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Abstract 

From the 1918 influenza pandemic (H1N1) until the recent 2019 severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) pandemic, no efficient diagnostic tools have been developed for sensitive 

identification of viral pathogens. Rigorous, early, and accurate detection of viral pathogens is not only linked 

to preventing transmission but also to timely treatment and monitoring of drug resistance. Reverse 

transcription-polymerase chain reaction (RT-PCR), the gold standard method for microbiology and virology 

testing, suffers from both false-negative and false-positive results arising from the detection limit, 

contamination of samples/templates, exponential DNA amplification, and variation of viral RNA sequences 

within a single individual during the course of the infection. Rapid, sensitive, and label-free detection of SARS-

CoV-2 can provide a first line of defense against the current pandemic. A promising technique is non-linear 

coherent anti-Stokes Raman scattering (CARS) microscopy, which has the ability to capture rich 

spatiotemporal structural and functional information at a high acquisition speed in a label-free manner from 

a biological system. Raman scattering is a process in which the distinctive spectral signatures associated 

with light-sample interaction provide information on the chemical composition of the sample. In this 

perspective, we briefly discuss the development and future prospects of CARS for real-time multiplexed label-

free detection of SARS-CoV-2 pathogens. 
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Cover image description  

An illustration showing the use of coherent anti-Stokes Raman scattering (CARS) for the rapid and label-free 

detection of coronavirus. CARS combines label-free specificity of Raman scattering (vibrational 

spectroscopy) with advantages of multiphoton fluorescence. Spontaneous Raman scattering is weak and 

can be enhanced by coherent excitation of single (or small group of) vibrational frequencies. In spontaneous 

Raman scattering, incoherent emission is triggered by the interaction of the pump beam with the molecule 

while in CARS, and coherent emission is mediated by the interaction between the pump and Stokes beams 

with the molecule. A four-wave mixing non-linear process of CARS uses two pulsed lasers (pump and probe) 

of frequencies ωp and ωpr mixed with a Stokes frequency ωs to coherently excite the molecule and create an 

anti-Stokes field of frequency ωas = ωp - ωs + ωpr. CARS has the ability to capture rich spatiotemporal 

structural and functional information at high acquisition speed in a label-free manner from a biological system. 

CARS could be used for real-time multiplexed label-free detection of severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) pathogens. 

 

Introduction 

 

Coronaviruses (CoVs) are lipid-enveloped, single‐stranded, positive‐sense ribonucleic acid (RNA) viruses 

that belong to the coronaviridae family [1]. CoVs are roughly pleomorphic or spherical (80-220 nm in size) 

with obvious spike glycoproteins, which form a crown-like appearance under electron microscopy [2]. CoVs 

induce a wide spectrum of animal and human diseases. The CoV subfamily contains four genera, namely 

alpha-CoVs, beta-CoVs, gamma-CoVs, and delta-CoVs. Phylogenetically, severe acute respiratory 

syndrome coronavirus (SARS-CoV-2) belongs to the beta-coronavirus genus [2]. The mortality rate of SAR-

CoV-2 is higher than other respiratory viral infections such as Middle East respiratory syndrome-CoV (MERS-

CoV) [3]. The spike glycoprotein of SARS-CoV-2 binds to the angiotensin-converting enzyme 2 (ACE2) 

receptor as a cell entry pathway;  SARS-CoV-2 uniquely replicates the RNA genome via the production of a 
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nested set of viral RNA pathogens. Replication of the viral RNA genome in airway epithelial cells triggers cell 

damage and chronic inflammation [4]. Like SARS-CoV, SARS-CoV-2 remains stable, specifically on plastic 

or stainless steel surfaces (up to days) and in aerosols (up to three hours) [5]. Airborne droplets and direct 

contact are thought to be major routes of SARS-CoV-2 transmission among humans. The distinct medical 

signs of SARS-CoV-2 include nasal congestion, persistent cough, fever with chills, breathing 

difficulties, and pneumonia [5]. The virus structure, metabolism, replication, maturation processes, and 

interaction with the host system have been schematically illustrated by Astuti et al. [3]. The pathology of 

SARS-CoV-2 largely remains unknown; however, new data on this topic is anticipated based on ongoing 

intensive scientific research. Based on the novelty of the viral genome and the rapid viral replication rate, the 

existence of accurate and efficient diagnostic methods remains an unanswered question. 

 

The currently available diagnostic modality for the detection of SARS-CoV-2 is reverse transcription-

polymerase chain reaction (RT-PCR) [6]. In real-time RT-PCR, amplification of target RNA is monitored with 

progression of the PCR reaction. Reverse transcription is an RNA-dependent DNA polymerase, which 

transforms the viral genomic RNA template into complementary single-stranded DNA (cDNA). cDNA, which 

is more stable than RNA, serves as a template to transform the single-stranded cDNA into the double-

stranded DNA. There are two kinds of cDNA synthesis primers, including non-specific sequences (hexamer 

or oligo-dT) and specific sequences (DNA labeled with both fluorescence and quenching agents) [7]. The 

objective of RT-PCR is to amplify a cDNA sequence based on the RNA template. The sensitivity of the PCR 

process is dependent upon the primer and probe designs, RNA extraction, as well as optimization of the PCR 

assay. A wide range of RT-PCR assays were designed during the SARS-CoV epidemic such as fluorescent 

dyes and sequence-specific primers (e.g., DNA labeled with fluorescent dyes), which generate fluorescence 

or electrical signals with minimal contamination of sample/template [8]. 

 

RT-PCR testing is particularly vulnerable to false-negative and false-positive results. False-negative results 

are generally associated with the specimen source, degradation of the nucleic acid, the detection limit, 

mutations in viral RNA genome, amplification inhibitors, missing fusion variants, and an inappropriate amount 

of organisms in the sample [7, 9]. False-positive results arise from DNA contamination in the genomic RNA, 

binding of primer to contaminated DNA, and non-sequencing at low temperature [10]. In China, false-negative 

results have been reported at rates as high as 20 to 40%, which raised serious concern over the use of RT-

PCR [11]. To improve the efficacy of RT-PCR testing, a number of parameters should be taken into account 

such as primer design, half-life, stability, and immunogenicity of the RNA genome, the distance between the 

primers and DNA polymerase, the relationship between disease severity and analyte concentration, and 

monitoring of mutations (and specimens) over several time points (from both the upper and lower respiratory 

tracts). PCR testing is generally very expensive and time consuming. RNA extraction from swab samples 

takes more than four hours; more than 24 hours is needed to accomplish the lengthy process of PCR testing 

and analysis. The advantages and limitations of other diagnostic methods for COVID-19 loop-mediated 

isothermal amplification (LAMP assay) and protein testing have been reviewed elsewhere [12]. Table 1 

summarizes currently available techniques with sample source, assay time, sensitivity, operating 

https://www.sciencedirect.com/topics/neuroscience/double-stranded-dna
https://www.sciencedirect.com/topics/neuroscience/double-stranded-dna
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dna-polymerase
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 temperature, and limitations for the detection of SARS-COV-2.  

 

Table 1: Comparison of molecular and immunological diagnostic methods to detect SARS-CoV-2.

 

 

A cost-effective, point-of-care, rapid, sensitive, and multiplexed approach for label-free detection of SARS-

CoV-2 in patients remains unavailable. Importantly, a combination of diagnostic tools and clinical validation 

can facilitate outbreak management and reduce inaccurate results. A promising solution is Raman 

spectroscopy. Spontaneous Raman spectroscopy (also known as linear Raman spectroscopy) is a versatile 

analytical method that provides spectral information about the molecular vibrational states of the chemical 

structure of a molecule via photon scattering [21]. Vibrational spectroscopy (both Raman and infrared) has 

extensively been used as a point-of-care biomedical tool for the diagnosis of human diseases such as cancer 

[22], cardiovascular disease [23], bacterial infection [24], fungal infection [25], and viral [26] infections. 

However, the fingerprints of chemical structures of biological molecules obtained using spontaneous Raman 

scattering are very weak in comparison to the incident photon. Therefore, non-linear coherent anti-Stokes 

Raman scattering (CARS) was introduced to address these limitations of weak signals by manipulating 

 

Technique Sample  

source 

Assay  

time 

Sensitivity Temperature Limitations Ref. 

RT-PCR Swab 2 – 4 h 95% Thermal  

cycling 

Expensive and  

time-consuming 

[13-16] 

Loop-mediated 

isothermal amplification  

(LAMP) 

Throat swabs in  

the case of LAMP;  

while  

nasopharyngeal 

aspirates in the  

case of RT-LAMP 

15 – 60  

Min 

99% 60 – 65 °C Time-consuming,  

expensive, difficulty 

associated with the  

design of appropriate  

primers, false-positive  

results, and low  

throughput 

[14, 17] 

Immunoassay  

methods to detect  

viral antigens (e.g., 

ELISA) 

Serum 3 – 5 h 99% Ambient Time‐consuming,  

limitation of  

detection of  

antigen, vulnerable 

to contamination and  

false-positive results 

[18] 

Immunoassay  

methods to detect 

antibodies  

(e.g., ELISA) 

Serum 3 – 5 h 67–98% Ambient Expensive and  

antibody instability 

 

 

[14, 19] 

Next-generation 

sequencing 

Blood, respiratory 

samples and fluid 

- -  Ambient Time-consuming,  

expensive, and  

requirement for technical 

expertise  

[15, 20] 
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enormous electromagnetic field enhancement resulting from the four-wave mixing phenomena of non-linear 

optics [27]. CARS has been widely exploited for biological analysis (e.g., tumor detection and biomedical 

imaging). We have recently reported on the use of CARS to study the antimicrobial activity of graphene-

composites [28]; our data provides compelling evidence regarding the use of this technique for detection of 

viral strains. Raman spectroscopy coupled with non-linear optics has the potential to detect SARS-CoV-2; it 

can pave the way for rapid label-free diagnosis and continuous monitoring of SARS-CoV-2 disease. 

 

Non-linear Raman scattering for the detection of coronavirus infections 

 

Vibrational modes of a molecule encode a wealth of structural and conformational information. Inelastic 

scattering of photons from matter, known as the Raman effect, is used to directly measure the molecular 

vibrations of a molecule with visible or near-infrared (NIR) light [21]. Raman spectroscopy is a powerful 

technique to identify the unique vibrational states of a biological system by measuring the change 

in frequency of the incident light. Most Raman scattering is measured by the Stokes shift. In spontaneous 

Raman scattering, 1 in 108 incident photons undergoes the Raman effect [29]. Therefore, it is known as 

incoherent Raman scattering. Furthermore, Raman imaging using the spontaneous Raman effect requires 

high power laser sources to image a small cross-section; as such, several hours are required to image a cell 

[27]. Spontaneous Raman scattering also becomes irrelevant for the measurement of molecules at very low 

concentrations. The weak light-matter interaction and the long exposure time limit its application in clinical 

settings. The polarization phenomena in spontaneous Raman scattering obeys first-order (linear) optics, 

which is a two-wave mixing process [21]. These challenges in spontaneous Raman microscopy have been 

overcome by multiphoton microscopy using an approach that is known as coherent anti-Stokes Raman 

scattering (CARS).  

 

CARS has revolutionized the field of vibrational spectroscopy by probing vibrational coherences in biological 

systems in a label-free manner. CARS is a non-linear four-wave mixing process. CARS uses two 

synchronized pulsed light sources, a pump field, and a probe field of frequencies, ωp and ωpr, respectively, 

which are mixed with a third field of Stokes frequency, ωs, to coherently excite the molecules and create an 

anti-Stokes field of frequency ωas = ωp - ωs + ωpr [30]. The frequency of one laser is fixed; the frequency of 

the other is tunable such that the beat frequency (ωp - ωs) coincides with the frequency of Raman-active 

vibrational modes of the sample. The use of coherent laser fields in CARS generates strong signals and 

enables a three-dimensional view of molecular vibrations and native fingerprints in unstained samples [31]. 

The energy diagrams of spontaneous Raman spectroscopy and CARS are shown in Figure 1. Chemically 

specific imaging of biological systems using CARS circumvents the problems of photobleaching (associated 

with fluorescence imaging), chemical perturbation (by exogenous fluorescent labels), and long excitation 

wavelength (in infrared imaging) [32]. The spatiotemporal overlapping of pump and Stokes fields are strictly 

centered on the unstained molecule, resulting in a signal with a minimal excitation volume at incredibly rapid 

scanning rates. CARS microscopy has several advantages over traditional imaging modalities such as high 

penetration depth into molecules (up to several hundred micrometers in intact samples), minimal 
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photodamage to samples, unstained sampling, high spatiotemporal resolution, as well as label-free and 

chemically specific multiplexing.  

 

Figure 1: An illustration showing the energy levels of spontaneous and coherent anti-Stokes Raman 

scattering (CARS). In spontaneous Raman scattering, incoherent emission is triggered by the interaction of 

the pump with the molecule while in CARS, and coherent emission is mediated by the interaction between 

the pump and Stokes beams with the molecule. A four-wave mixing non-linear process of CARS uses two 

pulsed lasers (pump and probe) of frequencies ωp and ωpr mixed with a Stokes frequency ωs to coherently 

excite the molecule and create an anti-Stokes field of frequency ωas = ωp - ωs + ωpr.  

 

In 1999, Zumbusch et al. developed three-dimensional CARS with a colinear pump, Stokes pump, and near 

infrared ultrashort laser system for the imaging of live cells [33]. Over the last twenty years, CARS has 

extensively been exploited for biomedical applications such as the detection of lipid-based prostate circulating 

tumor cells [34], tumor identification [35], retinal changes [36] atherosclerosis [37], the presence of 

pharmaceutical agents [38], and bacterial infections [39]. Heuke et al. [40] reported on the detection and diagnosis 

of ex vivo  non-melanoma skin cancer (NMSC), specifically differentiation of healthy skin from NMSC cells 

using non-linear optical microscopies such as CARS microscopy as well as second harmonic generation 

(SHG) and two photon excited fluorescence (TPEF) imaging of human cancer samples. Figure 2 illustrates 

the morphological features of NMSC detection using CARS microscopy and other imaging modalities. Figure 

2 shows that the features associated with the clinical diagnosis of NMSC can efficiently be detected using 

CARS. CARS has also been used in virology [41]. In 2006, Nan et al. [42] used CARS to detect changes in 

cellular lipids associated with hepatitis C virus (HCV). They also combined two-photon fluorescence with 

CARS to study the subcellular internalization of HCV RNA (using non-diseased cells for RNA replication) and 

variations in lipid metabolism by HuH‐7 hepatoma cells. Lyn et al. [43] investigated the intra- and sub-cellular 

internalization of HCV and the phenotype of genomic RNA in live cells after antiviral treatment using CARS. 

They demonstrated the efficiency of CARS to assess the impact of lovastatin on lipid metabolism and also to 

monitor HCV RNA replicons upon treatment. CARS microscopy is extremely sensitive to the dispersion of 

viral RNA genomes from primary sites as well as to chemical/structural modifications in lipid droplet 

size/volume. In another study, Lyn et al. [44] reported on the ability of CARS to quantify over-expression of 

HCV proteins and reveal alterations in lipid droplet size, density, localization, and redistribution of these 

proteins. CARS has been explored to detect abnormal lipid metabolism, cholesterol catabolism, and 

https://www.sciencedirect.com/topics/medicine-and-dentistry/replicon
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triglyceride excretion events linked to HCV RNA replication [45]; changes in lipid phenotype [46]; quantitative 

monitoring of phenotypic variations associated with lipid metabolism and storage in Caenorhabditis 

elegans (as a model organism for host-virus interactions) [47, 48]; and imaging fibroblast cells infected by 

cytomegalovirus [49]. Recently, Scully et al. [50] used femtosecond adaptive spectroscopic methods coupled 

with CARS to illustrate and distinguish between influenza and picornavirus with enhanced sensitivity. This 

work also lends further credence to the diagnostic potential of CARS for viral research. 

 

 

Figure 2: (A) Coherent anti-Stokes Raman scattering (CARS) microscopy image of tumor tissue. (B) CARS 

image representing the tumor-containing region, which is located by the dotted lines in (A). (C) Keratinizing 

tumor. (D) Squamous cell carcinoma (SCC) tumor nest. The tumor cells can be discerned from the 

embedding dermal tissue. (E) Tumor cells with pleomorphic nuclei. (F) Keratin pearl. (G) SCC cells. 

The white arrow points towards a nucleus, which appeard dark in CARS. Compared with noncancerous 

tissue, the tumorous tissue possesses an increased cell density, larger nuclei, and an elevated 

nuclear cytoplasm ratio. Reproduced with permission from Reference [40]. 

 

 

Lipid droplets have been used as a biomarker for viral infections. CARS has effectively been used as a 

sensitive tool to study host-virus interactions, cellular membrane membranes, and lipid metabolism 

mechanisms; these studies have improved our understanding of metabolic disorders in viral infections. The 

significant role of lipid droplets in the viral lifecycle has long been appreciated. Lipids are the building blocks 

of viruses that play crucial biological functions in viral lifecycle activities such as signaling, energy storage, 

viral replication, endocytosis, and exocytosis [51]. Importantly, it has now been recognized that viruses target 

lipid signaling and lipid metabolism; viruses fuse with lipid membranes during their entry into host cells, 

modifying the host cells to support viral envelopment, replication, and maturation [52]. Lipid metabolism is a 

critical target of SARS-CoV-2 in addition to the ACE2 entry pathway [51]. Several studies have revealed that 

https://www.sciencedirect.com/topics/medicine-and-dentistry/coherent-anti-stokes-raman-spectroscopy
https://www.sciencedirect.com/topics/medicine-and-dentistry/keratin
https://www.sciencedirect.com/topics/medicine-and-dentistry/cytoplasm
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lipid metabolism enzymes such as cytosolic phospholipase A2α enzyme [53] and phospholipase A2 group 

IID [54] are responsible for the viral RNA genome replication associated with SARS-CoV. The critical role of 

lipid-mediated pathways in host cells has also been reported for MERS [55, 56] and SARS-CoV [57]. 

 

The crucial role of lipids in metabolism, replication, and maturation of SARS-CoV-2 can be harnessed as a 

marker for the early detection of SARS-CoV-2. Although this approach has not been explored to this point, 

we suggest that CARS can potentially be used as a non-invasive diagnostic method to detect dynamic 

interactions between various lipid metabolism pathways and RNA replication. Label-free CARS can be used 

to study lipid metabolism, the levels of expression in infected cells and tissues, as well as the relationships 

among lipid storage, peroxidation, and desaturation. CARS can provide key insights into the impact of SARS-

CoV-2 on the host cell and metabolic events in which lipids within the host cells are modified as a 

consequence of infection. It has also been proposed that lipid metabolism inhibitors (e.g., statins) can 

potentially be used to treat SARS-CoV-2 [51]. The treatment of COVID-19 is beyond the scope of this 

prospective; treatment strategies using a wide range of approaches such as nanostructures and lipid 

inhibitors have been discussed elsewhere [58-60]. 

 

CARS microscopy has the potential to detect SARS-CoV-2 in a label-free manner. Despite this advantage, 

CARS microscopy has also some limitations. For example, lipid droplets associated with COVID-positive 

patients may be affected by underlying conditions. Hence, the characteristic peaks of lipid droplets related to 

COVID-19 need to be optimized under biologically relevant conditions. Signal optimization process can be 

carried out by comparing CARS results with standard COVID-19 testing regimens such as PCR, isothermal 

amplification, and sequencing. Changes in CARS data associated with the progression of COVID-19  disease 

need to be understood; it remains unclear whether the coherent Raman active fingerprints change with the 

degree of infection. These limitations need to be overcome by performing CARS and surface-enhanced 

CARS microscopy with clinical samples. By overcoming these limitations, CARS microscopy may represent 

an innovative label-free molecular diagnostic method for detecting COVID-19 in a timely fashion, which has 

the potential to complement currently available imaging options in clinical settings. 

 

Summary and future outlook 

 

SARS-CoV-2 is a more severe human viral pathogen than other viral strains such as MERS and SARS-CoV-

1. The interplay between the lipid-enveloped viral genome and host cells can facilitate the design of innovative 

strategies to detect, inhibit, and monitor treatment. CARS may enable complex chemical changes that occur 

between the viral pathogen and the human host to be evaluated. CARS microscopy allows for the unique 

identification of excitation frequencies and highly sensitive three-dimensional spatiotemporal vibrational 

imaging of biomolecules. Capturing a myriad of spatiotemporal vibrational modes and phenotypic events of 

SARS-CoV-2 in real time is one promising use of this technology. To exploit this method in COVID-19 

detection, appropriate samples, distinctive Raman active fingerprints, appropriate sensitivity limit values, and 

correlations between CARS and the progression of the COVID-19 disease need to be determined. 
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Understanding these parameters for the detection of infection can provide mechanistic insights into 

transmission pathways and replication of the virus, which in turn can facilitate efforts to limit transmission of 

the disease. CARS is a non-invasive diagnostic and imaging modality that has the potential to allow for SARS-

CoV-2 to be detected in a rapid, label-free manner and the efficacy of therapeutic modalities to be evaluated. 
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