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Abstract
The deadly novel coronavirus SARS-CoV-2 is responsible for COVID-19, which was first recognized in Wuhan, China, in 
December 2019. Rapid identification at primary stage of the novel coronavirus, SARS-CoV-2, is important to restrict it and 
prevent the pandemic. Real-time RT-PCR assays are the best diagnostic tests presently available for SARS-CoV-2 detec-
tion, which are highly sensitive, even though expensive equipment and trained technicians are necessary. Furthermore, the 
method has moderately long time bound. This deadly viral infection can also be detected by applying various spectroscopic 
techniques as spectroscopy can provide fast, precise identification and monitoring, leading to the overall understanding of 
its mutation rates, which will further facilitate antiviral drug development as well as vaccine development. It is an innovative 
and non-invasive technique for combating the spread of novel coronavirus. This review article demonstrates the applica-
tion of various spectroscopic techniques to detect COVID-19 rapidly. Different spectroscopy-based detection protocols and 
additional development of new, novel sensors and biosensors along with diagnostic kits had been described here stressing 
the status of sensitive diagnostic systems to handle with the COVID-19 outbreak.

Keywords  COVID-19 · Spectroscopy · Diagnostics · RT-PCR · Raman spectroscopy · Vibrational spectroscopy · Surface-
enhanced Raman scattering

1  Introduction

Coronavirus, which is the main cause of common cold, was 
detected for the first time during 1960s. Coronavirus is an 
enveloped positive-sense single-stranded RNA having a 
pleomorphic or spherical shape with projections of spike 
glycoproteins. Different subtype variants such as alpha, 
beta, gamma, and delta coronavirus are existing together 
along with serotype of each subtype. The human coronavirus 
(OC43-like and 229E-like) can also exist further in other 
living organisms such as bats, pangolins, pigs, birds, cats, 
dogs, and mice. This virus will spread through aerial drop-
lets of sneezing and coughing and the virus will replicate 
in the ciliated epithelium causing harm to living cells and 
inflammatory reactions at the infected location [1, 2]. The 

club-shaped protein spikes on the surface of virus, which 
can be monitored under a transmission electron microscope 
(TEM) [3, 4], have given rise the name “coronavirus.” The 
dimension of this deadly virus is between 50 and 100 nm 
as observed by TEM study [3, 4]. Figure 1 shows the TEM 
image along with the schematic picture of the COVID-19 
virus. SARS-CoV-2 is a RNA virus from the Coronaviridae 
family, which is covered by an envelope with protein spikes 
having four structural proteins such as spike surface glyco-
protein (S), small envelope protein (E), matrix membrane 
glycoprotein (M), and nucleocapsid protein (N) as illustrated 
in Fig. 1.

It has identified angiotensin receptor 2 (ACE2) as the 
receptor through which the virus enters the respiratory 
mucosa. Mechanisms of coronavirus cell entry is mediated 
by the viral spike protein with ACE2 receptor.

The severe acute respiratory syndrome (SARS), the Mid-
dle East respiratory syndrome (MERS), and the 2019 out-
break of COVID-19 worldwide pandemic [5] are all caused 
by the beta class of coronavirus showing symptoms of dry 
cough, fatigue, and breathing problems as initial symptoms 
of a SARS-CoV-2-infected patients. This virus is much more 
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infectious and affects the lower respiratory system (larynx, 
trachea, bronchi, and lungs) that causes viral pneumonia and 
also attacks the human heart, liver, kidneys, and gastroin-
testinal tract, and the central nervous system can also be 
affected, causing patients to experience more severe multi-
organ dysfunctions.

Subsequently, the observed COVID-19 fatality rate is 
higher for older group people having age above 60 years 
making them the most vulnerable to this deadly virus [2]. 
Nasal congestion, sore throat, breathing difficulties, chest 
pains, chills, kidney failure, and pneumonia are some of the 
symptoms of this deadly virus.

COVID-19 was detected for the first time in December 
31, 2019, in Wuhan, China, when China informed the World 
Health Organization (WHO), and the whole world experi-
enced COVID-19 for the first time [6–9]. Until now, no spe-
cific drugs are accessible commercially for the diagnosis of 
COVID-19. Therefore, a rapid and accurate diagnosis for 
SARS-CoV-2, followed by self-isolation, is vital to slow 
down the spread of COVID-19 and for effective execution 
of control and suppression approaches.

The current global epidemic of this evolving coronavirus 
is growing terrifyingly and existing means of diagnosis such 
as reverse transcriptase polymerase chain reaction (RT-PCR) 
are not ideal for cost-effectiveness, accuracy, and time dura-
tion of detection of this deadly virus [8]. Consequently, a 
quicker, cheaper, and simpler method for the detection of 
viral infections in biofluids like saliva or blood is essential 
towards controlling and prevention of the proliferation of 
this deadly disease.

Spectroscopy has novel applications in medical and bio-
medical research, as both Raman and infrared (IR) spectros-
copies can be applied in the diagnosis of viral and bacterial 
infections with circumspection [10, 11] by providing early 
detection, diagnosis, and monitoring of several human dis-
eases. Bacteria and viruses can be studied in details with the 
help of recent technologies such as nanotechnology and bio-
technology, which are capable of providing immediate and 

rapid information about the overall composition of biologi-
cal samples and species [12]. Novel spectroscopic analyti-
cal techniques such as proton nuclear magnetic resonance, 
Raman spectroscopy, and IR spectroscopy can be employed 
to investigate various complex biological clinical samples 
such as saliva, urine, blood, breast milk, CVF (cervical 
vaginal fluid), stool, and sputum, with extraordinary high 
efficiency and resolution [13, 14]. All these analytical tech-
niques are vibrational spectroscopic techniques which can 
provide data about the molecular vibrations of the chemical 
structures of molecules with the detection of the viral pro-
teins or antibody proteins from the immune system response. 
The vibrational spectrum obtained from both IR and Raman 
spectroscopic techniques can be analyzed and further uti-
lized for the detection of glycoproteins and nucleic acids 
of viruses providing the means for the quick and accurate 
diagnosis and continuous monitoring [15–17].

Vibrational spectroscopy will assist in the overall under-
standing of infection process of this contagious disease by 
quick, precise detection and monitoring, leading to acquire 
information about viral mutation and drug development, and 
also for development of vaccines for COVID-19.

Although a large number of review articles had been 
written on the various aspects of COVID-19 [8, 9, 18, 19], 
only a few articles cover the diagnostic aspects and detec-
tion methods of this deadly virus [20–24]. There are few 
papers available in the literature which had shown the use 
of spectroscopic techniques for the detection of this deadly 
virus [25–28]. There is also no review article written on the 
demonstration of utilization of different spectroscopic tech-
niques for the detection of COVID-19 viral infections as per 
our knowledge. The main current targets of SARS-CoV-2 
sequence detection include three conserved gene sequences 
in the viral genome, which include the open reading frame 
(ORF), N gene, and E gene [18, 19]. The specimens for 
testing can be nasopharyngeal swabs, sputum, other lower 
respiratory tract secretions, blood, and faeces. The objec-
tive of this review article is to provide updated overview 

Fig. 1   TEM image (Reprinted 
with permission from Gold-
smith et al. [3], Copyright 
(2004) Centers for Disease Con-
trol and Prevention, USA) and 
schematic picture of COVID-19 
virus
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of application of spectroscopy as the diagnostic tool for 
the rapid, cost-effective detection of SARS-CoV-2 describ-
ing the versatility in terms of the advantages over RT-PCR 
method. This review article has described the role of vibra-
tional spectroscopy both IR and Raman for the detection of 
COVID-19. In addition, we have also demonstrated new and 
novel spectroscopic technique based on nanotechnology to 
detect this deadly virus. A comprehensive review of all cur-
rent research on this important subject is not possible due 
to page limitations. Nevertheless, we only summarize a few 
representative examples.

2 � Detection of COVID‑19 by RT‑PCR method

RT-PCR is considered to be the most conventional diagnos-
tic test for SARS-CoV-2 [29, 30]. In this method, viral RNA 
is first purified from clinical samples collected from naso-
pharyngeal swabs, copied into DNA, and finally amplified 
in a PCR reaction to detect sufficient quantity of virus DNA 
[30]. In the laboratory, isolation of viral RNA, the RT-PCR 
reaction, and analysis can be automatically processed so that 
more than 100 samples can be simultaneously examined on a 
single PCR machine with a turnaround time of a few hours. 
Human antibody and viral antigen tests are the other moni-
toring tests currently available to detect COVID-19 infection 
[30] along with the conventional RT-PCR method. Antibod-
ies are generated on most infected persons arising out from 
the response of immune system towards most pathogens and 
these can be detected with the help of synthetic peptides 
intended to imitate definite percentages of a pathogen’s sur-
face which has been exposed to the immune system. These 
antibody tests are carried out to detect SARS-CoV-1 and 
MERS-CoV in the serum of a person infected before and 
are effective over a wide spectrum of time duration ranging 
from weeks to months to years afterwards the infection and 
are dependent on the immunity to a given pathogen. These 
antibody tests are helpful to investigate the transmission of 
a disease and can deliver perception into the measure of 
an epidemic. The test can also be effective to monitor the 
asymptotic patients, who are responsible for the unidentified 
transmission chain during a viral outbreak. The antigen test 
works likewise excluding that antibodies produced against 
a pathogen are directly employed to detect this pathogen 
in the serum or other body fluids of infected patients. The 
rapid antigen test (RAT) is less sensitive than the RT-PCR 
test and can be commonly employed some days after a 
patient becomes symptomatic. The antigen test is usually 
less expensive than RT-PCR, and has a fast turnaround time.

Although RT-PCR is most commonly employed to 
detect COVID-19, it is both laborious and tedious owing 
to collection (especially for kids) and preparation of sam-
ple prior to the analysis. It is also identified as quantitative 

PCR or qPCR and in that respect, the enhancement of 
DNA can be detected in real time during the progress of 
PCR by employing a fluorescent reporter [29, 30]. PCR 
testing has high sensitivity with 10 copies per reaction 
[30]. However, false-negative tests are responsible for the 
failure of detection of COVID-19-infected patients. There-
fore, the accurate protocol for PCR is essential to carry out 
detection of COVID-19-infected patients. The commence-
ment and development of other molecular techniques in 
addition to RT-PCR for the rapid and accurate detection 
of this deadly virus is essential for the easy and quick pre-
vention and diagnosis of the COVID-19 global epidemic.

3 � Development of diagnostic kit 
for the detection of COVID‑19

Different countr ies had developed nucleic acid 
assay–based diagnostic kits to detect COVID-19 infec-
tions [31, 32].

Two single-step quantitative RT-PCR assays for N gene 
and ORF1b of sarbecovirus subgenus were developed by 
the researchers of University of Hong Kong. Coronavirus 
gene detection kit was developed by Amoy Diagnostics 
of Xiamen, China, while Altona Diagnostics of Ham-
burg, Germany, developed RT-PCR assay for the detec-
tion of Coronavirus RNA from respiratory samples. BGI 
group of Beijing, China, employed real-time fluorescent 
RT-PCR kit and metagenomic sequencing kit to monitor 
the mutations of coronavirus and designed nucleic acid 
detection kit using combinatorial probe anchor synthesis 
method. Table 1 illustrates the various detection kits used 
for the diagnosis of COVID-19 along with their advan-
tages and drawbacks [31–33]. Recently, a cost-effective 
COVID-19 testing kit DiAGSure Ncov-19 was developed 
and designed by researchers in West Bengal, India. The 
cost of this novel diagnostic kit is approximately Rs 500 
(~ $7) with almost 100% accuracy in detecting the virus 
within a brief duration of 90 min. This indigenous kit was 
developed by GCC Biotech limited, a company based in 
India and it can provide diagnostic test up to 160 patients. 
The test kit comprises of a one-step qRT PCR Master Mix 
primer probe along with a RNA template, locally devel-
oped by this Kolkata-based biotechnological company.

Recently, scientists from IGIB, New Delhi, India, 
developed novel diagnostic kit Feluda CRISPR, which 
can detect the presence of coronavirus faster than rRT-
PCR test.

A Singapore-based company Breathonix, a spin-off from 
National University of Singapore, has developed a real-time 
COVID-19 breath test analyzer to detect COVID-19 within 
60 s with 90% accuracy and 93% sensitivity.
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4 � Detection of coronavirus using mass 
spectrometry

Mass spectrometry (MS) can be utilized to obtain diagnostic 
data and provide genomic information about SARS-CoV-2 
virus. A simple MS-based diagnostic protocol was devel-
oped by Ihling et al. [34] to explicitly detect SARS-CoV-2 
proteins from gargle solution samples of COVID-19-infected 
patients. In this diagnostic protocol, precipitation of acetone 
and tryptic digestion of protein within the gargle solution 
were carried out followed by a targeted MS analysis. This 
MS-based technique can recognize peptides initiating from 
SARS-CoV-2 virus nucleoprotein exclusively. It can be 
applied on bronchoalveolar lavage and will provide sensi-
tive and dependable diagnostic routine tool for COVID-19 
patients along with PCR-based methods.

Recently, a simple, sensitive, and rapid technique was 
reported by Singh et al. [35] who had reported the detec-
tion of the SARS-CoV-2 virus by means of a targeted mass 

spectrometric protocol from naso-oropharyngeal swabs. 
The presence of two peptides specific to SARS-CoV-2 virus 
can be detected employing a multiple reaction monitoring 
process with 100% specificity and 95% sensitivity in com-
parison to the RT-PCR technique. It was also confirmed that 
these peptides could be detected even in the patients who 
have previously recovered from COVID-19 infection having 
negative test report verified by RT-PCR method. It demon-
strates the sensitivity of this novel technique.

In this MS-based detection protocol, the virus can be 
detected in a time period less than 3 min, while sample 
preparation time can be carried out in less than 30 min. 
This novel method can directly detect this virus without even 
amplifying the RNA during detection, as in the case with 
RT-PCR. This MS-based technique relies on detection of 
two peptides which are exclusive to SARS-CoV-2 virus and 
are not observed in any other coronavirus or other viruses. 
Though seven peptides were found to be unique to SARS-
CoV-2 virus, only two peptides such as the spike protein and 

Table 1   The various detection kits used for detection of COVID-19 along with advantages and drawbacks

Diagnostic test Developer Advantage Drawback

Real time reverse transcriptase
PCR assays

University of Hong Kong High sensitivity and specificity Not useful for detection COVID-19 
cases with high viral loads

Coronavirus gene detection kit Amoy Diagnostics (Xiamen, 
China)

99.8% accuracy with limit of 
detection 500 copies/mL

Low sensitivity

Nucleic acid assay Chinese national institute for viral 
disease control and prevention

Comparable sensitivity and speci-
ficity to commercial qRT-PCR 
kits in terms of operation and 
turnaround time

Moderate sensitivity

Real-time PCR assay Altona Diagnostics (Hamburg, 
Germany)

Comparable with various real-
time PCR platforms

For research use only, not for use in 
diagnostic procedures

Real-time fluorescent
RT-PCR kit

BGI Group (Beijing) Highly sensitive with limit of 
detection 100 copies/mL. Highly 
specific with no cross-reactivity 
with 54 human respiratory 
pathogens. High throughput

Stored at a temperature 
below − 20 °C

Nucleic acid detection kit BGI Group High sensitivity, wide linear range Did not cross-react with other 
circulating coronaviruses

COVID-19 Go-Strips Biomeme Portable on-site testing with high 
sensitivity

For in vitro diagnostic use only

TaqMan 2019-nCoV Assay Kit Thermo Fisher Scientific High-throughput, low cost, high-
sensitive commercial diagnostic 
kit

Stored at a temperature 
below − 20 °C

DiAGSure Ncov-19 detection 
assay

GCC Biotech limited, Kolkata, 
India

Low-priced COVID-19 testing kit 
with nearly 100% accuracy in a 
short span of 90 min

It cannot provide information on 
other diseases or infection

Feluda CRISPR test kit IGIB, New Delhi, India The test kit had 96% sensitivity 
and 98% specificity

The virus may only be detectable in 
sputum or nasopharyngeal swab 
but not necessarily at both loca-
tions at the same time

Real-time COVID-19 breath test 
analyzer

Breathonix, Singapore Real-time COVID-19 breath test 
analyzer to detect COVID-19 
within 60 s with 90% accuracy 
and 93% sensitivity

Not useful for detection COVID-19 
cases with low viral loads
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the replicase protein are used for rapid virus detection. The 
virus in the swab samples were inactivated using surfactant 
solution and further processed before being used for virus 
detection. The researchers initially tested the techniques 
using 14 nasopharyngeal swab samples and then confirmed 
using 20 controls and 63 samples from COVID-19-positive 
patients tested by RT-PC method and afterwards recovered 
fully from infection. Although mass spectrometer equipment 
is costly, MS-based detection method would charge only 
about Rs 100 per test (~ $1–2), and consequently, the tech-
nique is cheaper than RT-PCR. It can be used for screening 
and diagnostic purpose. It can either supplement RT-PCR 
or be used as an alternative to RT-PCR method with high 
specificity and sensitivity. The experimental results based 
on MS-based detection of COVID-19 was published in the 
Journal of Proteins and Proteomics [35].

5 � Magnetic particle spectroscopy–based 
detection of COVID‑19

Magnetic particle spectroscopy (MPS), which is also known 
as magnetization response spectroscopy, is a versatile, highly 
sensitive inexpensive analytical detection tool for various 
biological and biomedical assays. It is based on magnetic 
particle imaging (MPI), which can directly measure the 
concentration of super magnetic iron oxide nanoparticles. 
Therefore, MPS can be viewed as a zero-dimensional MPI 
scanner which can carry out investigation on super magnetic 
iron oxide nanoparticles spectroscopically.

Professor Jian-Ping Wang and his research team at the 
University of Minnesota, USA, had developed a transport-
able diagnostic method based on MPS, which can provide 
authorization for fast, sensitive detection of SARS-CoV-2 
virus [36]. The versatility of MPS technique is the use of 
artificially designed magnetic nanoparticles for different bio-
assays where magnetic nanoparticles can act as magnetic 
tracers as the nanoparticles surfaces were functionalized 
with test reagents such as antibodies, aptamers, or peptides. 
COVID-19 antigen can be detected by functionalizing the 
nanoparticles with polyclonal antibodies to structural pro-
teins nucleocapsid and spike proteins which are the essential 
components of the coronavirus. The antibodies will permit 
the magnetic nanoparticles for binding epitopes or receptor 
sites, on these particular proteins, and MPS technique will 
monitor and evaluate the real-time specific binding of the 
nanoparticles with these proteins. The concentration of the 
target analyte,i.e. protein will signify the presence of Coro-
navirus and can directly affects the responses of the nanopar-
ticles to the magnetic field. Various magnetic nanosensing 
methods such as magneto resistance, nuclear magnetic reso-
nance, and magnetic particle spectroscopy can be employed 
for diagnostics purpose as these can be directly applied for 

pathogen detection [37, 38]. Therefore, magnetic nanosen-
sors can be utilized to control the recent SARS-CoV-2 out-
break and to prevent the future epidemics.

On the other hand, commonly used PCR approaches 
are restricted for the detection of nucleic acids only, while 
detection protocol based on magnetic nanosensors is more 
versatile and can be applied for the detection of antigens, 
antibodies, and nucleic acids. Magnetic nanosensor-based 
diagnostic tools are less popular and frequently unnoticed 
compared to the traditional optical, electrochemical, and 
mechanical sensors.

The most common drawback of most magnetic nanosen-
sor-based detection techniques is the use of magnetic 
labels to detect and separate. Magnetic labels in magnetic 
nanosensor-based techniques are beneficial over the optical 
and electrochemical techniques which will use fluorescent 
dyes. However, unstable enzymes and radioisotopes regard-
ing the biocompatibility and stability in different biological 
environments and the requirement for a label in the detec-
tion process could restrain the application of this versatile 
technique in many in vivo studies.

6 � FTIR spectroscopy–based detection 
of COVID‑19

Attenuated total reflectance Fourier transform infrared 
(ATR-FTIR) spectroscopy is a fast spectroscopic technique, 
which is dependent on the vibrational signatures of chemical 
structures and can be employed with a multivariate statisti-
cal model for the categorization of various diseases. The 
use of IR spectroscopy for viral detection is comparatively 
new [39]. There had been reports on the application of ATR-
FTIR as a rapid screening test for the detection of COVID-
19 using plasma [40] or nasopharyngeal swab samples [41].

Zhang et al. [40] demonstrated the potential of ATR-FTIR 
for testing and principal diagnosis of COVID-19. The spec-
tral differences between COVID-19-infected and healthy 
controls and the potential spectral markers were detected 
by multivariate and statistical analysis. The advantage of 
this technique was a requirement of a very minute volume 
of serum sample (~ 3 μL) and rapid detection time (few 
minutes).

On the other hand, Baruana et al. [41] employed ATR-
FTIR spectroscopy to investigate the saliva samples on 
pharyngeal swabs procured from individual with or with-
out infection of COVID-19 virus. Their protocol was not 
intended for substitution of accessible diagnostic methods 
for COVID-19 like RT-PCR but to provide a fast prescreen-
ing tool. Manufactured saliva samples spiked with inacti-
vated γ-irradiated COVID-19 virus at levels down to 1582 
copies/mL can provide IR spectra with high signal-to-noise 
ratio. Major viral spectral peaks were cautiously related to 
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nucleic acids bands, including RNA. The technique can pro-
vide a blind sensitivity of 95% and specificity of 90%.

Recently, Banerjee et al. [25] carried out rapid blood test 
for diagnosis of COVID-19 disease severity using a group 
of 160 COVID-19 patients by using ATR-FTIR spectros-
copy. A straightforward plasma processing and ATR-FTIR 
data acquirement process was carried out by them employ-
ing 75% ethanol for viral inactivation. Subsequently, partial 
least squares-discriminant analysis (PLS-DA) models were 
developed and tested using data from 130 and 30 patients, 
respectively. The autonomous test set accomplished 69.2% 
specificity and 94.1% sensitivity. Their study demonstrated 
the potential of ATR-FTIR spectroscopy as a rapid, cost-
effective COVID-19 detection tool to assist COVID-19 
patient management during an epidemic. The strengths of 
this study include the rapid sample preparation and ATR-
FTIR data acquisition methodology and the development of 
a multivariate algorithm combining ATR-FTIR and clini-
cal data. Although there were 128 samples in the training 
data set, the independent data set contained only 30 samples. 
Potential investigations should enhance the sample size to 
increase the predictive performance.

Kitane et al. [26] had reported an unparalleled, fast, rea-
gent-free, and user-friendly screening spectroscopic method 
for the detection of SARS-CoV-2 on RNA extracts. This 
method was verified on clinical samples collected from 280 
patients with quantitative predictive scores on both posi-
tive and negative samples. The investigation was based on 
a multivariate analysis of FTIR spectra of RNA extracts. 
This method was in good agreement with RT-PCR and had 
accomplished 97.8% accuracy, 97% sensitivity, and 98.3% 
specificity and the testing time post RNA extraction was 
reduced from hours to minutes. Additionally, this method 
can be employed in numerous laboratories with inadequate 
resources. Figure  2 illustrated the schematic diagram 
exhibiting sequential FT-IR-based assay for the detection 
of SARS-CoV-2, which consisted of sample collection, 
RNA extraction, FTIR analysis, and subsequent machine 

learning. Compared to RT-PCR method, this method was 
much faster (1.5 min vs 2–4 h post-RNA extraction) with-
out using any reagent, and less biohazard waste materials 
can be produced after completion of the detection test. Even 
though the method has quite a lot of merits, it might need a 
considerable amount of samples to augment its sensitivity, 
specificity, and accuracy. In this work, the researchers had 
employed machine learning for the first time, to make clas-
sification models, which can predict the patient’s infection, 
based on the IR spectra of the extracted RNAs. After a com-
plete literature survey, it can be inferred that this versatile 
technology based on a dual and balancing amalgamation of 
FT-IR and machine learning on RNA samples had not been 
reported so far. From the given high diagnosis performance 
output obtained, it can be concluded that spectroscopy can 
serve as a promising tool for viral diagnosis. Experiments 
were carried out on two sets of samples. The first set of 280 
clinical samples was utilized for assessing the sensitivity, 
specificity, and accuracy, while the second set of synthetic 
RNA samples was employed to estimate the limit of detec-
tion and can further evaluate the selectivity against 15 other 
respiratory viruses.

7 � Raman spectroscopy–based detection 
for COVID‑19 testing

Surface-enhanced Raman scattering (SERS) is a popular 
surface-sensitive spectroscopic analytical technique, which 
is based on the large enhancement of weak Raman signal 
and can provide detection of various chemical and biological 
systems [42–44]. The low sensitivity problem of conven-
tional Raman spectroscopy has been solved as a result of 
the discovery of SERS.

SERS technique has diverse applications ranging from 
plasmonics, sensing, and catalysis to biomedical applica-
tions and diagnostics [45–49]. This novel powerful analytical 
technique has been utilized to identify several biomolecules 

Fig. 2   The schematic diagram 
exhibiting sequential FT-IR-
based assay for the detection of 
SARS-CoV-2, which consisted 
of sample collection, RNA 
extraction, FTIR analysis, and 
subsequent machine learning. 
(Reprinted with permission 
from Kitane et al. [26]. Copy-
right (2021) Nature Portfolio)
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like carbohydrates, proteins, and amino acids both qualita-
tively and quantitatively [48–53]. SERS can even be used 
to detect pathogens including bacteria and viruses within a 
short timescale [48–50].

Professor Miguel Jose Yacaman of Northern Arizona 
University and his research team had developed an origi-
nal non-invasive diagnostic protocol utilizing the con-
cepts of nanotechnology, plasmonics, and 2D materials to 
detect SARS-CoV-2 virus rapidly using single-molecule 
surface-enhanced Raman spectroscopy (SM-SERS) [54]. 
The researchers had applied SM-SERS technique to detect 
spike proteins of the SARS-CoV-2 virus. Yacaman had 
earlier used SERS to detect glycoproteins and sialic acid 
during the testing of breast cancer [55]. According to Yaca-
man, SM-SERS-based diagnostic protocol for SARS-CoV-2 
testing could be the first physics-based detection method 
which would be fast and low-cost, with high sensitivity and 
specificity, providing a low percentage of incorrect nega-
tives. Portable Raman instrument could permit the test to 
be used extensively in diverse populations—for instance, in 
rural communities, or in schools, factories, and community 
centres, along with conventional testing locations during the 
development stage.

Scientists in Israel had developed a spectroscopy-based 
1-min breath analyzer to detect coronavirus [56]. The device 
was developed by a team led by Professor Hossam Haick 
in association with scientists from Wuhan, China, where 
the novel coronavirus was first detected in December 2019. 
The breath analyzer was made of nanomaterial-based hybrid 
sensors that can detect SERS-CoV-2 from precise volatile 
organic compounds, unique fingerprints for various forms of 
diseases, in exhaled breath. Results can be obtained under a 
minute and the test can be performed in meticulous facilities 
without the need of extensive and expensive laboratory tests. 
In a controlled clinical study conducted in March 2020 in 
Wuhan, the breath test device detected coronavirus disease 
explicit biomarkers in exhaled breath with 92% accuracy, 
100% sensitivity, and 84% specificity. The peer-reviewed 
research was published in the journal ACS Nano [56].

Amit Dutt from the Mumbai-based Tata Memorial Centre 
and his research team had utilized conventional Raman spec-
troscopy for the detection of RNA viruses present in saliva 
samples [57]. It is a proof-of-concept study to analyse non-
infectious RNA viruses using conventional Raman spectros-
copy without using any additional reagent to enhance the 
signal. The novel coronavirus was found to be in adequate 
quantities in human saliva according to their scientific stud-
ies. The saliva samples were enhanced with non-infectious 
RNA viruses and were further analysed it with Raman 
spectroscopy.

The raw Raman spectroscopy data were analysed and the 
captured Raman signals were compared with both viral posi-
tive and negative samples. Each sample will produce 1400 

spectra on which statistical analysis was carried out exhibit-
ing a set of 65 Raman spectral features, which was sufficient 
enough to detect the viral positive signal. The signal set had 
92.5% sensitivity and 88.8% specificity. The results was pub-
lished in the Journal of Biophotonics [57].

To curtail inconsistency and systematize the analysis of 
the Raman spectra for RNA viruses, they developed an auto-
mated tool, which was RNA virus detector using a graphical 
user interface. The automated tool was used for identifying 
the RNA virus from an individual or a group of samples 
both explicitly with high reproducibility. This tool can col-
lect raw data from a Raman spectroscopy–based analysis 
carried out on the 65-spectra signature and will provide an 
objective output if viral RNA is present or absent in the 
sample. This concept of detection of RNA viruses from 
saliva sample could generate the foundation for field appli-
cation of Raman spectroscopy to handle viral epidemics, like 
the ongoing COVID-19 pandemic. This Raman spectros-
copy–based protocol can be used only for monitoring pur-
pose, as this novel detection tool can only recognize RNA 
viruses such as common cold virus or HIV and not detect 
the specific one. It cannot detect COVID-19 viral-specific 
signature. The major benefit is that the detecting device can 
be engaged to the field and people who test positive for RNA 
virus can be quarantined while another sample may be sent 
for validation using RT-PCR. The technique is rapid as the 
entire procedure of data procurement and analysis can be 
completed within a minute. Subsequently, no extra reagent 
is required, and there is no recurrent charge. By installing 
portable Raman spectrophotometer at the entry point such 
as airport, railway station or shopping mall or entrance of 
campus of big housing complex, office, school, college, uni-
versity, or research institutes, one can rapidly monitor people 
within minutes.

Carlomango et al. [58] had introduced a Raman spectros-
copy–based detection protocol by analysing salivary samples 
from COVID-19–infected patients. Their Raman fingerprint 
data had provided strong evidence of infection by present-
ing biochemical signature of the saliva samples of patients 
affected by COVID-19 and a novel, non-invasive, and rapid 
detection technique was introduced with high accuracy, pre-
cision, specificity, and sensitivity more than 90%.

Sanchez et al. [27] had recently detected SARS-CoV-2 
and its S and N proteins using SERS technique. They dem-
onstrated for the first time that the spectroscopic signature 
of the SARS-CoV-2 virus can be obtained and the spectra 
were primarily associated with the signals from the S and 
N proteins. They suggested that rapid, cost-effective, and 
trustworthy clinical test using SERS can be further devel-
oped. They fabricated gold nanostar nanoparticles, which 
was employed as SERS-active substrate by combining with 
MoS2 thin layers and a very reliable signature for SARS-
CoV-2 virion particles was monitored. Additionally, the 
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main proteins, S and N, will generate well-defined spectra, 
which suggests that SERS spectroscopy can be used not only 
for virus detection but also to investigate the structure of 
the proteins and track the in situ transformation formed by 
various conditions.

In general, the spectra of the SARS-CoV-2 virus and the 
S and N proteins demonstrated broad peaks, which are the 
result of many overlapping smaller peaks related to several 
molecular vibrations. To obtain an accurate analysis of the 
virus and proteins, it is essential to deconvolute the peaks 
into individual components. This can be demonstrated by 
simulation of the Raman-SERS spectra. Vibrational fre-
quency simulations were calculated using the Gaussian code 
based on the Hartree–Fock approximation for an unrestricted 
isolated molecule, which is part of the N protein to obtain 
the Raman spectra. The N and S proteins contain a very large 
number of diverse molecules and, thus, its full structure will 
be very difficult to simulate.

As the study carried out by them was at the early stage, 
clinical testing and direct comparison to other tests was 
essential to evaluate the sensitivity and specificity of SERS. 
Nevertheless, their study exhibits immense potential for 
further development of this technique. It can be concluded 
that if the technique can be further developed, SERS test on 
saliva sample will make instantaneous outcomes and use of 
nanoparticles in the form of SERS active substrate is essen-
tial which can be especially synthesized at low cost. Figure 3 
shows the SERS spectra of (a) the N protein, (b) the S pro-
tein, and (c) the inactivated SARS-CoV-2 virion particles, 
while Fig. 4 shows the theoretical density functional theory 

simulation of portions of the Raman spectra of components 
of the protein N.

Zhang et al. [28] had developed an assay using SERS 
combined with multivariate analysis to identify SARS-
CoV-2 in an ultrarapid way without any further pretreatment 
such as RNA extraction. Silver nanorod employed as SERS 
array was functionalized with cellular receptor ACE2, and 
strong SERS signals of ACE2 at 1032, 1051, 1089, 1189, 
1447, and 1527 cm−1 were monitored. The recognition and 
binding of receptor binding domain of SARS-CoV-2 spike 
protein on SERS assay significantly quenched the spectral 
intensities of most peaks and exhibited a shift from 1189 to 
1182 cm−1. On-the-spot tests on 23 water samples were car-
ried out employing a portable Raman spectrometer with high 
accuracy and efficiency for spot detection of SARS-CoV-2. 
Various other studies such as evaluation of disinfection per-
formance, exploration of viral survival in environmental 
media, evaluation of viral decay in wastewater treatment 
plant, and tracking of SARS-CoV-2 in pipe network were 
also carried out by them. Presently, the fabricated SERS 
assay had satisfactory accuracy with false-positive and 
false-negative percentages, which can be further enhanced 
by fabrication accomplishment, database system, and algo-
rithm upgradation. It has a brilliant prospect and enormous 
potential as a fast and on-site detection tool for SARS-CoV-2 
and other viruses. Figure 5 shows the SERS spectra of ACE2 
proteins and 23 tested water samples by the SERS assay 
(mean value) using a portable Raman spectrometer.

New diseases can emerge or re-emerge at any time and 
cause epidemics. Diseases associated with the novel coro-
navirus have been underrated so far, and since the SARS 

Fig. 3   The SERS spectra of (a) the N protein, (b) the S protein, and 
(c) the inactivated SARS-CoV-2 virion particles. (Reprinted with per-
mission from Sanchez et al. [27]. Copyright (2021) Royal Society of 
Chemistry)

Fig. 4   The theoretical DFT simulation of portions of the Raman 
spectra of components of the protein N. (Reprinted with permission 
from Sanchez et al. [27]. Copyright (2021) Royal Society of Chem-
istry)

256 Emergent Materials (2022) 5:249–260



1 3

and MERS epidemics were not utilized efficiently to pro-
gress medical infrastructure to rapidly activate detection 
tests, development of vaccines, antiviral drugs, and poli-
cies to regulate viral epidemic and to organize health care 
systems all over the world. The lessons from the current 

COVID-19 pandemic will be valuable for the next pandemic 
to come. Therefore, judicious rapid detection along with the 
medical authentication of sensitivity and specificity of diag-
nostic technique is important to intimidate the diagnostic 
challenges. Spectroscopy can provide the capable method 

Fig. 5   The SERS spectra of 
ACE2 proteins and 23 tested 
water samples by the SERS 
assay (mean value) using a 
portable Raman spectrometer. 
(Reprinted with permission 
from Zhang et al. [28]. Copy-
right (2021) Elsevier Inc.)
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through the potential disease molecular/chemical biomark-
ers. IR or/and Raman spectroscopy–based devices for the 
detection of viruses and bacteria can be further developed 
through the analysis of the structure of proteins and nucleic 
acids in the virus. Spectroscopic methods can be signifi-
cant to provide quick, precise, and comparatively inexpen-
sive protocols of detecting viral and bacterial infections 
and observing their structural change with the surrounding 
environment. The experimental observation is even more 
vital as viruses are known to change their RNA structure 
with respect to the surrounding environment making it more 
difficult to combat the viral infections. This change in RNA 
structure is normally recognized as mutation in biological 
terminology and further investigation of mutation process 
is vital for the development of vaccines and to fight against 
this deadly viral infection. It is expected that one can develop 
novel detection system as investigative tool to study COVID-
19 samples by employing IR and Raman spectroscopies.

8 � Conclusions

Over the past 100 years, the advent of various viruses, which 
can cause a widespread variation of diseases both in human 
and in other animals, had happened. It is expected that these 
viruses will remain to appear and cause human epidemics 
owing to their capability to recombine, mutate, and infect 
multiple species and cell types. Forthcoming research on 
viruses will continue to explore many characteristics of 
viral replication and pathogenesis. Lately, the outbreak of 
COVID-19 has huge effect worldwide, and premature rapid 
uncovering of SARS-CoV-2 is crucial for battling this deadly 
virus. Spectroscopy can provide early detection, diagnosis, 
and monitoring of several human diseases. Both IR and 
Raman spectroscopy can be applied for the early and rapid 
detection of pathogens. Spectroscopic techniques have sev-
eral advantages than the conventional RT-PCR method for 
detection of this virus. Spectroscopic methods are novel as 
well as versatile as they can provide rapid, precise, and com-
paratively inexpensive reagent-free protocols of detecting 
viral and bacterial infections and observing their structural 
change with the surrounding environment. Spectroscopic 
techniques can be ideal as well as suitable and it is expected 
that spectroscopy will provide versatile diagnostic tool in the 
development of a rapid non-invasive diagnostic system for 
detecting the novel coronavirus without using any reagent. 
Application of various spectroscopic techniques for the fast, 
delicate, explicit, and economical detection of COVID-19 
has been illustrated in these review articles. Application of 
various spectroscopic techniques is in the early develop-
ment stage. It is expected that spectroscopic techniques will 
replace conventional detection methods such as RT-PCR and 
RAT in the near future and will make a breakthrough for the 

complete rapid diagnosis of COVID-19. We hope that proper 
inexpensive method and rapid diagnosis of this new virus 
will help the people throughout the globe to start normal 
functioning as usual and enable the development of proper 
vaccines and antiviral medicines to combat SERS-CoV-2 
like virus epidemic in the coming years and in the future. 
We congratulate all the unsung heroes who worked so far to 
help the world combat this pandemic.
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