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Abstract
We describe a rapid liquid chromatography/tandem mass spectrometry (LC-MS/MS) method for the direct detection and
quantitation of SARS-CoV-2 nucleoprotein in gargle solutions and saliva. Themethod is based on amultiple-reactionmonitoring
(MRM) mass spectrometry approach with a total cycle time of 5 min per analysis and allows the detection and accurate
quantitation of SARS-CoV-2 nucleoprotein as low as 500 amol/μL. We improved the sample preparation protocol of our recent
piloting SARS-CoV-2 LC-MS study regarding sensitivity, reproducibility, and compatibility with a complementary reverse
transcriptase quantitative polymerase chain reaction (RT-qPCR) analysis of the same sample. The aim of this work is to promote
diagnostic tools that allow identifying and monitoring SARS-CoV-2 infections by LC-MS/MS methods in a routine clinical
environment.
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Introduction

The COVID-19 pandemic is one of the biggest challenges of
our times. During the past 1.5 years, we have seen a rapid
spreading of the disease with increasing numbers of infections
and fatalities. The numbers are so dynamic that it is difficult to
pencil them in exact counts as are they are obsolete within
hours. To date, there have been more than 140 million of
SARS-CoV-2 infections and close to 3 million of fatalities
worldwide [1], with ~120 million of infected individuals hav-
ing recovered and ~ 750 million of vaccine doses adminis-
tered.1 An infection with SARS-CoV-2 does not necessarily
lead to serious health problems; often, the patients do not
experience any symptoms. This is one of the greatest chal-
lenges when dealing with SARS-CoV-2, making it one of

the most contagious and successfully spreading viruses.
Therefore, reliable diagnostic tools allowing a rapid detection
of SARS-CoV-2 are of enormous importance. Currently, the
gold standard for SARS-CoV-2 diagnostics is reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR).
Despite its strengths, RT-qPCR also suffers a number of draw-
backs [2]. At the beginning of the COVID-19 pandemic in
early 2020, the biggest challenge was the availability of
high-throughput tools to diagnose a SARS-CoV-2 infection.
This has been successfully addressed by the development of
cost-efficient, ready-to-use antigen detection tests, which have
become broadly available [3]. Another important issue that
needs to be dealt with is the occurrence of SARS-CoV-2 mu-
tations that have to be detected in routine diagnostics [4].

Mass spectrometry (MS) has already been spotted in April
2020 as a valuable complementary method for SARS-CoV-2
diagnostics from gargle solutions of COVID-19 patients [5].
In the meantime, the potential of MS has become evident [6]
and numerous reports on SARS-CoV-2 identification by MS
methods have been published since the beginning of the pan-
demic [7–11]. In the present work, we describe our latest
efforts in developing a rapid liquid chromatography tandem
mass spectrometry (LC-MS/MS) method for SARS-CoV-2
diagnostics from gargle solutions and saliva. We report an
MS-compatible sample preparation strategy and a
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quantification protocol that is based on selected peptides from
SARS-CoV-2 nucleoprotein by an LC-multiple-reactionmon-
itoring (MRM)-MS/MS approach.

Experimental section

Sample collection and preparation

For LC-MS/MS method development, two sample types—
gargle solutions and saliva—were employed. Gargle solutions
were collected from six healthy individuals by gargling with
20 mL of isotonic (0.9% (w/v)) NaCl solution for 30 s. Saliva
samples were directly collected from three healthy individuals
by spitting ~1 mL of saliva into a 50-mL tube. In initial ex-
periments, our original sample preparation procedure [5] was
employed, adding 1 mL of acetone (−20 °C) to 750 μL of
gargle solution. After storing the samples at −20 °C overnight,
samples were centrifuged (14,000g, 10 min), and the protein
pellets were digested using the SMART Digest (Thermo
Fisher Scientific) protocol with immobilized trypsin beads.
In further experiments, we optimized sample preparation in
respect to shorter preparation times, higher sensitivity, and
improved compatibility with RT-qPCR by using TRIZOL re-
agent (100 mL of solution contain 9.5 g guanidinium thiocy-
anate, 3.1 g ammonium thiocyanate, 3.5 mL 3 M sodium
acetate, 5 g glycerol, 48 mL Roti Aqua-Phenol (Roth)) for
protein denaturation. A total of 500 μL of TRIZOL reagent
was added to 100 μL of saliva and the solutions were loaded
on centrifugation filter units (Amicon, 30 kDa molecular
weight cutoff, Millipore). Afterwards, the filter units were
treated according to the following filter-aided sample prepa-
ration (FASP) protocol: filter units were washed twice with
500 μL of 50 mmol/L ammonium bicarbonate, followed by
centrifugation (14,000g, 10 min) and incubated at 55 °C for
2 h with trypsin (Promega) (1 μg in 50 μL of 50 mmol/L
ammonium bicarbonate). Tryptic peptides were collected by
adding 25 μL of 0.5 M NaCl, followed by a centrifugation
step (14,000g, 10 min). After adding 2.5 μL of 10% (v/v)
trifluoroacetic acid (TFA), sample volumes were adjusted to
70 μL, before the samples were subjected to LC-MS/MS
analysis.

Liquid chromatography/tandem mass spectrometry
(LC-MS/MS)

Four selected synthetic peptides derived from SARS-CoV-2
nucleoprotein (Arg41-Lsy61, Arg41-Lys65, Met210-Arg226,
and Met210-Lys233) and their heavy isotope (13C and
15N)-labeled variants (Arg41-Lsy*61, Arg41-Lys*65,
Met210-Arg*226, and Met210-Lys*233, SpikeTide-TQL
pep t i d e s , whe r e * deno t e s [ 1 3C 6

1 5N4 ] -A rg o r
[13C6

15N2]-Lys) were purchased from JPT Peptide

Technologies and used for method development and as quan-
titation standards. LC separation of peptides was performed
on a UPLC I-Class FTN system (Waters) equipped with a
BEH C18 column (2.1 mm × 50 mm, 1.7 μm, Waters).
The UPLC system was directly coupled to a Xevo TQ-XS
mass spectrometer (Waters) equipped with electrospray
ionization (ESI) source. MS acquisition was performed
using an MRM method of two selected transitions per pep-
tide with optimized collision energies.

Experimental setup to estimate LOD/LOQ

Isotope-labeled peptides (see above) were diluted in
50mmol/L ammonium bicarbonate to concentrations between
5 amol/μL and 500 fmol/μL and digested with trypsin.
Isotope-labeled peptides were spiked at different concentra-
tions (0.5 to 50 fmol/μL) to gargle solution samples after
tryptic digestion (SMART digestion protocol). Alternatively,
isotope-labeled peptides were spiked at the same concentra-
tions (0.5 to 50 fmol/μL) to saliva samples after tryptic diges-
tion (TRIZOL/FASP protocol). The obtained results served to
determine the limit of detection (LOD) and the limit of quan-
titation (LOQ) of our LC-MS/MS method.

Results and discussion

Optimization of LC-MS/MS method

The aim of our LC-MS/MS method development was to ob-
tain highly sensitive detection and accurate quantitation of the
t r y p t i c p ep t i d e s A rg41 -L sy61 , A rg41 -Ly s65 ,
Met210-Arg226, andMet210-Lys233 from SARS-CoV-2 nu-
cleoprotein. It has to be noted that these peptides exhibit lower
ionization efficiencies compared to other tryptic peptides in
the digestion mixture of SARS-CoV-2 nucleoprotein.
Additionally, they are challenging forMS analysis due to their
size and charge. We st i l l se lected these specif ic
SARS-CoV-2 peptides as they were recently shown to be
generated from authentic material of infected patients [5].
The two peptides starting with Arg41 are specific for a
group of coronaviruses, while the two peptides starting with
Met210 are unique for SARS-CoV-2. Methionine-
containing peptides are not ideally suited for LC-MS/MS
quantitation as they might undergo oxidation processes.
However, we were able to monitor oxidation products with
our synthetic peptide standards and observed only <3% of
Met-oxidized variant (data not shown). We therefore felt
confident to include the respective Met-containing peptides
in our experiments. We sought to achieve the highest pos-
sible sensitivity, together with short run times in a robust
setup that might be used in a clinical routine environment.
First, we had to switch from our initial nano-HPLC setup

6504 Kipping M. et al.



(300 nL/min) with an LC time of more than 3 h [5] to a
normal-flow UPLC setup. The most important constraint
was to achieve a baseline LC separation of the four peptides
from SARS-CoV-2 nucleoprotein that had been identified
previously in gargle samples [5]. For this, we applied the
LC gradient as displayed in Fig. 1 with a total cycle time
of 5 min. It should be noted that short LC-MS/MS cycle
t ime s a r e c r u c i a l f o r conduc t i ng med ium- t o
high-throughput analyses in MS-based SARS-CoV-2 rou-
tine diagnostics. While sample preparation can be
parallelized enabling hundreds of samples to be processed
at the same time, LC-MS/MS sample throughput relies on
short cycle times and the number of available mass spec-
trometers. Consequently, LC-MS/MS cycle times of 5 min
allow 12 samples per hour (288 samples per day) to be
analyzed on each instrument. Another important aspect
to be considered for LC-MS/MS analysis in a clinical set-
ting is a low sample carryover from injection to injection.
Carryover between samples was reduced in our setup to
non-detectable amounts by using 0.2% (v/v) TFA as purge
solution and 0.2% (v/v) formic acid plus 0.2% (v/v) TFA
in water/acetonitrile (50:50 (v/v)) as washing solution of
the UPLC system (data not shown).

Next, we had to move from the high-resolution mass
spectrometer (Orbitrap Fusion Tribrid) that had been
employed in our previous study [5] to a quadrupole instru-
ment of the highest sensitivity. Sensitivity is one of the key
points for developing MS-based, reliable SARS-CoV-2 di-
agnostic methods as viral proteins are directly detected.
This stands in contrast to RT-qPCR that relies on the am-
plification of the virus’ genetic material. Therefore, the de-
tection limits for SARS-CoV-2 are directly related to the
sensitivity of the LC-MS/MS method. The most sensitive
method using triple-quadrupole mass spectrometers is
MRM scanning. MRM is a targeted method that has to be
specifically optimized for each analyte by evaluating the
optimum conditions for collisional activation and thereby
identifying the most abundant and characteristic fragment
ions.

As outlined above, optimization of our LC-MS/MS
method was based on synthetic variants of four peptides
derived from SARS-CoV-2 nucleoprotein that had been
identified in our previous study [5]. For these four peptides,
we identified the most suitable MRM transitions and colli-
sion energies with two transitions per peptide (Table 1). We
also added MRM transitions of selected tryptic peptides

Fig. 1 LC/MRM chromatogram of the four peptides (A) Arg41-Lsy61,
(B) Arg41-Lys65, (C) Met210-Arg226, and (D) Met210-Lys233 derived
from SARS-CoV-2 nucleoprotein. Peptides A–Dwere separated at a flow

rate of 400 μL/min with the LC gradient as indicated; solvent A: 0.2% (v/
v) formic acid in water, solvent B: 0.2% (v/v) formic acid in acetonitrile.
RT retention time
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from other abundant proteins present in our samples and
monitored them during the optimization process for sample
preparation (see below).

All four synthetic SARS-CoV-2 peptides were employed
as heavy isotope (13C and 15N)-labeled versions
(SpikeTide-TQL peptides) that were added to the sample so-
lutions to allow for an accurate detection and quantification of
SARS-CoV-2 peptides. Heavy isotope-labeled peptides on-
ly differ in the masses of precursor and fragment ions, but
yield identical fragmentation patterns as the non-labeled
SARS-CoV-2 peptides upon collisional activation in the
MRM approach. Also, the chromatographic behavior of
non-labeled and labeled peptides is identical. Therefore,
MRM ch r oma t o g r ams o f t h e s yn t h e t i c h e a vy
isotope-labeled peptides cannot only be used for the abso-
lute quantification of SARS-CoV-2 nucleoprotein in pa-
tient samples, but will also exclude the assignment of false
positives in highly complex matrices.

Sensitivity of LC-MS/MS method and estimation of
LOD/LOQ

In further experiments, we then used our established
LC-MS/MS method for optimizing sample preparation.
The peptides from SARS-CoV-2 nucleoprotein that had
been identified in our previous study [5] comprise amino
acid sequences Arg41-Lys65 and Met210-Lys233. These

peptides contain one missed cleavage site each as our initial
digestion procedure was apparently incomplete. The re-
spective SARS-CoV-2 nucleoprotein peptides without
missed cleavage sites are composed of amino acid se-
quences Arg41-Lsy61 and Met210-Arg226. The optimized
sample preparation (see below) now allows a complete en-
zymatic digestion, yielding peptides Arg41-Lsy61 and
Met210-Arg226 from SARS-CoV-2 nucleoprotein.

For that reason, we only employed isotope-labeled
SpikeTide-TQL peptides Arg41-Lsy*61 and Met210-
Arg*226 in all following experiments. SpikeTide-TQL pep-
tides are extended by a C-terminal tag for enhanced solubility
and photometric quantitation that is removed during tryptic
digestion. It is not possible to directly add these peptides to
gargle solutions or saliva as the peptides do not precipitate and

Table 1 MRM transitions
(specific combinations of
precursor ion m/z and fragment
ion m/z) and collision energies of
SARS-CoV-2 peptides, isotope-
labeled peptides (*), and selected
keratin peptides. Two transitions
were selected per peptide

Peptide Precursor charge Precursor m/z Fragment m/z Collision energy

NLDLDSIIAEVR (keratin) 2+ 679.77 903.02 30

NLDLDSIIAEVR (keratin) 2+ 679.77 1131.26 30

Arg41-Lys65 4+ 703.53 552.65 25

Arg41-Lys65 4+ 703.53 881.48 25

VDSLNDEINFLK (keratin) 2+ 704.28 302.30 30

VDSLNDEINFLK (keratin) 2+ 704.28 993.10 30

Arg41-Lys*65 4+ 705.52 552.65 25

Arg41-Lys*65 4+ 705.52 885.46 25

Arg41-Lys61 3+ 775.86 341.39 40

Arg41-Lys61 3+ 775.86 552.65 35

Arg41-Lys*61 3+ 778.51 349.33 40

Arg41-Lys*61 3+ 778.51 552.65 35

Met210-Lys233 3+ 828.96 906.08 30

Met210-Lys233 3+ 828.96 1141.80 25

Met210-Lys*233 3+ 831.61 910.06 30

Met210-Lys*233 3+ 831.61 1145.77 25

Met210-Arg226 2+ 836.48 1069.32 30

Met210-Arg226 2+ 836.48 1241.46 30

Met210-Arg*226 2+ 841.44 1079.25 30

Met210-Arg*226 2+ 841.44 1251.39 30

�Fig. 2 MRM detection of isotope-labeled SARS-CoV-2 peptides Arg41-
Lys*61 and Met210-Arg*226 under different conditions. For each pep-
tide, the first transition was used for quantitation (quantifier), while the
second transition served as confirmation (qualifier). The qualifier signal
(data not shown) was always present when the quantifier transition had
been observed as indicated. (A) Dilution series of peptides in ammonium
bicarbonate buffer without adding protein matrix. All experiments were
performed in three replicates each (sample preparation and LC-MS/MS
measurements). (B) Peptides were added at three concentrations to gargle
solutions, SMART digestion protocol was applied. (C) Peptides were
added at three concentrations to saliva samples, TRIZOL/FASP protocol
was applied
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will not be retained using centrifugation filter devices with a
molecular weight cutoff value of 30 kDa. Therefore,
isotope-labeled peptides were added after tryptic digestion in
all experiments.

Figure 2A displays the LOD and LOQ of Arg41-Lsy*61
and Met210-Arg*226 isotope-labeled peptides (see
“Experimental section”) that had been digested with trypsin
in 50 mmol/L ammonium bicarbonate without adding protein
matrix. Both LOD and LOQwere determined to be lower than
500 amol/μL. In further experiments, isotope-labeled peptides
were spiked to protein pellets of gargle solutions before the
SMART digestion protocol [5] was applied. Figure 2B dis-
plays a dramatic decrease in sensitivity and reproducibility for
the SARS-CoV-2 peptides upon adding a protein matrix,
underlining the need to optimize sample preparation.

Optimization of sample preparation

Improving our sample preparation protocol included sample
collection, sample homogeneity, sample concentration, and
sample preparation times. In principle, nasopharyngeal swabs,
gargle solutions, and saliva are suited to detect SARS-CoV-2
[5 , 11–13] . A number of cha l l enges regard ing
non-MS-compatible contaminations have been reported for
swab samples [11], where the sample volume is usually less
than 10 μL. Additionally, the quantitative reproducibility of
swab sample collection is a matter of debate [13], making gar-
gle solutions a true alternative for sample collection instead of
the commonly used nasopharyngeal swab samples. Saliva of
COVID-19 patients should contain even higher concentrations
of SARS-CoV-2 particles than gargle solution and as saliva is
easy to collect, sample quality should be highly reproducible.

Conclusively, we considered saliva to be the optimum
sample for a reproducible and quantitative analysis of
SARS-CoV-2 and focused our sample preparation optimi-
zation on saliva samples. Saliva is a complex matrix mak-
ing sample preparation challenging. Also, handling and
inactivating presumably infectious saliva samples is an
issue that requires special attention during method devel-
opment. First, 100 μL of saliva was treated with TRIZOL
reagent for a complete dissolution of all sample compo-
nents. TRIZOL reagent is typically used for RNA prepa-
ration [14, 15] and presents one of the most potent protein
denaturants. It allows a rapid and complete inactivation of
RNases, therefore enabling the isolation of intact RNA
from cell lysates. Treating our samples with TRIZOL re-
agent leads to homogenous solutions and is therefore
compatible with our FASP protocol for efficient washing
and tryptic digestion of proteins. The pellet originating
from acetone precipitation, as used in our previous study
[5], was sometimes found to be incompletely dissolved in
SMART digest buffer. Further advantages of the TRIZOL
treatment are the direct availability of the sample as no

overnight protein precipitation step is needed, and the
possibility to split samples for parallel analyses by
LC-MS/MS and RT-qPCR. The TRIZOL/FASP protocol
is compatible with adding the isotope-labeled peptides
after tryptic digestion has been performed. Strikingly,
the observed LOD/LOQ values (Fig. 2C) were compara-
ble to values obtained without protein matrix (Fig. 2A).

One initial finding when optimizing the TRIZOL/FASP
protocol was the detection of high amounts of cytoskeletal
keratins in a number of saliva samples. Therefore, we added
four specific MRM transitions for highly abundant keratin
peptides (Table 1) and monitored their detection.
Apparently, keratins contained in the saliva samples were ef-
ficiently removed by a simple centrifugation step before ap-
plying the FASP protocol and tryptic digestion. We speculate
that without centrifugation, the TRIZOL reagent completely
dissolves the keratin-containing cells in the saliva making
them accessible for a subsequent tryptic digestion. This addi-
tional simple centrifugation step of saliva samples will not
interfere with the overall sample preparation procedure.
Nevertheless, there is a slight chance that virus particles might
be attached to cells contained in saliva, which will then be
removed by centrifugation. For that reason, we tested the in-
fluence of keratins on the detection of SARS-CoV-2 nucleo-
protein peptides. Interestingly, neither LOD nor LOQ values
were negatively affected by the presence of high amounts of
keratin peptides in the samples (Fig. 3). On the other hand,
loading very low protein amounts (below 1 μg) on the cen-
trifugation filter devices resulted in a loss of spiked
SARS-CoV-2 peptides, which is probably caused by pro-
tein and peptide binding to the membrane of the filter units.
A minimum protein load of 1 μg per filter unit was obtained
from treating 100 μL of saliva with TRIZOL. Additionally,
sample loading might be increased to further improve sen-
sitivity, albeit at the cost of longer sample preparation
times. It is important to note that neither sample reduction
nor alkylation steps were performed in our digestion proto-
col as the respective SARS-CoV-2 peptides do not contain
cysteine residues and proteolytic accessibility of these pep-
tides is not restricted by disulfide bonds. In conclusion, the
overall time for sample preparation can be reduced to less
than 3 h and can be performed in a highly parallelized fash-
ion. Therefore, the direct use of saliva in combination with
our optimized TRIZOL/FASP protocol should improve
both sample collection and sensitivity of SARS-CoV-2
detection.

Comparison with RT-qPCR

It has been demonstrated that 10 genomes, i.e., DNA plasmids
[11], can be detected in a volume of 10 μL with cycle times
(ct) of 38 in RT-qPCR experiments. A RT-qPCR detection
with a ct value of 18 would require the presence of
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10,485,760 genome equivalents in 10 μL. Calculations with
300 molecules of nucleoprotein per SARS-CoV-2 virus parti-
cle [11] result in a nucleoprotein concentration of ~520
amol/μL, corresponding to a ct value of 18 [11]. In our exper-
iments, we used 100 μL of saliva and generated 70 μL of
sample solution for LC-MS/MS analysis. Under these condi-
tions, the concentration of SARS-CoV-2 nucleoprotein pep-
tides would be 743 amol/μL, which is above our estimated
LOD/LOQ of ~500 amol/μL (see above). It should be noted
that this reflects the most conservative analytical calculation.
It is likely that a “real-world” RT-qPCR experiment is less
sensitive than the one performed under the ideal conditions
described in [11] as RNA recovery is rarely complete.
Therefore, RT-qPCR experiments with specific ct values
would be based on higher virus numbers, resulting in de facto
higher nucleoprotein concentrations. Patient samples from our
earlier study [5] exhibited ct values of 22 and we were able to
detect peptides from SARS-CoV-2 nucleoprotein with a
nano-HPLC- nano-ESI-Orbitrap-MS/MS approach. In direct
comparison, our previous LC-MS/MS method was found to
be less sensitive than the LC-MS/MS approach we describe
herein (data not shown). Therefore, we are confident to as-
sume that ct values of higher than 22 will easily be obtained
with our new LC/MRM-MS method. The sensitivity of our
LC/MRM-MS approach is likely to be further improved by
using higher sample amounts, i.e., 200 or 400 μL of saliva,
and by enriching the tryptic SARS-CoV-2 peptides during
sample preparation.

Conclusions

We successfully developed an LC-MS/MS method based on an
MRM approach that can be used for the direct detection of
SARS-CoV-2 from saliva samples. Our approach is complemen-
tary to RT-qPCR methods and existing antigen tests, and can be
used in a routine clinical environment where quadrupole mass
spectrometers are available. Sample preparation time is less than
3 h and sample handling can be parallelized for hundreds of
samples (both similar to RT-qPCR). LC-MS/MS analysis time
of our method is only 5 min, allowing selected SARS-CoV-2
peptides to be detected and quantified at concentrations as low as
500 amol/μL. This concentration of SARS-CoV-2 peptides is
obtained by digesting 100 μL of saliva from infected patients
with RT-qPCR ct values of 22. Even higher ct values will be
achieved if SARS-CoV-2 peptides enrichment are enriched by
antibodies. In general, LC-MS/MSmethods exhibit an improved
quantitation accuracy compared to RT-qPCR as no amplification
(106 to 109 times) of the analytes is involved. It is still a matter of
debate if/how different sample collection protocols influence
SARS-CoV-2 detection. MRM-MS-based methods could fill
this gap and allow delivering more precise and accurate quanti-
tative data for a direct comparison between different methods.

The outstanding advantage of LC/MRM methods is their
potential to detect SARS-CoV2 mutations. The vast majority
of amino acid exchanges will result in mass shifts that are easily
detected by MS, but there will probably be no drastic change in
the physicochemical properties of the respective SARS-CoV-2

Fig. 3 LC-MS/MS MRM detection of isotope-labeled SARS-CoV-2
peptide Arg41-Lys*61 at 50 fmol/μL (green) in the presence of keratin
peptides (red). Selected transitions are presented: 778.51 ➔ 349.33
(A r g 4 1 -Ly s * 6 1 ) , 7 0 4 . 2 8 ➔ 3 0 2 . 3 0 ( k e r a t i n p e p t i d e

VDSLNDEINFLK), and 679.77 ➔ 903.02 (keratin peptide
NLDLDSIIAEVR). The signal intensity of the SARS-CoV-2 peptide is
not suppressed by the keratin background
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peptides, such as ionization efficiency and fragmentation pat-
tern. Virus mutations can be easily monitored by adapting se-
lected MRM transitions using simple mathematical calculations
and by synthesizing novel SARS-CoV-2 standard peptides.

Conclusively, we consider the development of novel
methods to be of outstanding importance to tackle some of
the most urgent issues of the COVID-19 pandemic. It seems
out of question that fighting this pandemic urgently requires
interdisciplinary collaborations between virologists, clini-
cians, and analytical chemists.
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