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Graphical Abstract 

 

Abstract 

During the COVID-19 pandemic, development of diagnostic tests was vital to chart the course 

and to reduce the impact of the infection. Continued testing and surveillance of vaccine 

escape will continue for years to come which presents an opportunity to integrate such 

testing into clinical biochemistry laboratories that form part of integrated healthcare testing. 

Here we describe a protocol for a targeted mass spectrometry based proteomic assay 

(COVIDCAP) developed to detect SARS-CoV-2 peptides from oro-nasopharyngeal swabs (ONP) 

and saliva. This uses novel SISCAPA antibodies bound to magnetic beads and subsequent 

analysis of captured and purified SARS-CoV-2 nucleocapsid (NCAP) peptides. The method 

involves immediate deactivation of the sample using an ethanolic solution. This 

simultaneously inactivates the virus and denatures viral proteins at sampling in contrast to 

the approach for RT-PCR testing, with benefits for the assay as well as for downstream 

processing. A plate-based preparation of the samples involving acetone precipitation 

followed by a short tryptic digestion and subsequent immunocapture allows LC-MS detection 

and quantification of peptides from the NCAP protein, in a 3-minute inject-to-inject assay with 

an LOD of 20 attomoles from starting sample.  For 576 ONP swab samples taken as exemplars 

here, the sensitivity and specificity of this analysis is shown to be 97.0% and 96.6% 

respectively. 
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1. Introduction 

On 11th March 11 2020 the WHO declared, severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) a global pandemic.1,2 As of 13th August 2024, there have been 775,830,200 

confirmed cases of COVID-19, including 7,056,108 deaths reported to WHO and a total of 

13.64 billion vaccine doses administered.3  Whilst the pandemic was declared over on 5th May 

2023,2 the virus is still prevalent and continues to be a major cause of infection and death. 

SARS-CoV-2 gains entry into a host cell by binding to angiotensin converting enzyme II (ACE2) 

on the cell surface via its spike protein4,5 which is also seen in SARS-CoV infections that led to 

the SARS pandemic in 2002-2003.6,7 The sheer scale of the COVID-19 pandemic, including the 

number of people infected as well as mutated forms of the virus have given rise to a myriad 

of clinical presentations in both acute and later stages.8 As the initial stages of infection mimic 

the effects of other respiratory viral infections, early precision diagnosis including in routine 

healthcare settings, is crucial to assist patient prognosis and public health measures. 

1.1 Study Objectives 

The COVID-19 MS Coalition was formed in 2020 during the COVID-19 pandemic to combine 

and coordinate UK mass spectrometry (MS) labs for the study of SARS-CoV-2, including its 

diagnosis and prognosis.9 The protocol described herein is an output from that coalition which 

built on work described previously.10–12 In work commissioned by the United Kingdom’s 

Department of Health and Social Care (DHSC) in October 2020, eight academic laboratories in 

the UK (so called Pilot 1, or P1 labs) were appointed to determine if MS was suitable for 

detection and quantification of SARS-CoV-2 in oro-nasopharyngeal (ONP) or saliva samples 

and to develop a method of clinical utility, with applicability for high-throughput (HT) 

screening. The study was designed to allow rapid translation into routine clinical biochemistry 

laboratories, with several crucial criteria; i) the sampling should be the same or similar to that 

already used in ongoing national screening and testing programmes, ii) the samples should 

be deactivated on entry into the laboratory, iii) sample preparation should be simple and 

amenable to use in a routine clinical laboratory with minimal additional training to the target 

user, and iv) the MS platforms should be mid-range bench top systems, capable of running up 

to 500 tests per day at a sensitivity and specificity matching the gold-standard real time 

reverse transcriptase polymerase chain reaction (RT-PCR) assay. The DHSC commissioned The 

Francis Crick Institute (London, UK) to perform RT-PCR tests on duplicate ONP swabs collected 
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at the same time as those for MS analysis to provide a benchmark quantification cycle (Cq) 

value for comparison. Additional comparator RT-PCR tests were conducted at Falcon13 study 

hospital sites for the at-hospital tests and at Milton Keynes Biocentre (MKBC) for the at-home 

tests. 

1.2 Protocol Summary 

The COVIDCAP method translated from preliminary research efforts,10–12 is described herein. 

Firstly, ONP swab and saliva specimens are collected in a 70:30 ethanol:aqueous ammonium 

acetate  solution, which deactivates SARS-CoV-2 at the point of sampling. Proteins are 

precipitated with acetone and the resulting pellet resuspended with a mild, MS-compatible 

protein denaturant. In 96-well plate format, known amounts of stable isotope labelled 

standard (SILS) heavy peptides for each of the three nucleocapsid (NCAP) peptides of interest 

are added for relative quantification before digesting the proteins with trypsin. The digestion 

is quenched after 30 minutes prior to SISCAPA (Stable Isotope Standards and Capture by Anti-

Peptide Antibodies) enrichment.14 There are three SISCAPA antibodies bound to magnetic 

beads that correspond to the three selected NCAP peptides. The beads are added to the 

samples and mixed for 1 hour. The 96-well plate is then placed on a patented magnetic array 

to attract the beads to the side of the well, thus enabling supernatant removal. The 

supernatant can be stored to allow subsequent analysis of, for example: other SARS-CoV-2 

peptides not selected in this method; other viruses that may be present in the sample; quality 

control indicators; and other markers. The beads retained in the well are washed three times 

and then the peptides bound are eluted with an acidic buffer. This solution is transferred to a 

new 96-well plate which is seated on a SISCAPA autosampler magnetic plate to ensure no 

remaining beads are injected into the LC-MS system. The LC-MS method uses a reversed-

phase C18 column with a 1-minute gradient, and a multiple reaction monitoring (MRM) 

tandem MS method that targets two transitions for each SARS-CoV-2 NCAP peptide of 

interest. An in-depth description of the protocol development can be found in the 

Supplementary Information. 

1.3 Comparison with other methods 

The most common methods to detect viruses in patient samples are nucleic acid tests and 

serology tests. Nucleic acid tests identify viruses by targeting their DNA or RNA, depending on 

the type of virus. For SARS-CoV-2, thermal inactivation of the virus at 56°C prior to nucleic 
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acid testing affected nucleic acid integrity of the single-stranded RNA and caused false 

negatives in RT-PCR tests.15 However, comparing PCR with other routine methods of 

detection demonstrated that it is the more sensitive technique during acute infections, hence 

it is considered the gold-standard approach.16,17 In any pandemic the supply of reagents to 

enable population-level testing can become limited;  finding alternative testing modalities to 

diversify and build resilience into the diagnostic supply chain was a motivation for this study. 

This effort provides a framework for development of MS assays capable of deployment for 

population wide testing akin to that used for newborn screening in all developed nations.18  

Serology tests encompass a wide range of assays which can be performed at the point-of-

care, akin to the COVIDCAP method herein, but also include point-of-use rapid antigen 

detection tests.19 For SARS-COV-2 testing in the UK, lateral flow chromatography 

immunoassays were widely used, due to their speed, portability, and ease of use although 

less sensitive than RT-PCR at low viral-loads.20 The benefit of point-of-care versus point-of-

use testing depends on many factors including prevalence of disease, relationship between 

infectivity and symptoms, and the concomitant public health measures that are required to 

contain viral spread. In some countries it was recommended that patients with viral 

symptoms who receive a negative rapid antigen detection result undergo further testing with 

more sensitive assays.21,22 As SARS-COV2 remains endemic in the world, and predominantly 

dangerous to immune compromised individuals, there is a still a need for reliable point-of-

use and point-of-care testing, which would also be the case for future pandemic viruses. 

1.4 Rationale for use of mass spectrometry as an alternative modality for testing 

RT-PCR is a so called ‘gold-standard’ assay for detecting SARS-CoV-2 in clinical specimens, 

however false-negative and false-positive results do occur.23 MS instruments display high 

sensitivity and high specificity, are readily capable of multi-target analysis, and are routinely 

used for diagnostic and prognostic measurements in clinical laboratories24–27. Many hospitals 

have ready access to mass spectrometers which are routinely used for HT applications such 

as newborn screening and immunosuppressant drug monitoring.28,29 In the UK in 2019-2020 

over 600k babies were tested for metabolic disorders such as phenylketonuria (PKU) using 

MS30 and therefore there was existing capability for MS-based assays to detect SARS-COV-2 

infection. Newborn screening with MS targets endogenous disease specific metabolites in 

blood who abundance alters based on the genetic predisposition, whereas for the presence 
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of an exogenous virus, the more likely markers of infection are exogenous virus-based 

compounds. These include RNA from inside the viral capsid or viral proteins. Both analytes 

have been examined using MS in prior investigations of viral infection; multiplexing PCR with 

electrospray ionisation (ESI)-MS (PCR-ESI-MS) was used as the first identifier of the pandemic-

causing 2009/H1N1 influenza virus.31 Additionally, Majchrzykiewicz-Koehorst et al. 

investigated the use of MALDI-TOF and LC-MS/MS to rapidly detect multiple influenza A 

strains via unique peptides in isolates and in mixed samples with other respiratory viruses 

spiked into clinical specimens.32 

A proteomic assay targeting the SARS-CoV-2 nucleocapsid protein (NCAP) was deemed the 

most appropriate, considering NCAP is the most abundant protein across the virus’ proteome. 

In the early stages of the COVID-19 pandemic, Ihling et al. demonstrated that the NCAP 

protein could indeed be found from dilute gargle solutions of COVID-19 patients, using a 

relatively short LC-MS/MS method, and identified one of the peptides that are used in this 

study.33 Singh et al. also showed that asymptomatic detection of SARS-CoV-2 is possible using 

MS, identifying peptides from the spike glycoprotein and replicase polyprotein 1ab.34 A proof-

of-concept proteomic study by Bezstarosti et al. showed that SARS-CoV-2 proteins can be 

detected after a short 30-minute digest, down to the mid-attomole concentration range using 

parallel reaction monitoring (PRM)-MS.35 These pioneering early investigations used 

specialised research lab based instruments more suited to proteomic discovery workflows, 

and not suited to routine, HT MS. Other MS approaches to SARS-CoV-2 detection included 

MALDI-TOF MS which was shown to be able to detect NCAP tryptic peptides from 

nasopharyngeal swabs.36,37 Cardozo et al. translated such proteomic methods from discovery 

MS platforms to a targeted triple quadrupole assay, and used magnetic bead enrichment 

followed by turbulent flow chromatography with fast analysis times which meant that more 

than 500 samples could be analysed in 24 hours.38 Van Puyelde et al. also developed a 

targeted proteomics MS assay using a bench top triple quadrupole.11 They demonstrated 

relatively high sensitivity and hypothesized that RT-PCR Cq (quantification cycle) of viral RNA 

could correlate to MRM detection of NCAP (assuming 300 NCAP molecules per virion). They 

postulated that in a volume of 10 µL, a Cq of 25 would correlate to 41 amol of NCAP.11  

These and other studies showed that MS could be used to detect infection using instruments 

that are found in routine clinical biochemistry laboratories, although higher sensitivity was 
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required to measure the viral loads associated with asymptomatic infection (Cq >25). The 

most instructive for the protocol described herein, with a view to scale up, was the generic 

and broadly applicable MS assay developed by Dhaenens and colleagues, named CoV-MS.39 

In all cases the need for higher sensitivity was cited, which meant development of robust 

enrichment strategies to enable detection of peptides from proteins of SARS-CoV-2 against a 

background of host proteins and other molecules from the initial sampling. A solution to this 

which was applied to SARS-CoV-2 diagnosis was achieved with SISCAPA technology14,40 

wherein antibodies are raised to target tryptic peptides, and attached to magnetic beads for 

capture and subsequent removal of non-target material prior to analysis. The requirement 

for such an enrichment process was identified early in the development of the COVIDCAP 

method. 

1.5 Preliminary work leading to the harmonised COVIDCAP method 

Three reports (MS1, MS2, and MS3) were provided by each of the P1 labs across the first 

month of testing to ensure up-to-date and accurate monitoring of protocol development. 

These reports can be found in the supplementary data set. The aim of MS1 was to report on 

the workflow optimisation for SARS-CoV-2 antigen detection based on published literature. 

MS2 would report on the performance of optimised methods and MS3 would report on the 

hybrid harmonised method. 

P1 labs initially determined the sequence coverage of recombinant NCAP donated from the 

University of Sheffield41 and spike protein purchased from Peak Proteins using untargeted 

proteomics with identical samples over a three-week period (Supplementary Data). 

Subsequently, limit of detection (LOD) and limit of quantification (LOQ) using different MS 

platforms for recombinant NCAP and spike proteins were established (Supplementary Data).  

Following these discovery approaches, three peptides from NCAP were chosen for targeted 

analysis. Initially, the respective vendor software packages were used to analyse raw data 

files, many of which carry out a background subtraction and apply smoothing algorithms to 

the data. It was later decided to switch to Skyline42 for analysis as it is vendor-neutral and 

open access so raw data files were imported into the platform post-acquisition. Skyline was 

used to identify peptides and generate optimal collision energy profiles and transitions for 

these peptides. Elution time profiles were compared for each peptide across the collaboration 

labs. The NCAP protein is the most abundant protein in the virus and its amino acid sequence 
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causes the native protein to be intrinsically disordered43 in aqueous organic solution and thus 

amenable to rapid proteolysis. Additional work was conducted to test the detection of 

peptides from respiratory viruses such as Influenza A and B, as well as other human 

coronaviruses (229E, NL63, OC43, and HKU1). We ensured that there was no interference 

from these viruses with the peptides chosen for SARS-CoV-2 in this assay (Supplementary 

Data). 

Once LODs and LOQs of the target peptides had been determined for different instruments, 

the methods were applied to clinical specimens. It was found in this initial investigation that 

MALDI platforms were not suited to the use case, mainly based on LOD and the unsuitable 

sample preparation steps involved. The method developed thereafter focussed on triple 

quadrupole platforms from different vendors.  

2. Procedure 

A comprehensive list of expected materials and equipment required for this method is 

provided in the supplementary information. 
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Figure 1: Overview of the COVIDCAP swab workflow prior to LCMS analysis. The COVIDCAP 

method involves extraction of viral proteins from both swab and transport solution (protocol 

steps 1-8), followed by enzymatic digestion (protocol steps 9-11) and SISCAPA enrichment 

(protocol steps 12-22) of the target NCAP peptides. Proteins are precipitated from ONP swab 

and transport solution, digested with trypsin and stable-isotope labelled standards (SILS) 

are added for quantification. The SILS are as follows:  using 13C6
15N4 Arg; ADE* modified 

using 13C6
15N4 Arg; and DGI* modified using 13C6

15N2 Lys. SISCAPA magnetic beads are added 

and bind to selected NCAP target peptides. A magnetic plate is used to enrich for these 

peptides and finally the peptides are eluted ready for LC-MS analysis. Figure created using 

BioRender. 

 

This method follows pre-analytical quality control and unboxing of samples (See 

Supplementary Information and Video 1 https://flic.kr/p/2q9Tx7t ). The procedure consists of 

solubilising and digesting the proteins followed by enrichment of the marker Covid-19 

peptides (Figure 1) 

 

Figure 2: Suggested plate layout for a 96 well plate includes blanks, calibration curves and 

QC samples. 
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This layout ensures that 72 samples can be run on one plate, with solvent blanks to wash 

the LC column, QC samples to assess any losses that may occur throughout the MS run, and 

calibration curves for both Stable Isotope Labelled Standards (SILS) and NCAP preparations. 

The calibration curves can be removed once LOD and LOQ have been determined for the 

LCMS system, leaving space for 84 samples. Sample and QC injection order can be 

randomised to reduce systematic bias. 

 

2.1 Swab extraction (TIMING: 1 hr) 

Note: there were many types of swabs in use for SARS-CoV-2 testing, see Supplementary 

Information S6 Figure S1. 

Note: for saliva extraction and downstream preparation method please see Supplementary 

Information S11 and Video 2 https://flic.kr/p/2q9RdcV  

1. Add 0.5 mL acetone to the required number of 2 mL microcentrifuge tubes and place in 

the freezer at -80°C for 30 mins.  

2. Remove the swab from the collection tube and cut the tip off into an empty 2 mL 

microcentrifuge tube or 96-well plate (depending on centrifuge rotor available).  See 

Video 3, https://flic.kr/p/2q9LDLg  

3. Add 200 µL of 0.1% Rapigest digestion solution to the swab and vortex for 30 sec.  Pulse 

briefly in a microcentrifuge to bring down liquid/foam and then remove the swab from 

the tube and discard. The swab extract can be stored in the tube at RT until needed in 

step 7, i.e. all the extracts are completed.   

4. Remove the ethanol storage solution from the swab collection tube (typically 0.5-0.7 ml) 

and transfer to the ice-cold acetone tubes in the -80°C freezer and incubate for 10 min. 

5. Centrifuge at 13,000 x g for 10 min at 4°C.   

6. CRITICAL Remove and discard the supernatant, leaving the pellet. 

THIS MAY BE A BREAK POINT at which the pellet(s) could be stored at -80 C 

7. Resuspend the pellets with 200 µL of Rapigest swab extract from the corresponding 

sample from step 3 and transfer to a LoBind Eppendorf 1 mL 96 well plate (leave empty 

wells for the synthetic peptide calibrators, NCAP calibrators, SIL blank and elution buffer 

blank). 
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8. Add 10 µL of the internal standard SIL solution and briefly vortex to mix, and then transfer 

200 µL of the solution (avoiding generating bubbles) into a new 96 well plate, compatible 

with the SISCAPA magnet.  

THIS MAY BE A BREAK POINT at which the plate(s) could be stored at -80 C 

2.2 Digestion (TIMING: 1 hr) 

Note: for digestion method see Video 4 https://flic.kr/p/2q9RdbC  

9. Pre-incubate the 96 well plate at 37°C for 10 min. 

10. CRITICAL Add 10 µL of 6 µg/µL trypsin solution to each of the wells to start the digestion 

then incubate the plate at 37°C for 30 min with shaking. 

11. Remove the plate and allow to cool at room temperature for 5 min. Add 10 µL of 3 mM 

TLCK (Tosyl-L-lysyl-chloromethane hydrochloride) solution, mix and incubate for 5 min at 

RT, then proceed to SISCAPA enrichment.  

THIS MAY BE A BREAK POINT at which the plate(s) could be stored at -80 C 

 

2.3 SISCAPA Enrichment (TIMING: 3 hrs) 

Note: for SISCAPA enrichment method see Video 5 https://flic.kr/p/2q9Rddm  

12. CRITICAL Vortex SISCAPA bead solutions and then mix an equal proportion of the three 

SISCAPA bead solutions to give 10 µL of each antibody per sample (total volume based on 

the number of samples to be run) and vortex until completely dissolved.  

13. CRITICAL Vortex and add 30 μL of this mixture to each of the wells with sample. Agitate 

mixture before aliquoting into each well. TROUBLESHOOTING 

14. Seal the plate with a removable plate seal and shake the samples for 60 mins at room 

temperature at 1,250 rpm.   

Note: The shaking must be vigorous enough to not let the beads settle at the bottom of the 

well. 

15. Remove the plate seal and place the samples on the magnet array to allow the beads to 

migrate to the side of the well. This may take 1-2 mins and should look like the plate shown 

in Figure 3. If not, wait for 1 more minute. 

16. CRITICAL Remove the supernatant, being careful to not touch the beads. 
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Note: This supernatant can be retained as it can be used for measuring other COVID virus 

peptides, ‘winter viruses’ proteins, and also the cellular markers for quality control of the 

sample (amylase and BPIFB1 protein) or other markers.  

17. Remove from magnet and add 150 μL SISCAPA wash buffer to the beads and shake for 30 

seconds at 1,250 rpm.  

18. Place the samples on the magnetic array and allow the beads to migrate to the side of 

the tube/well.  

19. CRITICAL Pipette off the SISCAPA wash buffer and discard, then repeat wash and removal 

for a total of three times, taking no more than 15 mins.  

 

 

Figure 3: 96-well plate wells with magnetic beads attracted to SISCAPA magnet underneath 

The main utility of the SISCAPA antibody-bound beads is that target peptides can be enriched 

easily using the patented magnetic beads and magnetic plate. The beads, seen as dark spots 

in the figure, are attracted to the sides of compatible 96 well plates, leaving the rest of the 

well clear for washing and pipetting steps. 

 

20. Add 50 μL SISCAPA elution buffer to the beads and shake for 6 minutes at 1,000 rpm at 

room temperature. 

21. Place the samples on the magnetic array and allow the beads to migrate to the side of 

the tube/well. This should take approximately 1 minute, if not wait for 1 more minute. 

22. CRITICAL Take 50µL of supernatant containing the eluted peptides into a new plate 

compatible with the LCMS autosampler. Seal the plate with an LC-MS compatible plate 

seal (e.g. silicone seal with slits).  

The sample plate is ready for tandem MS analysis. 

THIS MAY BE A BREAK POINT at which the plate(s) could be stored at -80 C 

2.4 Tandem Mass Spectrometry (TIMING: 5 hrs) 

A generic method is supplied here which is optimised for separations using a Waters i-Class 

UPLC System and detection using a Waters Xevo TQ XS. Details of methods for triple 
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quadrupole MS platforms from other manufacturers utilised in the development of this 

protocol is provided in the Supplementary Material (S12). 

23. The up-front liquid chromatography system should be equipped with a 50 mm C18 

column, preceded by a frit 0.2 μm.   

24. Cool the autosampler plate holder to 10ºC 

25. Locate the magnetic plate for the autosampler in your autosampler according to the 

manufacturer’s instructions and place the 96-well plate onto the magnet in the 

autosampler 

26. Currently, one injection of 20 µL is performed per sample using a 1 min gradient and 3 

min inject to inject time using the method “Moonshot_SARS_CoV_2_MRM_3min” 

available in the Supplementary Information. A list of peptides and associated MRM 

method details as used on a Waters TQ-XS triple instrument is shown in Table 1. Cone 

voltage for each peptide was kept at 35V. MS method details for other triple quadrupole 

instruments can be found in the Supplementary Information. 

27. As soon as possible after analysis, remove the plate from the autosampler, seal and store 

the remaining sample at -20 °C.  This sample can be used for a duplicate run if necessary 

(for example if the initial run fails) 

No. Time (min) Peptide sequence (z state 

indicated) 

Q1 Q3 Auto 

dwell 

(ms) 

Collision 

Energy 

(V) 

Type 

1 

 

0.8-1.2 ADETQALPQR.3 376.8 400.2 22 11  

1 0.8-1.2 ADETQALPQR.3 380.1 410. 2 22 11  

2 1.75-2.20 DGIIWVATEGALNTPK.3 562.3 572.3 19 15  

2 1.75-2.20 DGIIWVATEGALNTPK.3 562.3 700.3 19 15 Quant 

2 1.75-2.20 DGIIWVATEGALNTPK.3 564.9 580.3 19 15  

2 1.75-2.20 DGIIWVATEGALNTPK.3 564.9 708.4 19 15 Sil Quant 
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2 1.75-2.20 DGIIWVATEGALNTPK.2 842.9 1001.5 19 29 Qual 

2 1.75-2.20 DGIIWVATEGALNTPK.2 846.9 1009.5 19 29 Sil Qual 

3 1.30-1.60 AYNVTQAFGR.2 563.7 578.3 22 18  

3 1.30-1.60 AYNVTQAFGR.2 563.7 679.3 22 18 Quant 

3 1.30-1.60 AYNVTQAFGR.2 563.7 778.4 22 19  

3 1.30-1.60 AYNVTQAFGR.2 563.7 892.4 22 19 Qual 

3 1.30-1.60 AYNVTQAFGR.2 568.7 588.3 22 18  

3 1.30-1.60 AYNVTQAFGR.2 568.7 689.3 22 18 Sil Quant 

3 1.30-1.60 AYNVTQAFGR.2 568.7 788.4 22 19  

3 1.30-1.60 AYNVTQAFGR.2 568.7 902.4 22 19 Sil Qual 

4 0.8-1.2 ADETQALPQR.2 564.7 400.2 22 19 Quant 

4 0.8-1.2 ADETQALPQR.2 564.7 584.3 22 20 Qual 

4 0.8-1.2 ADETQALPQR.2 564.7 712.4 22 20  

4 0.8-1.2 ADETQALPQR.2 569.7 410.2 22 19 Sil Quant 

4 0.8-1.2 ADETQALPQR.2 569.7 594.3 22 20  

4 0.8-1.2 ADETQALPQR.2 569.7 722.4 22 20 Sil Qual 

5 1.60-2.20 CHAPS 615.9 561.7 19 20  
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Table 1: MRM method details for target peptides. The charge state selected for each peptide is 

indicated with the number after the sequence tag. Sil Quant/Qual refers to the data from the 

stable isotopically labelled (SIL) peptide. With a dwell time of 22 msec for each of 26 transitions 

there are at least 15 data points across the peak.  

2.5 Data reporting process 

In the development of the method the most intense product consistently observed for each 

peptide was taken as the quantifier ion from the Skyline generated extracted ion 

chromatograms (XIC) (Table 2). These allow the quantity of the target viral peptide to be 

compared to the abundance found from the corresponding SILS for each parent and product 

ion pair to develop the acceptance criteria for a positive test. Calibration curves should be 

constructed for each analytical platform (SI) and the relative signal intensity, number of points 

across a peak, acceptable LOD/linearity in the calibration curve together with the intensity of 

the peaks for high and low QC values, were used to assess batch to batch success of analytical 

runs. CHAPS is included in the SISCAPA wash and elution buffers as it reduces bead adherence 

and including a CHAPS transition in the MRM scans acts as a system suitability test for 

monitoring the mass spectrometer’s performance. Using freshly prepared standards the LOD 

was found to be as a few attomols per 10 μl injection. The LOQ from routine calibration 

standards was found to be 1.28 pM on Waters TQS instruments.  

Applying this method to real world samples allowed the presence of SARS-CoV-2 to be 

discerned for samples with a RT-PCR Cq < 28 robustly. Calling a transition as positive was 

performed by inspection and automated in subsequent adaptation of the method.44 For Cq > 

28 samples (corresponding to weaker positive signal45), a blinded manual interrogation of the 

acquired spectra was required to confirm positive and negative status. This was not optimal 

for routine use, and can be improved46. The results obtained were compared to the RT-PCR 

TaqPathTM results acquired at The Francis Crick Institute (Instructions and validation 

specifications available from the Thermo Fisher website47,48). 

2.6 Timing 

A summary of the timings for this method is shown in Table 2 and is based on the example 

96-well plate layout (Figure 2) for 72 samples with blanks, quality control (QC) samples and 

calibration curves included (see Supplementary Information S5). QC samples for monitoring 

a sample run are created in two levels of NCAP, one high QC and one low QC, and one blank, 
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with an internal standard of SIL peptides, in pooled human saliva. These may be used in place 

of the NCAP calibration curve when there is sufficient evidence for the sensitivity of the MS 

workflow. The whole protocol takes approximately 12 hours from the initial receipt of 

samples up to data calling of infection status with ~3 mins inject to inject per sample on 

machine. The time on machine is 4.8 hours per plate including QC samples, in a 24 hour period 

we envisage that about 5 plates could be run and after the first plate (Figure 3) subsequently 

plates would be more sample heavy with up to 90 samples per plate and 3 high and low QCS 

each respectively. This provides a per machine throughput of approximately 430 samples per 

day of use.  

Protocol Step Approx. timings for a 96-well plate Automation? 

QC/calibration and solutions sample prep 1 hr No 

Swab/Saliva extraction 2 hrs No 

Digestion 1 hr Yes 

SISCAPA Enrichment 3 hrs Yes 

LC-MS 4.8 hrs Yes 

TOTAL ~12 hrs  

Table 2: Approximate timings for protocol steps and automation capacity based on 96 

injections comprising 72 swab samples and 24 QCs per plate.  

2.7 Troubleshooting 

The study design involved the harmonised method being performed in different laboratories, 

on different instruments by different users, and as a consequence we were readily able to 

identify common challenges. The below troubleshooting guide is based on the combined 

observations from the laboratories involved. 

Step # Problem Possible Reason Solution 

6 Pellet not solid Samples from different 
individuals can cause 
varied pellets to form 

Can repeat the ice-cold 
acetone incubation to try 
to improve the pellet. Be 
cautious when removing 
supernatant to leave as 
much pellet as possible. 

12 QC sample detection is 
lower than expected 

Reduced LC-MS system 
sensitivity 
 
 

Assess the MS system using 
an injection of a SIL-only 
sample 
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Not enough SISCAPA 
beads were added to the 
samples 

Ensure SISCAPA beads are 
fully in solution before 
mixing and adding to 
samples 
 
Clean the MS source, and 
any ion optics that may 
need cleaning 

27 No or misidentification 
of peptide  

Shifts in retention time 
with the LC gradient 

Assess the LC system using 
the CHAPS fragments. 
Additionally, can perform 
an injection of a SIL-only 
sample 
 
Adjust retention times for 
peptides to match the shift 
seen with the CHAPS 
fragments 

27 Low MS response MS contamination Assess the MS system using 
the CHAPS fragments. 
Additionally, you can 
perform an injection of a 
SIL-only sample 
 
Clean the MS source, and 
any ion optics that may 
need cleaning 

27 Insufficient 
fragmentation of 
parent ion 

Different individual 
instruments may need 
different settings 

Assess the MS system using 
the CHAPS fragments. 
Additionally, you can 
perform an injection of a 
SIL-only sample 
 
Optimise collision energies 
and/or source pressures 
and voltages for each 
peptide sequence 

Table 3: Common troubleshooting problems and solutions 

3. Anticipated Results  

Using this protocol for both swab and saliva clinical samples, mass spectrometry is able to 

assign an individual as being positive or negative for SARS-CoV-2 infection. A summary of the 

results for 551 swabs run in in two laboratories and 690 saliva samples run in two laboratories 

using the optimised protocol is detailed in Table 3 and exemplar data is provided in the 
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supplementary datasets. The three values assessed are sensitivity, specificity and accuracy. 

Sensitivity is defined as the extent to which actual positives are detected, e.g. the higher the 

sensitivity means the fewer false negatives. Specificity is a measure of how well a test can 

identify true negatives. Finally, accuracy pertains to the closeness of the measured value to 

the actual value and here we are assessing diagnostic accuracy: correct attribution of positives 

and negatives.  On average, swab samples performed better, with higher percentages in the 

three values compared to those from saliva samples. Isolating ‘strong’ positive samples (RT-

PCR Cq < 20) improved the saliva results however this is not indicative of the true sample 

population where Cq < 20 samples only represent a fraction of all RT-PCR positive samples. 

Issues from saliva samples come from matrix effects, contamination from food, drink or 

medicines ingested by the individual,49 as well as there being much less control of 

concentration compared to swab sampling due to varying volumes of sample produced by the 

individual. 

 Cq Level Sensitivity Specificity Accuracy 

Swab Set 1 
All (269) 76.2% 96.4% 86.6% 

Cq < 28 97.3% 96.3% 96.9% 

Swab Set 2 
All (282) 77.4% 96.4% 89.6% 

Cq < 28 98.1% 96.4% 96.8% 

Saliva Set 1 

All (319) 36.0% 92.9% 65.2% 

Cq < 28 45.1% 95.0% 74.8% 

Cq < 20 78.9% 95.0% 92.8% 

Saliva Set 2 

All (371) 57.1% 89.9% 75.5% 

Cq < 28 58.7% 89.9% 80.3% 

Cq < 20 67.7% 89.9% 87.4% 

Table 3: Summary of saliva and swab results according to sensitivity, specificity and 

accuracy based on three NCAP peptides 

 

Figure 4 shows typical Skyline outputs for each peptide for both positive and negative swab 

samples that has gone through the above protocol. In the positive sample there are three 

transitions identified for each peptide. However, no transitions can be seen from viral 

peptides in the negative sample. Confirming negative diagnoses is arguably more vital in a 
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global pandemic as it is crucial to limit the number of false-negatives i.e. individuals infected 

with SARS-CoV-2 that present as negative in a diagnostic assay. Reducing the number of false-

negatives would help to restrict the spread of the virus, especially when considering isolation 

and quarantine rules. 

 

 

Figure 4: Typical COVID-19 Skyline output swab samples 

The three different peptides from COVID-19 NCAP are shown here: AYN, ADE, and DGI for a 

COVID positive sample (top panel) and a negative sample (bottom panel). The DGI peptide 

was the least reliable for data calling.  

 

4. Conclusions 

The development of this protocol was a collaborative effort involving academic and clinical 

laboratories, the NHS, industry, international external advisors, government assistance and 

specimens from hundreds of willing volunteers. We have shown that the development of a 

clinically relevant diagnostic assay can be completed in a short amount of time and can have 

comparable sensitivity and selectivity to other diagnostic assays such as PCR. This protocol 

could be adapted to detect other viruses, following the optimisation of the relevant mAb 

production for the SISCAPA enrichment.  
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5. Outlook 

This protocol was adapted and used in clinical labs by Hällqvist et al.44 The method developed 

here targeted three NCAP peptides, however this was reduced to two (ADE and AYN) in the 

clinic due to carry-over issues with the DGI peptide. 

Harnessing the MS infrastructure of hundreds of instruments and skilled technical staff for 

other national testing programmes such as pandemic screening would provide long-term 

utility. We believe that the optimisation and development process described here could be 

used to fulfil future needs for reliable diagnostics for any potential pandemic-causing 

pathogens that we may encounter in the coming decades. Using the COVIDCAP method, a 

single mass spectrometer has the capacity to process ~ 430 diagnostic samples in 24 hours, 

with sample preparation as the rate-limiting step that could be improved with innovative 

automation e.g. sample handling robots. Additionally, this assay is amendable to pooling prior 

to enrichment, where groups of patient samples could be combined and if a positive result is 

attained then further testing could be completed. A caveat of this pooling method however 

is that it is most effective with a population of majority negative samples, where the need for 

further testing is low. 

This targeted MS method could also be applied to simultaneously detect proteins from SARS-

CoV-2, Flu A/B, RSV A/B, and other coronaviruses (collectively known as the ‘winter 

respiratory panel’) facilitating differential diagnosis. SARS-CoV-2 mutations occur rapidly, as 

is common for RNA viruses.50 Most mutations in the COVID-19 pandemic occurred in the spike 

protein, altering receptor binding and immune response to the virus, increasing 

infectiousness and infectivity.51 NCAP mutations enhanced replication and transmissibility52 

however only a single mutation in one of our target peptides was identified. This mutated 

peptide was still captured by the SISCAPA antibodies and just required minor alteration to its 

MRM transitions. 

Finally, this work has proven that considered collaboration between academia, industry and 

the NHS is of benefit to both science and medicine with other collaborative outputs41,53. The 

responsiveness of the COVID-19 MS Coalition in the UK laid the groundwork in preparedness 
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for future methods required to move rapidly from concept to clinic for mass population 

screening. 

Supplementary Information  

Supplementary information is referred to in the text and contains details on the materials and 

reagents used, sampling logistics including the sample pack details. An overview of the 

protocol development including the LOD and LOQ determined, details on saliva extraction, 

and the detailed mass spectrometry methods used. Supplementary datasets contain the 

reports from all of the P1 laboratories. 
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