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This study describes the development of a novel assay for SARS-CoV-2 identification using LC-MS/MS
analysis. A multi-step procedure for the rational down-selection of a set of markers has leaded to the
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rapid and simple assay was developed, successfully applied to clinical nasopharyngeal samples. The assay
may potentially serve as a complementary approach for SARS-CoV-2 identification.
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1 Abstract 

SARS-CoV-2, the etiologic agent of the COVID-19 pandemic, emerged as the cause of 

a global crisis. Rapid and reliable clinical diagnosis is essential for effective controlling 

transmission. The gold standard assay for SARS-CoV-2 identification is the highly 

sensitive RT-qPCR, however this assay depends on specialized reagents and may suffer 

from false results. Thus, additional assays based on different approaches could be 

beneficial. 

Here we present a novel method for SARS-CoV-2 identification based on Mass-

Spectrometry. The approach we implemented combines a multi-step procedure for the 

rational down-selection of a set of reliable markers out of all optional in-silico derived 

tryptic peptides in viral proteins, followed by monitoring of peptides derived from 

tryptic digests of purified proteins, cell-cultured SARS-CoV-2 and nasopharyngeal 

(NP) swab matrix spiked with the virus. The markers selection was based on specificity 

to SARS-CoV-2 and on analytical parameters including sensitivity, linearity and 

reproducibility. The final assay is based on six unique and specific peptide markers for 

SARS-CoV-2 identification. 

The simple and rapid (2.5 h) protocol we developed, consists of virus heat inactivation 

and denaturation, tryptic digestion and identification of the selected markers by Liquid 

Chromatography coupled to high-resolution mass spectrometry (LC-MS/MS). The 

developed assay enabled the identification of 104 PFU/ml SARS-CoV-2 spiked into 

naive NP specimens. Finally, the assay was successfully applied to 16 clinical samples 

diagnosed by RT-qPCR, achieving 94% concordance with the current gold standard 

assay. To conclude, the novel MS-based assay described here is specific, rapid, requires 



no specialized reagents and is believed to provide a complementary assay to the RT-

qPCR method. 

2 Introduction 

Human coronavirus disease 2019 (COVID-19) initially emerged in China toward the 

end of 2019, and rapidly spread globally causing serious global public health concern1,2. 

As of September 10th, 2020, more than 25 million COVID-19 cases have been 

confirmed worldwide with approximately 1 million deaths (https://covid19.who.int). The 

disease has a high human-to-human transmission rate3, making reliable diagnosis 

critical for disease control.  

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)4, a novel strain of 

coronaviruses (CoVs), is the etiologic agent of COVID-19. CoVs are linear, single-

stranded positive-sense RNA viruses, belonging to the Coronavirinae subfamily in the 

Coronaviridae family5. They have a crown-like appearance under electron microscopy 

due to the presence of spike glycoproteins on their envelope6,7. SARS-CoV-2 is 

classified as a betacoronavirus, similar to the two others highly virulent human CoV 

(hCoV) pathogens: SARS-CoV and Middle East respiratory syndrome (MERS-

CoV)6,7. In addition, four common hCoVs (OC43, HKU1, 229E, NL63) are responsible 

for mild respiratory tract infections8, making it seven hCOVs that have been identified 

to date. The full-length genome sequence of SARS-CoV-2 is 29,903 bp (GenBank no. 

MN908947)9. Notably, SARS-CoV-2 shares the highest nucleotide sequence identity 

(88%) with two bat-derived SARS-like coronaviruses, but is more distant from SARS 

and MERS, with ~79% and ~50% identity, respectively9. 

The SARS-CoV-2 genome comprises 10 genes, which ultimately produce 26 proteins9-

11, most of which are functional proteins, including proteases, RNA polymerase and 

associated factors needed to copy the genome, a proofreading exonuclease, and several 

other non-structural proteins. The remaining genes predominantly encode the four 

structural components of the virus11: 1. The trimeric outer spike glycoprotein (S) that 

binds the mammalian cellular angiotensin-converting enzyme 2 (ACE2) receptor to 

enable cell entry; 2. A nucleoprotein (N), the most abundant viral protein (estimated 

~1000 copies/virion) that directly binds to viral RNA providing stability12; 3. An 

envelope protein (E) which has both structural and functional aspects, and 4. A 

membrane protein (M) that forms the outer layer of the virus. These four structural 

https://covid19.who.int/


proteins are the most abundant proteins in the virus, estimated to exist at ~1000 and 

~300 copies per virion for the N and S proteins, respectively11. 

Fast, convenient and reliable diagnosis of patients suspected to be infected with SARS-

CoV-2 is urgently needed both for appropriate treatment as well as for isolation of 

confirmed cases, with the aim of preventing further spread of the infection. Currently, 

the majority of testing is done on respiratory samples, usually NP swabs, using nucleic 

acid based tests13 mainly quantitative real‐time PCR (RT‐qPCR)10. This relatively rapid 

assay is highly sensitive and therefore is recommended by the World Health 

Organization (WHO) and considered as the gold standard assay for SARS-CoV-2 

identification. However, due to the high sensitivity of these nucleic acid-based methods 

(limit of detection is estimated as 1-10 PFU/ml14,15), they are prone to false positive 

results10,16. On the other hand, nucleic acid tests are susceptible inhibition by substances 

in clinical samples, leading to possible false negative results16-18. Thus in some cases, a 

positive result might immediately follow repeated negative tests16. Importantly, nucleic 

acid-based tests depend on the availability of specific reagents for RNA extraction and 

the RT-qPCR procedure19. The global nature of the pandemic has already caused 

reagent shortages20,21. The urgent need to implement and rapidly expand testing has led 

to the development of serological assays22 such as enzyme‐linked immunosorbent 

assays (ELISA), lateral flow (LAF), chemiluminescence‐immunoassay (CLIA) and 

immunofluorescence assay (IFA). These assays are based on the detection of antibodies 

that are part of the immune response to the virus10,22, yet for early detection of infection, 

direct identification of the virus is essential. Thus, an alternative or complementary 

assay for SARS-CoV-2 diagnosis, is urgently needed. 

Mass spectrometry (MS)-based approaches for targeted and untargeted protein 

identification, have become essential tools in clinical laboratories. During the SARS 

outbreak at 2003, Matrix-assisted laser desorption/ionization time-of flight (MALDI-

TOF) technique was applied successfully for SARS S and N proteins characterization23. 

Very recently, a few reports suggested identifying SARS-CoV-2 based on LC-MS/MS 

analysis of its tryptic peptides. Marker selection was based mainly on a proteomics 

approach, starting directly from specimens with high viral loads and searching against 

the UniProt SARS-CoV-2 proteins database. Although Gouveia et al.,24 listed candidate 

peptides derived from the virus N, S or M proteins, the applicability of these markers 

has not been confirmed in clinical samples. A “proof of concept” assay for the detection 



of SARS-CoV-2 from gargle solution samples was demonstrated using acetone 

precipitation followed by tryptic digestion and a targeted MS analysis25. This approach 

identified peptides originating from SARS-CoV-2 N protein thus enabling virus 

detection in 2 of 3 gargle samples. Another recently published approach for SARS 

CoV-2 detection in nasal swab specimens is based on the combination between 

MALDI-TOF MS and machine learning analysis26. 

Here we demonstrate the development and application of a rapid, simple and specific 

MS-based SARS-CoV-2 identification assay. The assay was developed based on our 

novel approach for viral marker selection, starting from a bioinformatics in-silico 

analysis, through evaluation of purified viral proteins, cultured virus and negative NP 

clinical samples spiked with virus. The applicability of this novel assay for SARS-CoV-

2 identification in clinical samples, is demonstrated by screening 16 pre-determined 

positive or negative NP swabs collected from human patients. The proposed novel assay 

is in very strong concordance with the well-established nucleic acid-based test and may 

serve as a complementary approach.  

3 Materials and methods 

3.1 Reagents 

All solvents and chemicals used in LC‐MS/MS analysis were LC‐MS grade. Water 

(Cat. Number 232141B1), acetonitrile (Cat. Number120410100), and formic acid (99% 

purity, Cat. Number 691413) were purchased from Bio‐Lab. Ammonium bicarbonate 

(NH4HCO3, Cat. Number A6141‐500G), and octyl‐β‐D‐glucopyranoside (OG, Cat. 

Number O8001‐1G) were acquired from Sigma‐Aldrich. Phosphate‐buffered saline 

(PBS, pH 7.4, Cat. Number 02‐023‐1A) and grade modified trypsin (Cat. Number 

V5111) were purchased from Biological Industries.  

3.2 Expression of SARS-CoV-2 S and N recombinant proteins 

Recombinant SARS-CoV-2 spike glycoprotein, expressed as recently described27, was 

kindly provided by Dr. Ohad Mazor Lab (IIBR, Israel). A stabilized soluble version of 

the spike protein (based on GenPept: QHD43416 ORF amino acids 1-1207) was 

designed to include proline substitutions at positions 986 and 987, and disruptive 

replacement of the furin cleavage site RRAR (position 682-685) with GSAS. Protein 

expression was carried out using ExpiCHOTM system (Thermoscientific, USA). 



Nucleocapsid phosphoprotein (N) sequences of SARS-CoV-2 (GenBank accession: 

YP_009724397.2) was codon-optimized for E. coli, synthesized, and cloned in the 

expression vector pET-28a(+) by twist bioscience (twist bioscience, USA). The 

resulting plasmid DNA was maintained in the T7 Express lysY Competent E.coli strain 

(New England Biolabs, France). The bacterial culture was induced for protein 

expression by 0.1 mM IPTG and incubated at 15℃ overnight. A cell pellet was 

harvested from 250 ml of the bacterial culture by centrifugation (10,000 g) at 4℃ for 

10 min. 25 milliliters of Bugbaster master mix lysis buffer (merckmillipore, USA) was 

added to the harvested cell pellet and harvested according to the manufacturer's 

protocol. Cell lysis mix was harvested by centrifugation (10,000 g) at 4℃ for 10 min 

and 25 milliliters of urea 8M was add to the pellet. The N protein was purified using 

HIS-Select®Nickel affinity gel (Sigma-Aldrich, USA) according to the manufacturer's 

protocol. 

3.3 Cell lines and viruses  

African green monkey kidney clone E6 cells (Vero E6, ATCC® CRL-1586™) were 

grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% Fetal bovine 

serum (FBS), MEM non-essential amino acids (NEAA), 2 mM L-Glutamine, 100 

Units/ml Penicillin, 0.1 mg/ml Streptomycin, 12.5 Units/ml Nystatin (P/S/N) 

(Biological Industries, Israel). Cells were cultured at 37°C, in a 5% CO2 in 95% air 

atmosphere.  

SARS-CoV-2 (GISAID accession EPI_ISL_406862) was kindly provided by 

Bundeswehr Institute of Microbiology, Munich, Germany. Virus stocks were 

propagated (4 passages) and tittered on Vero E6 cells. All virus handling and work were 

conducted in a BSL3 facility in accordance with the biosafety guidelines of the Israel 

Institute for Biological Research (IIBR).  

To determine viral titers, Vero E6 cells were seeded in 12-well plates (5x105 cells/well) 

and grown overnight in DMEM containing 10% FBS, MEM non-essential amino acids, 

2 nM L-Glutamine, and P/S/N (Biological Industries, Israel). Serial dilutions of SARS-

CoV-2 were prepared in MEM containing 2% FCS with NEAA, glutamine, and P/S/N, 

and used to infect Vero E6 monolayers in triplicate (200 µl/well). Plates were incubated 

for 1 hour at 37℃ to allow viral adsorption. Then, 2 ml/well of overlay (MEM 

containing 2% FBS and 0.4% Tragacanth; Merck, Israel) was added to each well and 



the plates incubated at 37°C, 5% CO2 for 48 hours. The medium was aspirated and the 

cells were fixed and stained with crystal violet solution (Biological Industries, Israel). 

The number of plaques in each well was determined, and SARS-CoV-2 titer was 

calculated. 

3.4 Clinical samples  

NP swabs from suspected COVID-19 patients were transported to our lab in viral 

transport medium (Biological Industries). Samples were kept at 4°C until use, and 

randomly selected for this study. Clinical samples processing was done by vortexing 

the swabs vigorously for 30 seconds to release the virus into solution. For MS 

preparation, samples were diluted with ammonium bicarbonate buffer in a ratio of 4:6 

(40 μL sample with 60 μL buffer). 

The RT-qPCR assay was performed according to WHO instructions, as previously 

described14, using the SensiFAST Probe Lo-ROX One-Step kit (Bioline). Primers and 

probe for SARS-CoV-2 E gene were taken from the Berlin protocol28. 

3.5 Tryptic digestion 

Tryptic digestion was conducted as previously described29. In brief, a total volume of 

100 µl samples (SARS-CoV-2 purified N or S proteins, buffer spiked viruses or clinical 

NP swabs) were heated for denaturation (95°C, 5 min.) in the presence of 0.2% 

OctylβGlucopyranoside (OG). After 2 minutes cooling, 2 μL of sequencing grade 

modified trypsin (0.5 μg/μL) were added (final concentration 1 μg/100 μL) to the 

sample tubes, followed by 2 hours incubation at 50°C with continuous rotating (600 

RPM). The tryptic digestion was stopped by adding 10 μL of 10% formic acid (final 

concentration 1%), followed by 2 minutes centrifugation (14,000 rpm). The resulting 

supernatants were transferred to LC‐MS analysis vials. 

3.6 High-resolution LC–MS/MS (Orbitrap) 

LC-MS analysis was performed on an Agilent 1290 HPLC (Agilent Technologies, Palo 

Alto, CA, USA) coupled to Q-exactive plus Orbitrap MS/MS instrument (Thermo 

Fisher Scientific, Waltham, MA, USA) equipped with a heated electrospray ionization 

source operated in positive mode. This high-resolution MS system enables the 

identification of N and S proteins derived tryptic peptides according to their accurate 

mass and sequence determination using Full MS DIA acquisition mode. 



Chromatographic separations were performed on a Gemini C18 column (100 × 2.1 mm, 

3 μm; phenomenex, Le Pecq, France) kept at 40°C. Mobile phases were 1% formic acid 

in H2O (A) and 1% formic acid in ACN:H2O (8:2v/v, B). The LC gradient profile was 

100% A linearly decreased to 5% A over 10 minutes and then held for 6 minutes and 

increased to 100% A over 0.1 minute, held for another 4 minutes, for a total run time 

of 20 minutes. The flow rate was 0.3 ml/min, and the injection volume was 10 μL.  

The operating parameters were as follows: electrospray voltage, 1.25 kV; sheath gas 

flow rate, 45 (arbitrary units); auxiliary gas, 10 (arbitrary units); sweep gas, 2 (arbitrary 

units); auxiliary gas heater temperature, 400°C; S-lens RF level, 55 and capillary 

temperature, 275°C. The MS spectra were acquired with 140,000 mass resolution (at 

200 m/z) from m/z 250-2000, Automatic gain control (AGC) target of 3x106, and 

maximum injection time (IT) of 100ms. The MS/MS spectra were acquired using 

tryptic peptides inclusion list, 35,000 mass resolution (at 200 m/z), an isolation window 

of 1 m/z and AGC target of 2x105. The collision gas was nitrogen and the collision 

energy was set at 20V. 

3.7 Bioinformatic analysis 

The protein sequences of the S and N proteins are derived from the Wuhan reference 

strain NC_045512.2, protein ID YP_009724390.1 and YP_009724397.2, respectively. 

Possible trypsin cleavage sites for the protein sequences were predicted with 

PeptideCutter (www.web.expasy.org/peptide_cutter). The generated peptides were 

subjected to sequence similarity searches against the nr (non-redundant, 

https://www.ncbi.nlm.nih.gov/) database and against an in house constructed database 

of over 1000 clinically relevant human pathogens 

(https://kariusdx.com/pathogenlist/3.6), using Blastp30. The algorithm parameters were 

adjusted to short sequences, and self-hits were eliminated.  

4 RESULTS AND DISCUSSION 

4.1 Methodology for assay development 

The main target protein documented until now for MS based detection of SARS-CoV-

2, was the N protein, since it is known to be the most abundant protein in the virus25,31,32. 

While N protein units link together in a long spiral, wrapping and coiling the RNA, the 

S protein is found in the outer layer of the virus, possibly presenting a more accessible 

target for tryptic digestion. In addition, S protein has a significantly higher molecular 

http://www.web.expasy.org/peptide_cutter
https://kariusdx.com/pathogenlist/3.6


weight (Mw) than N protein (~139 vs ~42 KDa, respectively), resulting in a larger 

number of tryptic peptides and hence potential markers, therefore we have added the S 

protein to our analysis. Lately, Gouveia et al. reported on 14 peptides from N, S and M 

proteins that could be used as potential markers for SARS-CoV-202 diagnosis, 

reinforcing the importance of marker selection from S protein, which presented the 

lowest diversity in terms of sequence variants02. 

The selection of a set of SARS-CoV-2 specific markers described in this study was 

based on a targeted approach in which a rational, multi-step procedure was applied on 

all possible tryptic peptides derived from N and S SARS-CoV-2 proteins. An in-silico 

tryptic digestion of the N and S protein sequences revealed a set of potential tryptic 

peptides markers. Theoretical considerations, followed by experimental evaluations, in 

both purified proteins and SARS-CoV-2 spiked samples, based on LC-MS/MS 

analysis, resulted in six unique markers determined for SARS-CoV-2 specific 

identification, three of which are novel (to the best of our knowledge). The down-

selection and evaluation steps towards the determination of the six specific markers is 

schematically illustrated in Figure 1 and further detailed in the following sections. 

4.2 Criteria for markers selection  

Rational selection of SARS-CoV-2 specific peptide markers, whose identification 

provides unambiguous proof for the virus’s presence, is the most important step in 

developing a targeted MS method. Four criteria for marker selection were defined: (a) 

Selectivity– the clinical specimens are NP swabs; therefore, to avoid false positive 

results, selected markers should not be shared by other organisms, particularly by 

human respiratory system pathogens. In order to verify markers selectivity, potential 

markers should also be tested against wide range of existing sequences in available 

databases. (b) Sensitivity– an essential condition for good sensitivity in LC-MS based 

analysis is high Electrospray Ionization (ESI) efficiency, which is expressed by MS 

signal response of the potential markers. This can be altered by matrix effects; therefore, 

it is important to evaluate the sensitivity of markers derived from purified proteins, cell 

cultured virus and virus spiked to the relevant clinical matrix. (c) Chemical stability- 

the selected peptide markers should be chemically stable. Therefore, the markers' 

sequence should exclude amino acids such as methionine or cysteine which are prone 

to oxidation. (d) Reproducibility and linearity– reliable markers, derived from purified 

proteins and from the entire SARS-CoV-2 virus, should exhibit high values of linearity 



and precision, to ensure constant tryptic digest efficiency, minimum missed cleavage, 

no adsorption to reaction vessels and/or LC-MS system as well as minimum mutations. 

4.3 In-silico tryptic digestion and sequence analysis 

In-silico tryptic digestion of SARS-CoV-2 N and S protein sequences, revealed 57 and 

102 peptides, respectively. The length of the tryptic peptides selected for further 

evaluation was limited to 6-14 amino acids (aa) in order to increase the probability of 

marker specificity (aa≥6) and minimize peptide loss due to adsorption (aa≤14). Under 

these restrictions, 16 and 36 predicted tryptic peptides derived from N and S proteins, 

respectively, remained. To exclude the possibility that these peptides might be present 

in non-relevant human clinical samples, we conducted a sequence similarity search of 

the 20 predicted tryptic peptides against a list of clinically relevant human pathogens 

(www.kariusdx.com/pathogenlist/3.6), as well as against the comprehensive NCBI nr 

database. This analysis revealed 14 peptides that are identical to other human 

pathogens’ proteins and were therefore excluded from further evaluation. All other 

peptides may have an identical sequence in either non-human coronaviruses proteins or 

SARS proteins (Figure S1, non-highlighted sequences). Obviously, these organisms are 

not expected to be present in SARS-CoV-2 suspected human samples, thus these 

findings do not impose a limitation with regards to candidate markers. A total of 38 

peptides (29 and 9 originating from S and N proteins, respectively) were therefore 

selected for further evaluation as specific markers of SARS-CoV-2.  

4.4 Evaluating purified protein tryptic digestion efficiency and 

analytical performance 

In order to evaluate the actual efficiency of tryptic digestion process, recombinant 

SARS-CoV-2 purified S or N proteins were used. A rapid, simple and efficient tryptic 

digestion process was performed, similar to the procedure used in our study of protein 

toxins digestion described recently29. Samples were pre-heated (95°C, 5 minutes) to 

inactivate the virus and denature viral proteins (improving subsequent digestion 

efficiency), after which direct tryptic digestion of the purified proteins (50℃, 120 

minutes) was performed. Samples containing 10 ppm purified S or N proteins (1 µg 

protein in 100 µl buffer) were digested for 120 minutes in triplicate and analyzed by 

LC coupled to a high-resolution Q-exactive plus Orbitrap MS/MS instrument. Of a 

possible 38 predicted peptides, 33 (25 S-derived, 8 N-derived) which had the same m/z 

http://www.kariusdx.com/pathogenlist/3.6


as the in-silico tryptic peptides, were identified according to accurate mass and amino 

acid sequences using LC-MS/MS analysis, demonstrating high efficiency of the 

digestion process.  

To characterize the potential markers, buffer solutions were spiked with four 

concentrations (0.01, 0.1, 1 and 10 ppm) of purified S or N proteins. The samples were 

trypsin digested and analyzed by LC-MS. Three parameters- signal intensity, precision 

and linearity, were used for evaluation of a marker's performance and as indications of 

markers’ sensitivity, chemical and physical (non-adsorption) stability, and tryptic 

digestion process efficiency and reproducibility. The values obtained are presented in 

Table 3 (and detailed in Table S1). The intensities obtained for N derived peptides were 

~10-fold higher compared to those observed for the same concentrations of S derived 

peptides. Given the fact that the peptides' electrospray ionization response is similar 

(data not shown), we assume that this may be due to lower tryptic digest efficiency of 

the S protein, originating from a cell culture-based expression platform, the proteins are 

expected to be partly N-glycosylated23. Table S1 presents LC-MS-based analytical 

performance of SARS-CoV-2 tryptic peptides. Five out of eight tryptic peptides derived 

from N protein (peptides number 3, 4, 5, 6, 7) and eight out of twenty-five peptides 

derived from S protein (1, 3, 6, 11, 13, 18, 21, 25) exhibited relative high sensitivity 

with good precision (<30%) and linearity in the range of 10-10,000 ppb. 

4.5 Evaluation of potential markers in cell cultured SARS-CoV-2 

To evaluate the method’s applicability for direct identification of the entire virus, the 

assay was performed on samples containing SARS-CoV-2 viruses cultured in Vero E6 

cells. Buffer samples were spiked with virus at final concentrations of`103-106 PFU/ml, 

followed by tryptic digestion and LC-MS/MS analysis as described above. Results with 

high concentration samples (106 PFU/ml) demonstrated high efficiency of the tryptic 

digestion process, enabling identification of almost all tryptic peptides that were 

detected in the purified SARS-CoV-2 proteins (23/25 for S derived peptides and all N 

derived peptides, Table S1). 

The analytical parameters of viral peptides derived from cell cultured SARS-CoV-2 

proteins (peak intensities, precision values and linearity) was conducted and the results 

are presented in Table 3 (and detailed in Table S1). Considering that the amount of S 

protein in SARS-CoV-2 is 3-times lower than N protein,11 and that S protein tryptic 



digestion efficiency is 10 times lower as well, we would expect significantly lower 

intensities of S tryptic peptides compared to N tryptic peptides, when tryptic digests of 

the virus are used. However, as is shown in Tables 3 and S1, similar marker intensities 

were obtained from virus tryptic digestion of both proteins. This observation may 

indicate a greater accessibility of the S protein to tryptic digestion. Three out of five N 

markers (3, 4 and 6), and 5 out of eight S markers (6, 11, 13, 18 and 21), showed a 

strong potential for serving as markers according to their analytical parameters, 

including relative high sensitivity, reproducibility (<30%) and linearity in the range of 

104- 106 PFU/ml (Table S1). Figure 2 demonstrates the performance of a representative 

marker (N protein, marker number 3) obtained from tryptic digest of the purified protein 

and from cell cultured virus.  

In order to determine the incubation time required for viral digestion, buffer samples 

containing 106 PFU/ml SARS-CoV-2 were digested for increasing durations (10, 0, 30, 

60, 120 and 240 minutes). Kinetic profiles for tryptic digest of both proteins, N and S, 

were performed by LC-MS analysis monitoring of the above 8 markers. After 120 

minutes of tryptic digestion, the reaction was still found to be on going, though the 

sensitivity improvement after 240 minutes was <40%. On the other hand, shortening 

the digestion time to 30 minutes reduced the sensitivity by 60%. A representative 

marker intensities derived from N and S proteins (No. 3 and 6, respectively) at specific 

time points are presented at Figure S2. Based on these results, the optimal digestion 

time for SARS-CoV-2 digestion was determined to be 120 minutes. 

4.6 Assay performance in spiked NP samples 

To examine the assay performance in NP swab samples, the relevant (and challenging) 

clinical matrix, known negative specimens (n=10) were spiked with SARS-CoV-2 to 

achieve virus concentrations of 105 and 106 PFU/ml. Samples were subjected to tryptic 

digestion and compared with the parallel spiked buffer sample. The matrix background 

significantly interfered with two peptides, one derived from N protein (Table S1, 

peptide number 4) and the other from S protein (18) and were therefore excluded from 

further evaluation. The other six potential markers (N protein markers 3 and 6, S protein 

markers 6, 11, 13 and 21) were detected, yet suffered from decreased signal intensities, 

compared to buffer spiked samples. To avoid this sensitivity decrease, whether as a 

result of matrix effect on ESI or a lower efficiency of the tryptic digestion process, 

several dilution compositions of NP specimens with ammonium bicarbonate buffer 



were spiked with 106 PFU/ml SARS-CoV-2 and compared to the same final 

concentrations spiked directly into buffer. The minimum necessary dilution to maintain 

the sensitivity obtained in buffer spiked samples, was 3:2 (buffer:sample). Figure 3 

illustrates the sample dilution effect on markers’ signal intensities. By diluting the 

samples prior to tryptic digestion, all six markers were successfully observed, having 

signal intensities similar to spiked buffer and high precision (<30%) in replicates with 

different concentrations of virus; these were therefore selected for further evaluation in 

clinical samples.  

4.7 Markers’ intra-species universality and specificity 

The sequence conservation of the six selected peptide markers two derived from N 

protein: AYNVTQAFGR (peptide No. 3), GFYAEGSR (6) and four derived from S 

protein: SFIEDLLFNK (6), FLPFQQFGR (11), FQTLLALHR (13), HTPINLVR (21) 

)] among different known strains of SARS-CoV-2 is a major concern, in light of the 

accumulating knowledge of mutations occurring during the spread of the virus. Intra-

species conservation was therefore verified against all known variants of the virus 

(56,940 complete genomes with high coverage, as of September 2020, downloaded 

from the GISAID database (https://gisaid.org)). The S and N proteins were retrieved 

from the downloaded genomes by translated BLAST against the corresponding proteins 

in the reference Wuhan strain. Each of the six markers was analyzed for sequence 

similarity against its parental protein. This analysis revealed an extremely high degree 

of sequence conservation, with identical sequence in >99.8% of known variants for 4/6 

markers, and >97.5% for remaining two markers. These results indicate that a 

diagnostic array based on the combination of 6 markers originating from distinct 

regions in two different proteins, will guarantee a targeted assay for specific detection 

of SARS-CoV-2 which might transcend the slight genetic drift that may occur in future 

strains.  

The uniqueness of the selected markers was verified in-silico against the four common 

hCoVs (OC43, HKU1, 229E, NL63), revealing no identical markers in any of them, 

highlighting our assay’s specificity. To experimentally verify the assay’s specificity, 

the protocol was applied in buffer samples spiked with a high concentration (107 

PFU/ml) of hCoV (OC43). As expected, none of the SARS-CoV-2-specific markers 

was observed. 

https://gisaid.org/


4.8 Clinical samples Analysis 

The next step was to evaluate our assay in a real-life setting using actual clinical NP 

samples, previously diagnosed by RT-PCR (Table 1). In complex matrices, such as NP 

specimens, unexpected interference, that differ in nature from sample to sample, may 

occur. Using a set of six markers increases the probability of proper identification. Each 

of the selected markers is unique for SARS-CoV-2, so that identification of a single 

marker is sufficient to provide a reliable basis for virus identification. The following 

analytical criteria will be required for SARS-CoV-2 identification: a specific marker 

with proper chromatographic retention time, accurate mass (<2 ppm), and at least two 

MS/MS fragments. Using these criteria, our new assay enables identification of SARS-

CoV-2 as few as 104 PFU/ml of cell cultured virus (spiked into NP swabs). 

To evaluate further the performances and specificity of the assay in relevant clinical 

specimens, NP swab samples previously tested negative (n=10) or positive (n=6) by the 

“gold standard” RT-qPCR, were inactivated at 95°C for 5 minutes. From each 

specimen, 40 µl were diluted with 60 µl of buffer and subjected to tryptic digestion for 

2 hours at 50°C. The reaction was ended by adding formic acid at a final concentration 

of 1%, and followed by LC-MS/MS analysis. Figure 4 demonstrates the identification 

of a representative SARS-CoV-2 specific marker (FQTLLALHR) in a positive NP 

swab specimen as well as in SARS-CoV-2 spiked into buffer; this marker is absent 

from a negative NP sample. In a similar way, 5/6 NP swab specimens, that previously 

tested positive by RT-qPCR with Ct values in the range of 19-25, were found to contain 

the virus using our new MS analysis method. In these five specimens, the virus 

concentrations were estimated by comparison to calibration curve of NP matrix spiked 

with known concentrations of SARS-CoV-2. These samples were found to contain 

5x104- 1x106 PFU/ml. None of the markers was found in the RT-qPCR negative 

samples analyzed. Table 2 summarizes the results of marker detections in NP swab 

samples using LC-MS/MS analysis.  

4.9 Sample processing for sensitivity improvement 

The sensitivity of RT-qPCR assay is estimated to 1-10 PFU/ml at Ct ≤4014,15, which is 

significantly greater than that shown in our assay (~104 PFU/ml). To enable effective 

COVID-19 diagnosis, the assay's sensitivity of the needs to be improved, therefore 

several virus enrichment processes were evaluated. Increasing the initial sample 



volume to 500 µl, ultra-centrifugation at 20,000g for 20 minutes and pellet resuspension 

with 100 µl buffer, did not yield significant improvement. In contrast, acetone 

precipitation of the virus was found to increase sensitivity. Buffer samples spiked with 

known concentrations of SARS-CoV-2 were precipitated prior to tryptic digestion by 

adding acetone to 500 µl sample (1:1) followed by freezing (-20°C, 60 min.), allowing 

sedimentation of the proteins. Samples were then centrifuged (20,000 g, 20 min.), 

supernatant removed and the pellet resuspended in 100 µl buffer and subjected to the 

tryptic digestion. Using this protocol, the sample was essentially concentrated by an 

order of magnitude, starting with 500 µl instead of 40 µl in the simple standard 

procedure. Under these conditions, we achieved an increase in sensitivity of up to 10-

fold for markers derived from the N protein and up to 3-fold for markers derived from 

the S protein (Figure 2C, Table S1). The difference in sensitivity enhancement between 

N and S protein markers was found to result from acetone traces (<10%) which 

apparently reduced tryptic digestion of the S protein more than of the N protein. Buffer 

samples spiked with virus concentrations of 103-106 PFU/ml and prepared with the 

acetone precipitation step, were evaluated for marker performance based on analytical 

parameters (intensities, precision and linearity). The results, presented in Table 3 (and 

Table S1), illustrate the potential of improving the assay sensitivity, even recognizing 

that the precipitation procedure affects the assay duration and complexity. 

5 Conclusions 

In the study presented here, a simple, rapid and specific high-resolution MS-based assay 

was developed for the identification of SARS-CoV-2. Six unique markers, three of 

which are novel to the best of our knowledge, derived from the N and the S viral 

proteins were selected for COVID-19 diagnosis. This panel of markers was established 

using a rational down-selection process which comprised in-silico considerations and 

technical-based filtering criteria, followed by experimental evaluation using HR-MS 

technology and implementation of the developed assay with clinical samples. We 

consider the sample preparation protocol to be straightforward, consisting of sample 

heating for virus deactivation and denaturation followed by 2 h of tryptic digestion and 

20 minutes of LC-MS/MS analysis. The duration of the entire process is approximately 

2.5 h.  

This new assay enabled the identification of 104 PFU/ml SARS-CoV-2 in buffer with 

the promise of a one order of magnitude improvement in sensitivity by introducing a 



virus precipitation step prior to tryptic digestion. The method was successfully applied 

in 5/6 NP swab specimens that previously tested as positive by RT-qPCR with CT value 

in the range of 19-25. An estimated viral load detection, based on comparison to known 

spiked concentrations of SARS-CoV-2 into virus-negative NP specimens, came to 

5x104-1x106 PFU/ml. The assay specificity, which is essential for avoiding false 

positive results, was verified in NP samples determined to be negative (n=10), as well 

as in samples containing the closely related (but non-virulent) hCoV OC43.  

Granted, the sensitivity of a nucleic acid-based approach (1-10 PFU/ml) is higher than 

that achieved in the assay presented herein (104 PFU/ml). However, there is no certainty 

that the RT-qPCR test sensitivity is indeed clinically required, and it may possibly lead 

to false positive results10,16. The alternative diagnostic approach presented here is likely 

to serve as a complementary assay for RT-qPCR which can suffer from reagent 

shortages or false results in typical COVID-19 patients. Further significant 

improvement in sensitivity, while reducing background noise, may be achieved by pre-

concentration and purification steps using immuno-magnetic beads designed for SARS-

CoV-2 capture, and by developing a sensitive MRM-based LC-MS/MS analytical 

methods for the target markers. Such approaches are currently under development in 

our laboratory. 
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Figure 1: Methodology flowchart for SARS-CoV-2 marker selection. The first part was performed computationally, including in-silico tryptic digest followed by 
length restriction (6-14 aa) and specificity consideration (removal of peptides that appear in human pathogen databases). The second part is LC-MS analysis of 
tryptic peptides derived from purified proteins, cell cultured SARS-CoV-2, negative NP sample spiked with SARS-CoV-2 and positive NP samples. Evaluating 
parameters as sensitivity, reproducibility and linearity helped reduce the number of potential markers. 
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Figure 2: An example of tryptic-digest derived marker behavior (AYNVTQAFGR, N protein, marker No. 3) . (A) Extracted ion chromatogram (EIC) of m/z 
563.7856 from a full scan LC-MS run of 10 ppm N-protein (left). linearity of a tryptic peptide derived from tryptic digestion of N-protein in the range of 10ppb-
10ppm (right). (B) Extracted ion chromatogram (EIC) of m/z 563.7856 from a full scan LC-MS run of 106 PFU/ml SARS-CoV-2 (left). Linearity of a tryptic peptide 
derived from tryptic digestion of SARS-CoV-2 in the range of 104 -106 PFU/ml (right). (C) Extracted ion chromatogram (EIC) of m/z 563.7856 from a full scan LC-
MS run of 106 SARS-CoV-2 after precipitation (left). Linearity of a tryptic peptide derived from tryptic digestion of in the range of SARS-CoV-2 of 103 -106 

PFU/ml.
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Figure 3: SARS-CoV-2 spiked to buffer or to NP negative samples. SARS-CoV-2 was spiked to 50 mM ammonium bicarbonate buffer, to NP samples as is or diluted with 50 mM
ammonium bicarbonate (2:3 respectively) to give 106 PFU/ml.  A reduction in peak intensities was observed in non diluted matrix, while similar peak intensities in buffer and 
diluted matrix were observed monitoring our six selected markers.  
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Figure 4: LC-MS/MS (Orbitrap) identification of SARS-CoV-2 specific marker (FQTLLALHR, S protein, peptide No. 13). (A) Extracted ion chromatogram (EIC) of 
m/z 366.8854 from a full scan LC-MS run of 106 PFU/ml SARS-CoV-2 spiked to Buffer. (B) Extracted ion chromatogram (EIC) of m/z 366.8854 from a full scan LC-
MS run of 106 PFU/ml SARS-CoV-2 spiked to negative NP swab. (C) Extracted ion chromatogram (EIC) of m/z 366.8854 from a full scan LC-MS run of positive NP 
swab. (D) Extracted ion chromatogram (EIC) of m/z 366.8854 from a full scan LC-MS run of negative NP swab. (E) Mass spectrum of the specific marker 
FQTLLALHR (parent ion, (M+3H)/3, at m/z 366.8856, chromatographic peak at 3.5 min) derived from spiked protein. (F) Marker fragmentation spectrum (MS-
MS of 366.8854). Y - Ions that result from the cleavage of the C-N bonds (amide bond) of a peptide backbone with the C-terminal fragments retaining the 
charge. b - Ions that result from the cleavage of the C-N (amide bond) bonds of a peptide backbone with the N-terminal fragments retaining the charge. Z- Ions 
that result from the cleavage of the N-C bonds of a peptide backbone with the C-terminal fragments retaining the charge. i – immonium Ion is an internal 
fragment formed by a combination of a type (C-C bond) and y type (C-N bond) cleavage.
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MS/MS fragmentsRetention 
time (min)

m/z 
(multiple charge)

Parent proteinmarker

207.1134(a2), 235.1083(b2), 321.1562(13), 349.1512(b3), 420.2247(a3), 748.3630(b7), 
175.1039(y1), 232.1253, 379.1937(y3), 450.2308(y4), 578.2894(y5), 679.3371
(y6), 778.4055(y7), 892.4484(y8) 

3.5563.7856
(M+2H)/2

NAYNVTQAFGR

120.0813(imm Phe), 136.0762(imm Tyr), 205.0977(b2), 368.1610(b3), 439.1982(b4), 317.1573(y3), 
446.2000(y4),517.2371(y5), 680.3004(y6)

2.9443.7063
(M+2H)/2

NGFYAEGSR

86.0970(imm Ile), 120.0813(imm phe), 207.1134(a2), 235.1083(b2), 348.1923(b3), 592.2618(b5), 
147.1134(y1), 261.1563(y2), 408.2247(y3), 521.3087(y4), 634.3928(y5), 749.4197(y6), 878.4623(y7), 
991.5464(y8)

4.7613.3268
(M+2H)/2

SSFIEDLLFNK

86.0970(imm Ile), 120.0813(imm phe), 101.0715(imm Gln), 233.1654(a2), 261.1603(b2), 
358.2131(b3), 505.2815(b4), 175.1195(y1), 232.1410(y2), 379.2094(y3), 507.2680(y4), 635.3265(y5), 
782.3949(y6), 879.447(y7), 992.5317(y8) 

4.2570.3035
(M+2H)/2

SFLPFQQFGR

120.0813(imm phe), 86.0970(imm Leu), 276.1348(b2), 377.1825(b3), 175.1039(y1), 156.0773(y1-
NH3), 312.1628(Y2), 425.2468(Y3), 496.2839(Y4), 609.3680(Y5), 722.4521(Y6), 823.4998(Y7)

3.6366.8854
(M+3H)/3,
549.8246
(M+2H)/2

SFQTLLALHR

86.0970(imm Leu), 110.0718(imm His), 138.0667(b2), 211.1195(a2), 239.114(b2), 221.1039(b2-H2O), 
449.2513(b4), 563.2942(b5), 676.3782(b6), 775.4467(b7), 175.1195(y1), 158.0930(Z1), 
274.1879(y2), 387.2720(y3), 501.3149(y4), 614.3989(y5), 711.4517(y6), 812.4994(y7)

3.0475.2825
(M+2H)/2

SHTPINLVR



Table 1 : Rationally selected markers for the identification of SARS-CoV-2. All markers do not exist in human pathogen databases, including the four human 
coronavirus OC43, NL63, HKU1, 229E. 
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Table 2: SARS-CoV-2 markers detected in nasopharyngeal swab samples by LC-MS/MS 

(orbitrap) analysis 

* Positive diagnosis for SARS-CoV-2 by RT-qPCR referred to Ct<40. 

** The virus concentration was evaluated by spiking known concentration of SARS-CoV-2 to 

negative NP swab sample. 

 

Evaluated 

concentration** 

(PFU/ml) 

Markers detected 

m/z (multiple charge) 

RT-qPCR result* samples 

4x105 563.7856 (M+2H)/2, 443.7063 (M+2H)/2, 

570.3035 (M+2H)/2, 366.8854, 

(M+2H)/2, 475.2825 (M+2H)/2 

+ 1 

5x104 373.6952 (M+2H/2), 613.3268 [(M+2H)/2 + 2 

6x105 570.3035 (M+2H)/2 + 3 

- - + 4 

1x106 613.3268 (M+2H)/2, 366.8854 (M+2H)/2 + 5 

2x105 613.3268[(M+2H)/2, 443.7063 (M+2H)/2 + 6 

- - - 7-16 
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 Intensity (a.u) precision Linearity range 
P

ur
if

ie
d 

pr
ot

ei
ns

 

N 1.4x107-2.0x107 22-28% 10ppb-10ppm 

S 9.9x105-2.5x106 7-28% 10ppb*-10ppm 

C
el

l c
ul

tu
re

d
 

SA
R

S-
C

oV
-2

 

N 1.4x105-2.1x105 9% 104-106 PFU/ml 

S 1.6.x105-2.8x105 5-24% 104-106 PFU/ml 

A
ce

to
n

e 

pr
ec

ip
it

a
ti

o
n

 

N 6.8x105-1.9x106 12-30% 103*-106 PFU/ml 

S 3.5x105-6.3x105 16-30% 104-106 PFU/ml 

 

Table 3: Analytical parameters for the six selected tryptic peptides derived from SARS-CoV-2 purified 

proteins and cell cultured virus spiked to buffer with or without acetone precipitation. (* For the best 

performance). 
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