection is given in 
Supplementary Table 2. 

3. FTIR spectroscopy 

The non-invasive Fourier transform infrared (FTIR) spectroscopy 
that relies on the absorption of the infrared radiation has been exten
sively used for molecular structure fingerprinting of protein and nucleic 
acid. The spectral region of interest for virus studies includes the 
fundamental vibrations and overtones of most biochemicals, including 
proteins, nucleic acids, phosphates, and lipids (Vargas et al., 2009). 
Pizarro et al. have used the FTIR technique in combination with linear 
discriminant analysis to investigate metabolic profile alterations in the 
blood plasma of human immunodeficiency virus (HIV)-infected patients 
and differentiated between the healthy and infected subjects and 
different stages of HIV (Pizarro et al., 2018). An FTIR study on fibroblast 
cells infected with Moloney murine sarcoma virus (MSV) showed a high 
RNA/DNA ratio in the case of malignant cells as compared to healthy 
cells (Huleihel et al., 2002). The technique further used to differentiate 
between retrovirus-transformed cells from normal ones and to monitor 
the impact of an antiviral drug (acyclovir) upon Vero cells infected with 
herpes simplex virus type 1 (HSV-1) (Erukhimovitch et al., 2006; 
Huleihel et al., 2001). 

Attenuated total reflection (ATR)-FTIR technique is a variant of IR 
spectroscopy, where the evanescent wave generated by total internal 
reflection with the help of a high refractive index crystal was used to 
probe the sample characteristic signatures in the mid-IR region. Santos 
et al. have explored the ATR-FTIR technique for the identification and 
quantification of dengue serotype 3 (DENV-3) virus in blood and serum. 
In combination with multivariate analytical tools such as principal 
component analysis-LDA, successive projections algorithm - linear 
discriminant analysis (SPA-LDA), and genetic algorithm – linear 
discriminant analysis (GA-LDA), researchers were able to obtain better 
results for blood and serum samples infected with different levels of viral 
concentrations (Santos et al., 2017). The ability of ATR-FTIR analysis to 
monitor disease progression in virally affected cases (e.g., HIV), as well 
as treatment response, were investigated in serum samples by analyzing 
the spectral bands corresponding to lipids/fatty acids, carbohydrates, 
glucose, and proteins (Sitole et al., 2014). A portable ATR-FTIR system 
was used to diagnose viral hepatitis from blood serum by probing the 
presence of marker immunoglobulin signal in the case of both hepatitis B 
(HBV) and hepatitis C (HCV cases) and also found a unique marker band 

at 1093 cm− 1 for the hepatitis B surface antigen (Roy et al., 2019). The 
potential of ATR- FTIR for viral studies have also tested in the detection 
of live, attenuated virus in freeze-dried vaccine formulations by inves
tigating the amide III spectral region (1200-1350 cm− 1) and proved the 
efficiency in distinguishing different vaccine doses in the formulation 
(Hansen et al., 2015). The nanoscale infrared spectroscopic imaging was 
used to understand the chemical, as well as structural modification, 
occurs before the membrane fusion in the case of a single archetypal 
enveloped virus (influenza X31) and at different pH values (Fig. 1) 
(Gamage et al., 2018). A reduction in the amide I and amide II bands 
observed at acidic pH due to protein unfolding. 

4. Raman spectroscopy 

The weak inelastically scattered light (shorter energy Stokes and 
higher energy anti-Stokes scattering) following excitation with mono
chromatic radiation (Raman scattering) are now routinely used to mo
lecular fingerprint the biological samples as water exhibit low Raman 
scattering. Sato et al. have used micro-Raman spectroscopy for early- 
stage viral detection (~12 h) by studying Raman spectral signature 
(~952 cm− 1) during the adenovirus infection onto human embryonic 
kidney epithelial (HEK293) cell lines (Moor et al., 2014). Rehman et al. 
have applied the Raman technique for the dengue virus infection 
detection by analyzing the bands at 1614 cm− 1 and 1750 cm− 1 that 
originate from Immunoglobulin antibodies IgG and IgM created in 
response to dengue infection in blood samples (Rehman et al., 2012). 
Salman et al. demonstrated the application of Raman spectroscopy for 
the herpes virus (HSV-1) identification in Vero cell cultures with 100% 
sensitivity (Salman et al., 2014). The experiments have suggested a 
lower concentration of proteins and lipids in virus-infected Vero cells. 
Raman spectroscopy has also been proved beneficial for the in-vitro 
diagnosis of viral hepatitis from blood serum samples (Saade et al., 
2008). Raman bands attributed to lipids and phospholipids at 1170, 
1257, and 1344 cm− 1 were used as the discriminating factor for iden
tifying infected samples from normal serum samples. The UV-resonance 
Raman spectroscopy that provides an enhancement of 102-106 was re
ported to investigate the viruses liked filamentous virus (Wen et al., 
1999). Sohail et al. have explored Raman spectroscopy in combination 
with proximity based machine learning technique for the effective 
diagnosis of hepatitis C infection with 95% accuracy (Sohail et al., 
2018). 

The plasmonic nanostructure enabled improved Raman scattering in 
surface-enhanced Raman scattering technique (SERS) now finding 
increased application in virus studies (Yeh et al., 2020). The popular 
antisense oligonucleotides (ASO) that liberated upon viral destruction 
have complementary sequences to some unique sites of viral genomes 
and often form a complex between ASO and viral genome, manifested as 

Fig. 1. Nano-FTIR spectra of influenza virus particles at neutral pH (green) and 
pH 5 (red). Reprinted from (Gamage et al., 2018). (https://creativecommons. 
org/licenses/by/4.0/). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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different SERS spectra compared to ASO (Ambartsumyan et al., 2020). 
The production of ASO is straight forward, and it involves the 
sequencing of the target virus genomes and the selection of a unique 
sequence for a strain of choice. In another work, upon carrying out PCA 
and LDA on the recorded Raman spectrum from the serum samples of the 
patients, the diagnostic sensitivity of 91.4% and a specificity of 83% was 
obtained for hepatitis B virus detection (Lu et al., 2018). The peak 
corresponding to L-arginine found to increase whereas spectral lines of 
saccharides, phenylalanine, tyrosine, as well as valine, and hypoxan
thine decreases. In another work, highly ordered Au nanodots deposited 
electrochemically onto ITO substrates were used as SERS active sub
strates for the quantitative investigation of (35 fg/mL to 350 pg/mL) 
HIV (Lee et al., 2015). The usage of the SERS technique for the detection 
as well as discrimination of influenza, adenovirus, and respiratory syn
cytial viruses (RSV) was also reported (Shanmukh et al., 2006). SERS 
also enabled the detection and differentiation of different stages of 
influenza viruses by exploiting Raman signatures of their unique surface 
proteins/lipids (Lim et al., 2015). The capability of the SERS technique 
to detect a nonstructural protein (NS1), an established protein used for 
the early detection of viral infections, from saliva was also reported 
(Othman et al., 2017). Similarly, SERS platforms exploiting NS1 protein 
detection were also reported for the differentiation of the Zika virus and 
dengue virus (Sánchez-Purrà et al., 2017). Sing et al. have demonstrated 
SERS based dengue detection from serum samples using a handheld 
device by the identification of NS1 protein peak (Gahlaut et al., 2020). 
Recently, a handheld device (Virrion) that capture viruses based on their 
size with the aid of carbon nanotube forest arrays and subsequent viral 
recognition using SERS in combination with machine learning algo
rithms were reported (Yeh et al., 2020). Raman spectra of respiratory 
viruses obtained using Virrion is shown in Fig. 2 (A) and the PCA results 
(Fig. 2(B)) demonstrate the effectiveness of the technique in differenti
ating the viral strains. Besides, oseltamivir-resistant mutant influenza 
virus in human nasal and saliva specimens has been detected with the 
aid of SERS-active urchin Au nanoparticles and oseltamivir hexylthiol, 
which acts as effective receptor for virus capture (Eom et al., 2019). 
SERS based Magnetic immunoassays has been capable enough to detect 
influenza virus H3N2 down to 102 TCID50/mL (Sun et al., 2017). 

The virus titer determination using the label-free SERS technique 
suffers from nonuniform adsorption, and the high analyte concentration 
enabled nonlinear signal enhancement. Besides, the irregular ‘hot spots’ 
on the plasmonic substrate also adversely affect the reproducibility of 
the SERS signal. The indirect SERS technique, antibodies, molecules 
attached to the sensor’s surface, or aptamers provide the specificity by 
selective binding with the analyte. Such a binding facilitate the accurate 
placement of the analyte molecule at desired hotspots. As the SERS 

signal comes from a reporter molecule, not from the analyte itself, this 
technique demand reporter molecules must be water-soluble and easily 
conjugatable to oligonucleotides. In an interesting work, silver-nanorod 
SERS array functionalized with the receptor ACE2 was employed for the 
rapid interrogation of SARS-CoV-2 in water without any pre-treatment 
(Zhang et al., 2020b). The Raman spectroscopy study showed that the 
recognition binding domain of SARS-CoV-2 spike protein SERS spectral 
intensity in the assay is significantly quenched for most of the peaks and 
exhibited a shift from 1189 to 1182 cm− 1. The technique offers an op
portunity to assess the viral decay in the wastewater treatment plants 
and the tracking of SARS-CoV-2 in the pipe network. Viral RNA detec
tion from saliva was also reported in a recent study using Raman spec
troscopy with a sensitivity of 7.05 × 107 transduction units per ml viral 
particles (Desai et al., 2020). 

Porter et al. have coupled SERS with atomic force microscopy and 
demonstrated a limit of detection of 1 × 106 FCV/mL in the case of feline 
calicivirus (FCV) (Porter et al., 2006). Similarly, Popp et al. have per
formed investigations at a single mosaic virus level using tip-enhanced 
Raman spectroscopy (TERS), and the Raman bands correspond to coat 
proteins, and RNA was observed (Cialla et al., 2009). In this technique, 
the electromagnetic field enhancement and confinement at the sharp 
scanning probe microscope (SPM) tip due to localized surface plasmon 
resonance effect and lightning rod effect enable the nanoscale chemical 
imaging and can be used for imaging of avipoxvirus and 
adeno-associated virus of diameter 350 nm and 26 nm, respectively 
(Hermann et al., 2011). The study demonstrated variation in the relative 
peak intensities and position of most of the spectral features for the 
different particles from the same virus strain. The potential of this 
technique for single virus detection and the differentiation of influenza 
virus and picornavirus was also demonstrated (Deckert et al., 2020). As 
the SARS-CoV-2 virus diameter fall in a similar range, this technique can 
be explored for mapping SARS-CoV-2. 

5. Fluorescence-based virus detection 

The fluorescence emanating from samples following the optical 
excitation is used for virus studies, particularly for labeled and non- 
labeled fluorescence microscopy studies. Here, fluorescing transgenic 
proteins or small chemical express in cells of interest were commonly 
used as the fluoroprobe. In the labeled detection, fluorescent tags such as 
quantum dots, covalently attached fluorophores, or other chemicals 
connected via click chemistry act as labels to investigate the molecule of 
interest (Moses and Moorhouse 2007; Resch-Genger et al., 2008). In the 
conventional immunofluorescence (IF), the intercellular structures of 
the fixed and permeabilized cells were probed via fluorescence of lipids 

Fig. 2. VIRRION testing of respiratory viruses. (A) Raman spectra. (B) PCA plot of Raman fingerprint of the different viruses. Each dot represents a collected 
spectrum. Reproduced from (Yeh et al., 2020) (https://creativecommons.org/licenses/by/4.0/). 

J. Lukose et al.                                                                                                                                                                                                                                  

https://creativecommons.org/licenses/by/4.0/


Biosensors and Bioelectronics 178 (2021) 113004

5

or target proteins whereas oligonucleotides were used in fluorescence 
in-situ hybridization (FISH) staining (Pernthaler et al., 2001). The viral 
RNAs of influenza A virus or Hepatitis C virus was visualized by using 
multiple specific short probes in the single-molecule FISH technique 
(Chou and Lionnet 2018; Mor et al., 2016; Ramanan et al., 2016). The 
number of probes bound near the target in an infected cell found to 
increase drastically by creating a multilayered scaffold. Both these ap
proaches were found to be useful in detecting the Zika virus, HCV, 
Hepatitis B virus (HBV), or human papillomavirus (HPV) (Lewis et al., 
2012; Savidis et al., 2016; Wieland et al., 2014; Zhang et al., 2016). On 
the other hand, phase-contrast microscopy was used to study viruses 
such as IAC, adeno-associated virus, HPV, HIV, etc (Bächi 1988). The 
AdV and HIV were investigated through streptavidin-biotin interactions, 
functionalization with oligonucleotides, or direct encapsidation in the 
virion (Herod et al., 2015; Li et al., 2017; Liu et al., 2014; Wan et al., 
2014; Zhang et al., 2013). The genetically green fluorescent protein 
(GFP) and its variants that require no further staining or labeling were 
used as a generic reporter for infection or an indicator of viral tran
scription or replication (Baulcombe et al., 1995; Greber and Way 2006). 
The genome engineered virus-like AdV, HIV, IAV, HSV, etc., provide 
fluorescence-based spatiotemporal information upon the fusion of GFP 
with viral proteins (De Martin et al., 1997; Elliott and O’Hare 1999; 
Manicassamy et al., 2010; Müller et al., 2004). The popularly employing 
confocal fluorescence microscopy suffers from focused laser beam 
induced phototoxicity and photobleaching. Spinning disk confocal mi
croscope where the probing of the sample was carried out through 
multiple pinholes arranged on a Nipkow disk reported to mitigate this 
issue to a certain extent and thus allow live-cell information but suffer 
from low spatial resolution (Oreopoulos et al., 2014). The total internal 
reflection fluorescence microscopy (TIRF-M) reported being more effi
cient in deciphering the HIV-1 assembly occurring at the cell plasma 
membrane. With the fluorescein tagged Gag proteins, the researchers 
were able to visualize the kinetics of HIV-1 Gag assembly in a transfected 
adherent model cell line (Jouvenet et al., 2008). 

In an important work on SARS-CoV virus, the interaction between 
the accessory proteins (3a, 3b, 6, 7a, 7b, 8a, 8b, 9b, and ORF14), pre
dicted unknown proteins (PUPs) encoded by the genes, was investigated 
by an EYFP (enhanced yellow fluorescent protein) bimolecular fluores
cence complementation (BiFC) assay (Kong et al., 2015). The authors 
were able to probe 33 out of 81 interactions which were identified by 
BiFC, much more than that identified by the yeast two-hybrid (Y2H) 

system. The strong fluorescence observed from the interactions 
pVN3a-pVC3a and pVN3a-pVC7a was shown in Fig. 3. 

Fluorescence-based virus detection has been employed for some 
time, and there exists an FDA approved test kit that utilizes fluorescence- 
based reverse transcript real-time PCR (rRT-PCR) technique for the 
detection of SARS-CoV-2. Here, the replicated nucleic acid copies from 
the SARS-CoV-2 were detected by probing the change in fluorescence of 
the fluorescent probe when it was released from its quencher counter
part upon primer replication. The RNA isolated from the specimen was 
reverse transcribed into complementary DNA (cDNA) and amplified via 
PCR processes along with several sets of SARS-CoV-2 primer and probe 
detection targets. The probe detection sets were a pair of molecules that 
were bound in tandem as a fluorescence emitter (5(6)-carboxy
fluorescein, FAM) and dark quencher (Black Hole Quencher – 1 
(BHQ1)). Here, the fluorescence intensity for positive diagnosis in
creases during the extension phase of each PCR cycle as a consequence of 
polymerized Taq primer nuclease activity on the 5’end. The nuclease 
activity ruptures the FAM from the BHQ-1 in the probe. Though FAM has 
high quantum efficiency at around 520 nm upon 488 nm laser excitation 
in certain solvents and buffers, the emission falls drastically in an acidic 
medium (Edinburgh Instruments, 2020). 

6. Super-resolution microscopy techniques 

The inherent spatial resolution limitation (X, Y ~ 200 nm and 
Z~600 nm), photobleaching, finite fluorescence rate (saturation), pho
toblinking, etc. of fluorescence microscopy necessitated the usage of 
super-resolution microscopy that allow understanding of virus struc
tures and its localization, assembly, replication, and infection within the 
host cell, etc. Among the various super-resolution microscopes avail
able, techniques like STED (Stimulated Emission Depletion) microscopy 
or PALM (Photo-Activation Localization Microscopy) and dSTORM 
(direct Stochastic Optical Reconstruction Microscopy) enable the studies 
of small viruses like SARS-CoV (<100 nm) (Chojnacki and Eggeling 
2018). 

According to this position information, the super-resolution micro
scope technique for virus studies can be categorized into two groups. 
The first group relies on the targeted shift of the excited fluorophore into 
the dark state at the fringes of a precisely positioned fluorescence 
excitation spot, which is the operation principle of STED and related 
Reversible Saturable Optical (Fluorescence) Transition (RESOLFT) 

Fig. 3. Visualization of interactions of 
pVN3a-pVC3a (top panel) and pVN3a- 
pVC7a (bottom panel) using a split- 
EYFP based bimolecular fluorescence 
complementation assay. The rest of the 
31 interactions among accessory pro
teins were also visualized under the 
same conditions (data not shown). BiFC, 
bimolecular fluorescence complementa
tion assay images. DIC, differential 
interference contrast images. Merged, 
merged images of DIC and BiFC 
Reprinted from (Kong et al., 2015), 
copyright (2015), with permission from 
Elsevier.   
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microscopy variant. The second group probe the stochastic switching of 
the fluorescing molecules in the entire field of view and its localization, 
which is adopted in PALM, STORM, and its variants. The variants 
include GSDIM (Ground State Depletion microscopy followed by Indi
vidual Molecule return), PAINT (Point Accumulation for Imaging in 
Nanoscale Topography), and SOFI (Super-resolution Optical Fluctuation 
Imaging) (Chojnacki and Eggeling 2018). However, most of the 
super-resolution fluorescence microscopy studies focused on the anal
ysis of fixed virus samples. In addition to high spatial resolution, the 
study of dynamical processes in live viral samples requires higher im
aging speed, accurate labeling, and sample penetration depth. Presently, 
the popular super-resolution techniques for virological studies are SIM 
(structured illumination microscopy), SMLM (single-molecule localiza
tion microscopy), and STED. A comparison of these techniques adopted 
from reference (Sydor et al., 2015) is given in supplementary table 3. 

One of the earliest viruses that were investigated by a super- 
resolution fluorescence microscope was HIV-1, and the studies gave 
insights into the retroviral replication cycle (Chojnacki and Eggeling 
2018; Hanne et al., 2016). With the usage of scanning 
STED-Fluorescence Correlation Spectroscopy, the protein dynamics on 
the surface of individual HIV-1 particles were investigated (Chojnacki 
et al., 2017). Analysis of the data confirmed that the virus maturation 
status played an important role in the mobility of the virus surface en
velope glycoprotein Env. The viral protease-mediated cleave of the 
structural polyprotein, protein Gag, was responsible for the conversion 
of immature noninfectious budding HIV-1. An increased Env mobility 
was observed when the disassembly of the immature Gag lattice 
occurred during the maturation, and the increased mobility of Env found 
to play an important role in productive virus entry to the cell. The 
reduction in mobility of the proteins on the immobile environment of 
the HIV-1 surface was confirmed by comparing the diffusion charac
teristics study of Env as well as GPI-anchored protein and MHC-I be
tween HIV-1 and cellular surfaces. It was observed that the magnitude of 
mobility was reduced by two orders of magnitude as compared to the 
cell plasma membrane. The live-cell studies were done by organic dye 
compatible tagging approaches wherein the click chemistry along with 
nonfluorescent tags such as SNAP-/HALO-/CLIP-tag or artificial amino 
acids were used (Heilemann et al., 2008). 

In another interesting work, by using PALM/STORM technique along 
with TIFR microscopy, Muranyi et al. investigated the fundamental as
sembly and budding process in HIV-1 and found that the assembly site 
very close to the plasma membrane and have a diameter around 130 nm 
(Muranyi et al., 2013). The nanoscopic measurements using the PALM 
technique of distinct viral particles revealed the conical morphology of 
the capsid, as well as the localization of the FlAsH, tagged integrase viral 
protein inside the capsid (Lelek et al., 2012). Also, the study enabled the 
investigation of the architecture of the envelope glycoproteins. By using 
a high-resolution dual-color STORM technique, the same group also 
demonstrated that HIV replication was favored by chromatin organi
zation at the nuclear pore. To investigate the HIV replication, an analysis 
of histone H3K36me3 and nuclear pore complex was carried out (Lelek 
et al., 2015). An increase in the cluster size of the HIV capsid (236%) in 
comparison to the matrix protein was observed during the infection by a 
detailed study using the dSTORM technique (Pereira et al., 2012). 
Another interesting study using three-dimensional microscopy showed 
that the Gag protein recruited the host endosomal sorting complex 
required for transport to the assembly site of the newly formed virion 
and facilitate the release of HIV particles from the cell by membrane 
fission (Van Engelenburg et al., 2014). Advancement in the 
super-resolution microscopy now allows the investigation of more than 
a hundred differently labeled Gag clusters at the plasma membrane of 
the host cell during the virions assembly (Gunzenhä;user et al., 2012). 
The STED microscopic studies of the receptor and the mutant behavior 
on the dendritic cell surface for HIV and dengue virus showed the cluster 
organization of the antigen-presenting cells at the viral entry point. 
Moreover, the extracellular neck domain was found to be important for 

the DC-specific ICAM-3 grabbing nonintegrin (DC-SIGN) clustering and 
virus internalization (Manzo et al., 2012). In a study to understand the 
relative localization of the core protein and E2 envelope protein of HCV 
inside an infected cell showed little colocalization of two viral proteins 
in the individual regions when 0.2 μm diameter lipid droplets distrib
uted very close (1 μm) to the cell membrane (Eggert et al., 2014). In 
another work, by using the STORM and electron microscopy technique, 
the role of tetraspanin CD81 in the replication process of influenza A 
viruses is evaluated (He et al., 2013). The replication and assembly of 
CD81-positive endosomes at the cell surface and its virus entry was 
confirmed by using the fluorescently labeled influenza virus particles. 
Additionally, the study revealed that the fusion of the viral with the cell 
membrane could be impaired in the absence of CD81. Though little work 
has been done, all these studies show that the super-resolution micro
scopic technique provides a great promise in investigating the 
SARS-CoV-2 and its interaction with cells. 

7. Surface plasmon resonance based virus detection 

The resonant oscillations within the surface electrons (surface plas
mon resonance) at a metal-dielectric interface (with opposite dielectric 
constants that satisfy relation β = kεn2

s εm + n2
s for the propagation 

constant) induced by a transverse magnetic, electromagnetic radiation 
(or p-polarized light) of a specific energy and incident wave vector 
(angle) has already been successfully exploited to investigate pathogen 
detection (Homola and Piliarik 2006; Lukose et al., 2018). Here k de
notes the free space wavenumber, εm is the dielectric constant of the 
metal and ns the refractive index of the dielectric material. The energy 
and momentum matching between the incident light and surface plas
mon wave at resonance condition interrogated via angular or wave
length scanning normally manifested as intensity dip. Typically, in the 
SPR technique, a biomolecule immobilized onto the sensor surface 
(noble metal) interacts with (binding) bio-particle flowing in the 
coupling medium and get immobilized to accumulate the biomolecules 
onto the sensor surface. The accumulation of probing molecules leads to 
an increase in the refractive index near the sensor surface and change 
the SPW. Thus, the real-time measurement of refractive index change 
provides information about the binding efficiency of the biomolecules. 

In a pioneering work, Wang and the colleagues demonstrated the 
applicability of surface plasmon resonance imaging for the detection of 
single influenza A H1N1 viral particles via virus-surface interactions 
(Wang et al., 2010). The surface functionalization (bare gold, 
PEG-coated, or anti-influenza A antibody-coated sensor) found to play 
an important role in the interaction. The interaction between the whole 
influenza virus and an antibody-based on surface plasmon resonance 
was investigated by Schofield and Dimmock by immobilizing different 
antibodies on a CM 5 chip and reported the kinetic parameters of their 
interactions (Schofield and Dimmock 1996). Later, Hidari and the col
leagues reported the whole virus interaction with glycans by immobi
lizing the glycans on the surface of liposomes and the subsequent 
immobilization on the L1 sensor chip (Hidari et al., 2007). The potential 
of this technique for label-free and rapid quantification of small RNA 
virus belonging to the picornyiridae family (human Enterovirus 71 
(EV71)) was demonstrated (Prabowo et al., 2017). In the study, the 
major capsid protein VP1 of EV71 was used as the biomarker, and the 
signal to noise ratio is enhanced by integrating the area under the 
reflectivity curve. In another work, the intensity modified-surface 
plasmon resonance biosensor was developed for the rapid detection 
(~10 min) of the H7N9 virus and H7N9-RG virus that show similar 
surface proper properties to avian influenza A H7N9 virus (Chang et al., 
2018). The detection limit of the H7N9 virus was estimated to 144 
copies/mL, whereas it was measured to be 402 copies/mL for the mimic 
clinical specimens wherein the H7N9 virus was mixed with nasal mu
cosa from flu-like syndrome patients. In another interesting work, a gold 
SPR chip modified with 4-mercaptobenzoid acid (4-MBA) was used for 
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the immobilization of nucleoprotein of Ebola (EBOV-rNPA) and the 
interaction of different monoclonal antibodies mAb1, mAb2 and mAb3 
were investigated and found that affinity constant (KD) for mAb1, mAb2, 
and mAb3 of Ebola with the immobilized EBOV-rnNP is 809 nM, 350 pM 
and 52 pM (Sharma et al., 2020). A recent work that utilizes dithiobis 
(succinimidyl undecanoate) immobilized on NH2 reduced graphene 
oxide-polyamidoamine nanocomposite as the sensor surface showed the 
fast detection (<8 min) of ultra-low concentration (0.08 pM) of DENV-2 
E-proteins (Omar et al., 2020). Lin et al. have developed a miniaturized 
optical fibre based SPR sensor for the detection of avian influenza virus 
from poultry samples (Zhao et al., 2016). Aptamers has been also used as 
effective receptors for viral detection (avian influenza) via SPR bio
sensing techniques (Nguyen et al., 2016). Simultaneous detection of 
nine variants of respiratory viruses has been carried out by attaching 
virus-specific oligonucleotides onto SPR sensor chip (Shi et al., 2015). 

A protein created by the genetic fusion of an anchoring component, 
gold binding polypeptides (GBPs) and a recognition element, SARS 
coronaviral surface antigen (SCVme), was employed to diagnose the 
severe acute respiratory syndrome (SARS) in a surface plasmon reso
nance (SPR) based biosensor (Park et al., 2009). SPR sensorgrams rep
resenting the sensitive as well as specific binding of anti-SCVme to the 
GBP-E-SCVme were shown in Fig. 4 (a) and (b) respectively. The study 
showed that the highest detection response for an anti-SCVme (906 RU) 
was achieved when the packing fraction of the fused protein was 10 g 
mL− 1 and the limit of detection was 200 ng/mL anti-SCVme and the 
measurement time as less than 10 min. In an important recent study, 
real-time SPR assays were utilized to investigate the interactions of 
SARS-CoV-2-CTD (Receptor binding entity of SARS-CoV-2) and 
SARS-RBD (Receptor binding entity of SARS-CoV) with hACE2 receptor, 
which is given in Fig. 5 (Wang et al., 2020). A fourfold stronger binding 
affinity was evident for SARS-CoV-2-CTD towards the entry receptor 
hACE2 from the SPR results as compared to SARS-RBD. It was found that 
the C-terminal domain (CTD) of spike protein in two viruses, SARS-CoV 
and SARS-CoV-2 are antigenically different. 

In an important work, J. C. Haung and the colleagues developed a 
localized surface plasmon coupled fluorescence (LSPCF) fiber-optic 
biosensor to improve the sensitivity of conventional immunoassay 
detection of SARS-CoV nucleocapsid protein (N protein) (Huang et al., 
2009). The authors found a linear relationship between the fluorescence 
signal and SARS-CoV N(GST-N) protein in buffer solution for the range 
between 0.1 pg/mL to 1 ng/mL. In another interesting work utilized the 
surface plasmon resonance to test the biophysical properties of severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein, it 
was found that the SARS-CoV-2 spike glycoprotein bound 
angiotensin-converting enzyme 2 (ACE2) with much higher affinity than 
SARS-CoV spike protein (Shang et al., 2020). The binding affinities of 
the each of the three receptor-binding domains (SARS-CoV-3, chimeric 
and SARS-CoV) and angiotensin-converting enzyme 2 (ACE2) was 

measured using surface plasmon resonance and found that chimeric 
have higher ACE2-binding affinity than SARS-CoV-2 RBD, due to the 
introduced N–O bridge between receptor binding domain and ACE2 
(Shang et al., 2020). The dissociation constant Kd indicates that 
chimeric and SARS-CoV-2 RBDs have significantly higher ACE2-binding 
affinities than the SARS-CoV RBD. Amid the pandemic COVID-19, J. 
Wang and the colleagues developed dual-functional plasmonic bio
sensors that combine the plasmonic photothermal (PPT) effect and 
localized surface plasmon resonance (LSPR) sensing transduction for the 
detection of the selected sequence from SARS-CoV-2 (Qiu et al., 2020). 
In this work, the two-dimensional gold nanoislands (AuNIs) function
alized with complementary DNA receptors was utilized for the detection 
of SARS-CoV- 2 through nucleic acid hybridization. The thermo
plasmonic heating created by the gold nanoislands chip via illumination 
at plasmonic resonance frequency found to elevate the in-situ hybridi
zation temperature and enable the specific discrimination of two similar 
gene sequences. The limit of the detection of the dual-functional LSPR 
sensors for the selected SARS-CoV-2 was estimated to be 0.22 pM. In this 
work, by utilizing the two different angles of incidence, two different 
wavelengths were employed for plasmonic resonances of PPT and LSPR, 
which found to have a pronounced effect on sensing stability, sensitivity, 
and reliability. The developed technique was found effective to provide 
real-time, label-free detection of viral sequences, including 
RdRp-COVID, ORF lab-COVID, and E genes fro SARS-CoV-2. In a very 
recent work, J-F Masson and the colleagues reported an SPR sensor 
detecting the nucleocapsid antibodies specific against SARS-CoV-2 in 
human serum (Djaileb et al., 2020). In the study, an SPR sensing surface 
coated with a peptide monolayer immobilized with SARS-CoV-2 nucle
ocapsid recombinant protein provided anti-SARS-CoV-2 detection in the 
nanomolar range. Recombinant protein functionalization on sensor 
surface was performed via N-ethyl-N’-(3-dimethylaminopropyl)carbo
diimide hydrochloride (EDC) - N-hydroxysuccinimide (NHS) amine 
coupling chemistry. The duration of the measurements was about 15 
min, which is much faster than conventional PCR based techniques. 

8. Other light-assisted methods 

D. Pan and the colleagues demonstrated nanotechnology-enabled 
“naked eyed detection of SARS-CoV-2 via a colorimetric assay based 
on anisotropic gold nanoparticles (Moitra et al., 2020). The viral 
genome sequencing of the SARS virus revealed that three regions of the 
virus, NRA-dependent RNA polymerase gene (RdRP gene), enveloped 
protein gene (E gene) and nucleocapsid phosphoprotein gene (N gene) 
have conserved sequences. In this work, simultaneous covering of the 
two specific regions of the viral N-gene sequence was done using a 
targeting approach mediated by four antisense oligonucleotide se
quences. In the presence of the target RNA sequence of SARS-CoV-2, the 
thiolated ASO capped AuNP start to agglomerate which further 

Fig. 4. SPR sensorgrams for (a) sensitive and (b) selective detection of anti-SCVme using the GBP-E-SCVme immobilized gold sensor chip at various concentrations 
(0.1, 1, 10, 50, and 100 μg mL− 1) of anti-SCVme and (1 and 10 μg mL− 1) of mouse IgG as negative controls. Reprinted from (Park et al., 2009), copyright (2009), with 
permission from Elsevier. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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amplified upon addition of the RNaseH cleaves and finally leading to the 
visual precipitation of the plasmonic nanoparticles and the color change. 
The agglomeration was manifested as a 40 nm redshift in the UV-VIS 
absorption spectral studies (Moitra et al., 2020). The results are 
further corroborated with transmission electron microscopy studies and 
enhanced dark-field hyperspectral imaging studies. The targeting 
approach of two of the N-gene regions of SARS-CoV-2 ensures the assay 
can be employed even when one region of the viral gene is mutated. 
Amos Danielli and his coworkers have recently come up with a fluo
rescence based technique which provide sensitive detection of 
Coronavirus-specific RNA sequences from saliva within 15 min (Bio
Optics World Editors, 2020). 

In pursuit of developing a label-free rapid method for COVID-19 
detection, researchers working in “CONVAT” project are now 
exploring the possibility of a laser-based nano-interferometric sensor to 
detect the virus from saliva (Wallace, 2020; Ruiz-Vega 2020). CONVAT 
project funded by H2020 European Union Framework Program aims at 
the development of point of care nano-interferometric biosensor, which 
can facilitate early diagnosis of COVID-19. The impact and the benefits 
of such point of care biosensors developed in CONVAT project has been 
summarized in a recent article (Ruiz-Vega 2020). The CONVAT 
approach relies on the recognition of the antigens of the virus capsid 
when the fluid sample passes through the sensor surface with an 
evanescent field from the propagating laser light in a bimodal wave
guide interferometer (Ruiz-Vega 2020). The recognition of the antigen 
produces a small change in the refractive index, which causes changes in 

the direction of light travel. A comparison of this change against the 
precisely measured standard value may enable the instantaneous 
detection of the coronavirus, even at a very low concentration range 
(pM–aM) without any additional amplification procedure. Recently, an 
interferometric scattering (iSCAT) microscopy has developed to observe 
single nanoparticles, molecules, label-free live-cell imaging, single pro
teins, and viruses (Taylor et al., 2019; Taylor and Sandoghdar 2019). 
The same technique is now being explored to investigate the steps 
involved in the interaction of SARS-CoV-2 with a single cell. A 
comprehensive table that illustrates the potential of optical techniques 
for the detection of viruses like COVID-19 is given supplementary 
Table 4(Cui and Chou, 2020) (Jinglin et al., 2020). (Technology and 
trends) (Soler et al., 2020). 

9. Summary and outlook 

The rapid detection and diagnosis of viruses not only help to mitigate 
the pandemic but also facilitate the discovery of future vaccines. The 
expensive nature and low throughput of currently employing PCR-based 
assay demand the development of photonics-based techniques illus
trated here for SARS-CoV-2 detection. Despite the great promise, pho
tonics techniques face the biggest challenges from the great diversity of 
viruses circulating the human organism and the unique microbiome of 
each individual. However, with the usage of advanced artificial intelli
gence tools, these techniques expected to provide definite biomarkers 
for viruses and their interaction with cells. The success of the near- 

Fig. 5. Specific Interactions between SARS-CoV-2-S1 and SARS-CoV-2-CTD with hACE2, Characterized by SPR. The indicated mFc-tagged proteins in the supernatant 
were captured by anti-mIgG antibodies that were immobilized on the chip and subsequently tested for binding with gradient concentrations of hACE2 or hCD26, with 
the following binding profiles shown. 
(A) SARS-RBD binding to hACE2. (B) SARS-RBD binding to hCD26. (C) MERS-RBD binding to hACE2. (D) MERS-RBD binding to hCD26. (E) SARS-CoV-2-S1 binding 
to hACE2. (F) SARS-CoV-2-S1 binding to hCD26. (G) SARS-CoV-2-NTD binding to hACE2. (H) SARS-CoV-2-NTD binding to hCD26. (I) SARS-CoV-2-CTD binding to 
hACE2. (J) SARS-CoV-2-CTD binding to hCD26. (K) Culture supernatant of HEK293T cells without transfection (NC) binding to hACE2. (L) Culture supernatant of 
HEK293T cells without transfection (NC) binding to hCD26. The values shown are the mean ± SD of three independent experiments. This article was published in 
Wang et al. (2020), copyright Elsevier (2020) 
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infrared spectroscopy and nanotechnology-enabled Raman spectroscopy 
in investigating viruses like HIV and influenza ensures the potential of 
these techniques for studying SARS-CoV-2 with high specificity. With 
the development of superhydrophobic, slippery, and externally 
controllable SERS substrates, the rapid detection of coronavirus even at 
low concentration is possible. While employing magnetic plasmonic 
nanoparticles for the hot-spot controlling of the SERS substrate, the 
inner magnetic core provides good magnetic responsivity, whereas the 
noble metal shell provides the excellent plasmonic activity. The spatial 
resolution issue of the conventional SERS technique is now mitigated to 
a certain extent via the TERS technique. The use of labeling strategies 
(bDNA-FISH) and click chemistry labeling of nucleic acids, lipids, and 
proteins provide high sensitivity in the fluorescence microscopic 
imaging-based viral studies. The diffraction limit of conventional fluo
rescence microscopes to investigate ultra-small viruses like coronavirus 
can be now mitigated with the usage of a super-resolution microscope 
and can help the understanding of host-virus interactions and sub-viral 
structures. The emergence of plasmonic biosensors to detect the viruses 
like SARS-CoV-2 can be attributed to (i) potential to integrate with 
complementary analytical tools like colorimetric, SERS, fluorescence 
imaging (ii) advancement chemical functionalization strategies via top- 
down or bottom-up approaches (iii) integration of selective receptors to 
avoid cross-reactivity and specificity. By combining these advantages, 
SPR based techniques can be employed for the analysis of body fluids 
such as blood, nasal asperities, urine, etc. With the advancement in 
technology and miniaturization, photonics-based biosensing platforms 
will become popular in terms of portability, cost involved, affordability, 
user-friendliness, and ready-to-use mode. As depicted in this progress, 
such photonics-based technologies offer a great promise for the rapid 
detection of deadly dangerous viruses like SARS-CoV-2. Although the 
COVID-19 may decrease and could disappear or reoccur seasonally in 
future mutations through the zoonosis from one of the animal reservoirs, 
the research advancement happening in the field of photonics in 
detecting viruses may provide novel devices in mitigating new out
breaks from viruses. 
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Pathog. 9 (2), e1003198. 

Nachtigall, F.M., Pereira, A., Trofymchuk, O.S., Santos, L.S., 2020. Nat. Biotechnol. 38, 
1168–1173. 

Nguyen, V.-T., Seo, H.B., Kim, B.C., Kim, S.K., Song, C.-S., Gu, M.B., 2016. Biosens. 
Bioelectron. 86, 293–300. 

Omar, N.A.S., Fen, Y.W., Abdullah, J., Kamil, Y.M., Daniyal, W.M.E.M.M., 
Sadrolhosseini, A.R., Mahdi, M.A., 2020. Sci. Rep. 10 (1), 1–15. 

Oreopoulos, J., Berman, R., Browne, M., 2014. Spinning-disk confocal microscopy: 
present technology and future trends. Methods Cell Biol. 153–175. Elsevier.  

Othman, N., Lee, K.Y., Radzol, A., Mansor, W., Ramlan, N., 2017. Linear Discriminant 
Analysis for Detection of Salivary NS1 from SERS Spectra. TENCON 2017-2017, IEEE 
Region 10 Conference. IEEE, pp. 2876–2879. 

Park, T.J., Hyun, M.S., Lee, H.J., Lee, S.Y., Ko, S., 2009. Talanta 79 (2), 295–301. 
Pereira, C.F., Rossy, J., Owen, D.M., Mak, J., Gaus, K., 2012. Virol. J. 9 (1), 84. 
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