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Abstract

We have developed a rapid and highly specific assay for detecting and monitoring SARS-CoV-2 infections by
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS). As MALDI-TOF mass
spectrometers are available in a clinical setting, our assay has the potential to serve as alternative to the commonly
used reverse transcriptase quantitative polymerase chain reaction (RT-gPCR). Sample preparation prior to MALDI-
TOF-MS involves the tryptic digestion of SARS-CoV-2 proteins, followed by an enrichment of virus-specific peptides
from SARS-CoV-2 nucleoprotein via magnetic antibody beads. Our MALDI-TOF-MS method allows the detection of
SARS-CoV-2 nucleoprotein in sample collection medium as low as 8 amol/ul. MALDI-TOF mass spectra are obtained
in just a few seconds, which makes our MS-based assay suitable for a high-throughput screening of SARS-CoV-2 in
healthcare facilities in addition to PCR. Due to the specific detection of virus peptides, different SARS-CoV-2 variants
are readily distinguished from each other. Specifically, we show that our MALDI-TOF-MS assay discriminates SARS-
CoV-2 strain B.1.617.2 “delta variant”from all other variants in patients’samples, making our method highly valuable to
monitor the emergence of new virus variants.
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Introduction

The COVID-19 pandemic is still ongoing with more than
750 million cases worldwide so far [1]. The surveillance
of new infections, especially in clinics and other health-
care facilities is essential not only for preventing infec-
tions of vulnerable groups, but also for monitoring the
emergence and spreading of new virus variants.

Reverse transcriptase quantitative polymerase chain
reaction (RT-qPCR) has been the method-of-choice for
detecting and monitoring severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infections since the
beginning of the pandemic. The main advantage of RT-
qPCR is its high sensitivity, but as it relies on amplifying
the genetic material of the virus, the PCR method also
has its limitations. The concentration of viral RNA in a
sample can be estimated, but the exact amount of virus
particles cannot be determined by the cycle time (Ct
value) of a sample alone [2]. Also, patients who recover
from an infection might still be identified as SARS-CoV-
2-positive by PCR, despite the lack of infectious virus
particles in the sample [3].

Therefore, alternative methods to RT-qPCR are needed
providing a more reliable quantitative determination
of virus particles in a sample for an accurate detection
and monitoring of SARS-CoV-2 infections, especially as
SARS-CoV-2 might exhibit higher viral loads in patients
with a severe course of the disease [4]. Also, higher viral
loads have been found to correlate with a higher risk of
infectivity [5]. Mass spectrometric (MS) techniques can
provide qualitative as well as quantitative information of
virus-specific proteins with high accuracy and precision
[6]. Numerous MS-based methods have been described
for the detection of SARS-CoV-2 since the outbreak of
the pandemic. Most of the methods rely on the detec-
tion of viral peptides [7-10]. By measuring the total
amount of viral peptides instead of amplified RNA, virus
amounts are directly determined and different virus vari-
ants can be identified in the samples [9, 10]. This makes
MS a highly valuable tool for detecting and monitoring
the presence of specific virus variants as well as the emer-
gence of new variants [9, 10]. The inherent advantages of
MS-based assays to detect SARS-CoV-2 infections are
their high sensitivity, their speed, the potential to use
them in a routine clinical environment, and their cost
efficiency per sample [11, 12].

Following our previous results of developing a specific
SARS-CoV-2 detection method based on liquid chro-
matography tandem mass spectrometry (LC-MS/MS)
[13, 14], we now introduce a method for SARS-CoV-2
detection by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometers (MALDI-TOF-MS).
MALDI-TOF mass spectrometers are increasingly being
used in clinical laboratories for diagnosing bacterial, fun-
gal, and viral infections [15]. Where MS instrumentation

Page 2 of 9

is already available it might be applied to overcome
shortcomings in testing capacities during pandemic situ-
ations.With MALDI-TOF-MS, a sample can be measured
within seconds, making sample preparation the limit-
ing factor in terms of high-throughput analysis. Even
for large sample numbers, MALDI-TOF-MS results are
obtained in less than two hours, given that sample prepa-
ration is performed in an automated and parallelized
manner.

Materials and methods

Chemicals and materials

All chemicals were purchased from Sigma Aldrich
(Taufkirchen, Germany) at the highest purity available.
Cobas PCR Medium was obtained from Roche Diagnos-
tics GmbH (Mannheim, Germany). Enzymes were from
Promega GmbH (Mannheim, Germany). Magnetic anti-
body beads against peptides of the SARS-CoV-2 nucleo-
protein listed in Table 1 were obtained from SISCAPA
Assay Technologies (Washington, DC). 300-kDa Molec-
ular weight cut-off (MWCO) filters (Nanosep) were
obtained from Pall Filtersystems GmbH (Bad Kreuznach,
Germany). Recombinant SARS-CoV-2 nucleoprotein was
purchased from antibodies-online GmbH (Aachen, Ger-
many). Stable isotope-labeled peptides (SpikeTide-TQL)
derived from SARS-CoV-2 nucleoprotein were obtained
from JPT Peptide Technologies GmbH (Berlin Germany).
The SARS-CoV-2 LC-MS Kit (RUO) was purchased from
Waters (Eschborn, Germany).

Sample collection

Nasopharyngeal swab samples were provided by the Uni-
versity Clinics Erlangen, Germany. Samples were col-
lected in 600 pl Cobas PCR Medium and 300 pl were
used for RT-qPCR analysis. The rest of the sample was
heat-inactivated (3 h, 70 °C) and stored at 4 °C.

Sample preparation for method development

For method development, recombinant SARS-CoV-2
nucleoprotein was spiked into nasopharyngeal swab sam-
ples of 30 healthy volunteers. Here, the recombinant pro-
tein was added after the filtration step as explained in the
next paragraph.

600 pl of nasopharyngeal swab samples from healthy
volunteers were loaded on 300-kDa MWCO filters,
centrifuged at 5,000 g for 5 min and washed twice with
200 pl of 100 mM ammonium bicarbonate. Recombinant
SARS-CoV-2 nucleoprotein was spiked at concentrations
from 22,5 amol/ul to 450 amol/ul into 100 pl of the sam-
ples on the filter prior to enzymatic proteolysis. The con-
centrations of SARS-CoV-2 nucleoprotein corresponded
to theoretical concentrations of 3.75 amol/pl to 75 amol/
ul in 600 pl of nasopharyngeal swab sample.



Kollhoff et al. Clinical Proteomics (2023) 20:26

Patient sample preparation

300 ul nasopharyngeal swab samples of 53 SARS-CoV-
2-positive individuals were loaded on 300-kDa MWCO
filters respectively, centrifuged at 5,000 g for 5 min
and washed twice with 200 pl of 100 mM ammonium
bicarbonate.

Enzymatic proteolysis
20 fmoles (20 pl of 1 fmol/ul solution in 100 mM ammo-
nium bicarbonate) of isotope-labeled SIL-A and SIL-C
peptides derived from SARS-CoV-2 nucleoprotein
(Table 1) and 1 pg trypsin/Lys-C (1:1) protease mixture
were added after filtration to either samples spiked with
recombinant nucleoprotein or to SARS-CoV-2-positive
patient samples. Isotope-labeled standards allow an
accurate quantification of peptides via MALDI as inho-
mogeneous crystallization, “sweet-spot” formation, and
differences in ionization efficiencies are ruled out.
Proteolysis was performed directly on the filter at
37 °C for 30 min. Digestion mixtures were centrifuged
at 8,000 g for 5 min and collected in 2-ml-Eppendorf
tubes. 300-kDa MW CO filters were washed with 20 pl of
0.5 M NacCl solution. Enzymatic proteolysis was stopped
by adding 10 pg (20 ul) of tosyl-L-lysyl-chloromethane
hydrochloride (TLCK) and incubating the solution at
1,000 rpm (5 min, room temperature).

Peptide enrichment prior to MALDI-TOF-MS

For peptide enrichment, monoclonal antibodies specific
for tryptic peptides of SARS-CoV-2 nucleoprotein A and
C or A and D (Table 1), and coupled to magnetic beads,
were added to the samples. The solutions were incubated
at 1,400 rpm for 1 h at room temperature. After incuba-
tion, samples were placed on a magnetic rack and beads
were washed twice with 150 pl of phosphate buffered
saline buffer (PBS, pH 7.4). Antibody-bound peptides
were eluted with 2 pl of 1% (v/v) trifluoroacetic acid
(TFA).

Prior to MALDI-TOF-MS analysis, 1 pl of elution solu-
tions were mixed with 1 pl of matrix solution (0.7 mg/ml
a-cyano-4-hydroxycinnamic acid (CHCA) in 40% (v/v)
acetonitrile/ 0.1% (v/v) TFA). 1 pl of this mixture was
spotted on an AnchorChip target (Bruker Daltonik, Bre-
men, Germany).

MALDI-TOF-MS

Mass spectra were obtained with an Ultraflex III MALDI-
TOF/TOF mass spectrometer (Bruker Daltonik, Bre-
men). The instrument was operated in positive ionization
and reflectron mode. The mass range was set to 600—
5000 Da. For each sample, 1000 spectra were accumu-
lated using a laser power of 30% and a laser frequency of
100 Hz. Delayed extraction (490 us delay) was applied.
For external mass calibration, Peptide Calibration Mix II
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(Bruker Daltonik, Bremen) was employed. The flexAnaly-
sis software version 3.3 (Bruker Daltonik, Bremen) was
used to determine peak areas.

Peptide enrichment prior to LC-ESI-MS/MS

For LC-ESI-MS/MS preparation, the SARS-CoV-2
LC-MS Kit was used. Monoclonal antibodies spe-
cific for tryptic peptides of SARS-CoV-2 nucleopro-
tein (Table 1) that had been coupled to magnetic beads,
were added to the samples and the solutions were incu-
bated as described above. After incubation, samples
were placed on a magnetic rack and beads were washed
twice with 150 ul of CHAPS (3-((3-cholamidopropyl)
dimethylammonio)-1-propanesulfonate) washing buf-
fer (0.03% (w/v) CHAPS in PBS buffer, pH 7.4). Enriched
SARS-CoV-2 peptides were eluted with 50 ul of CHAPS
elution buffer (0.03% (w/v) CHAPS in 1% (v/v) formic
acid). At this detergent concentration, CHAPS is compat-
ible with LC-ESI-MS/MS analysis.

LC-ESI-MS/MS

LC separation of peptides was performed on a UPLC
I-Class FTN system (Waters, Eschborn, Germany)
equipped with a BEH C18 Premier column (2.1 mm x
50 mm, 1.7 um, Waters). Separation was performed at
a flow rate of 400 ul/min with the following gradient:
0-0.3 min: 5% B, 0.3—0.7 min: 5-15% B, 0.7-1.2 min: 15%
B, 1.2-2 min: 15-25% B, 2-2.5 min: 25-90%, 2.5-3 min:
90—5%. Solvent A: 0.1% (v/v) formic acid in water and
solvent B 0.1% (v/v) formic acid in acetonitrile. The UPLC
system was directly coupled to a Xevo TQ-XS mass spec-
trometer (Waters, Eschborn, Germany) equipped with
ESI source. Source parameters were set as follows: Capil-
lary voltage: 2 kV, cone voltage: 40 V, source temperature:
150 °C, desolvation temperature: 400 °C, cone gas flow:
150 1/h, desolvation gas flow: 600 1/h. MS acquisition was
performed using a multiple-reaction monitoring (MRM)
method of three selected transitions for each SARS-
CoV-2 nucleoprotein peptide B, C, and D (Supporting
Information, Table S1).

Results and discussion

Development of SARS-CoV-2 assay

The workflow of our MALDI-TOF-MS assay to detect
SARS-CoV-2 is summarized in Fig. 1. Emphasis was laid
on optimizing the sensitivity for detecting specific pep-
tides derived from SARS-CoV-2 nucleoprotein (Table 1).
To remove buffer components and reduce sample com-
plexity, a filter-aided sample preparation step is required
prior to enzymatic proteolysis. With a molecular weight
cut-off of 300 kDa, viral particles remain on the fil-
ter, while buffer components and soluble proteins pass
through the filter [16]. Enzymatic proteolysis of proteins
in the sample was then performed directly on the filter.
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The application of magnetic antibody beads for a spe-
cific enrichment of peptides derived from SARS-CoV-2
nucleoprotein after tryptic digestion has already been
successfully demonstrated for LC-MS/MS workflows
[17, 18]. Magnetic antibody beads are available for dif-
ferent tryptic peptides of the SARS-CoV-2 nucleo-
protein, but enriched peptides might exhibit different
ionization efficiencies in ESI- and MALDI-MS. To test
the applicability of magnetic antibody beads directed
against SARS-CoV-2 nucleoprotein in a MALDI-TOEF-
MS workflow, recombinant SARS-CoV-2 nucleoprotein
was enzymatically digested and analyzed by MALDI-
TOEF-MS. Peptide C (AYNVTQAFGR, see Table 1) from
SARS-CoV-2 nucleoprotein was found to exhibit one
of the most intense signals in the mass spectrum (Sup-
porting Information, Figure S1), followed by peptide A
(GQGVPINTNSSPDDQIGYYR). The signal of peptide
D (ADETQALPQR, [M+H]" at m/z 1128.6) of SARS-
CoV-2 nucleoprotein overlaps with the signal of peptide
C (IM+H]* at m/z 1126.6), (Supporting Information,
Figure S2). An antibody enrichment of both peptides C
and D results in signal suppression of peptide D, hamper-
ing an accurate quantification due to overlapping signals.
Conclusively, the enrichment of peptides A and C from
SARS-CoV-2 nucleoprotein (Table 1) allows a specific
and sensitive virus detection by MALDI-TOF-MS. One
of the most important advantages of MALDI-TOF-MS is
its speed with analysis times of a few seconds per sam-
ple. Calculating 30 min for proteolytic digestion and one
hour for peptide enrichment, a sample batch can be pre-
pared and measured in less than two hours. This makes
our MALDI-TOF-MS assay a highly appealing option for
high-throughput applications in a clinical setting.

Isotope Labeling
R*: 13C.°N,-Arginine
R*: 13C"*N,-Arginine

Position
69-88
69-89
150-169
267-276
376-385
375-385
376-385
375-385
69-88*
267-276*

Quantification of SARS-CoV-2 peptides

For virus quantification, stable isotope-labeled tryptic
peptides of SARS-CoV-2 nucleoprotein were employed
(see Table 1). As outlined above, peptides A and C exhibit
the most prominent signals in MALDI-TOF-MS, there-
fore quantification might be performed using their iso-
tope-labeled peptide counterparts SIL-A or SIL-C. We
selected SIL-C as optimal candidate for quantification
as its signal intensities are usually higher than for SIL-A
(Supporting Information, Figures S3 and S4 and Fig. 2A
for SARS-CoV-2-positive patient samples). Also, stan-
dard deviations of signal intensities of peptide SIL-C in
repeated MALDI-TOF-MS measurements are lower
than those of SIL-A (Supporting Information, Figure S4).
Peptide SIL-A might however still serve as confirmation
for SARS-CoV-2-positive samples. Quantification with
SIL-C was optimized for SARS-CoV-2 nucleoprotein
concentrations between ~50 to 600 amol/pl (Supporting
Information, Figure S5).

GQGVPINTNSSPDDQIGYYRR
NPANNAAIVLQLPQGTTLPK

GQGVPINTNSSPDDQIGYYR
AYNVTQAFGR
-ADETQALPQR
GQGVPINTNSSPDDQIGYYR*
AYNVTQAFGR*

Amino Acid Sequence
KADETQALPQR

-AYETQALPQR
KAYETQALPQR

ext

D(D377Y)

LLLLDRLNQLZ3 ESKMSGKGQQ?*° QQGQTVTKKS?>® AAEASKKPRQ?%° KRTATKAYNV?’°TQAFGRRGPE?%° QTQGNFGDQE?*° LIRQGTDYKH3 WPQIAQFAPS3'® ASAFFGMSRI2° GMEVTPSGTW33¢

the MALDI-TOF-MS assay are printed in bold. Peptide D was detected in two variants (D377 and Y377). Peptides A and D were additionally used in their extended forms (ext) with one
LTYTGAIKLD3%° DKDPNFKDQV>>® ILLNKHIDAY>*° KTFPPTEPKK>3’° DKKKKADETQ3*°ALPQRQKKQQ3?° TVTLLPAADL**° DDFSKQLQQS*'® MSSADSTQA

missed cleavage site of trypsin; peptides A and C were also employed as stable isotope-labeled peptides (SIL) with C-terminal arginine residues labeled (marked as R¥)

SARS-CoV-2 Nucleoprotein
YYLGTGPEAG'?° LPYGANKDGI'3? IWVATEGALN'#° TPKDHIGTRN'>°PANNAAIVLQ'®°LPQGTTLPKG'7° FYAEGSRGGS '8 QASSRSSSRS'?° RNSSRNSTPG2% SSRGTSPARM?'° AGNGGDAALA?2°

Table 1 Amino Acid Sequences of SARS-CoV-2 Nucleoprotein (Upper Panel) and Tryptic Peptides (Lower Panel). Amino acids corresponding to peptides (A-D) that were used for
MSDNGPQNQR'® NAPRITFGGP?° SDSTGSNQNG>® ERSGARSKQR*® RPQGLPNNTA® SWFTALTQHG®® KEDLKFPRGQ’°GVPINTNSSP®°DDQIGYYRRA®® TRRIRGGDGK ' MKDLSPRWYF''?

Peptide
D(D377Y) ey
SIL-A

SIL-C

=
< <muOO
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Fig. 1 Analytical Workflow of MALDI-TOF-MS Assay for SARS-CoV-2 Detection. The method is based on a specific detection of peptides derived from
SARS-CoV-2 nucleoprotein. Nasopharyngeal swabs are collected and the medium is loaded on a 300-kDa molecular weight cut-off filter. After enzymatic
proteolysis, specific peptides of SARS-CoV-2 nucleoprotein are enriched with magnetic antibody beads and analyzed by MALDI-TOF-MS

Sensitivity and comparability of MALDI-TOF-MS assay
compared to RT-qPCR

The sensitivity of our MALDI-TOF-MS assay was deter-
mined by spiking recombinant SARS-CoV-2 nucleo-
protein into nasopharyngeal samples from healthy
individuals. Nucleoprotein was spiked into the samples
at different concentrations after centrifugation. Due to
its molecular weight of 45.6 kDa it can pass through the
300-kDa MWCO filter.

With a variation coefficient<25% and a bias of £20%
in 6 biological replicates, the limit of quantitation (LOQ)
was determined to be 8 amol/pl, corresponding to a RT-
qPCR cycle time (Ct) value of 24 [19]. Our MALDI-TOF-
MS assay does not fully reach the sensitivity of RT-qPCR,
but samples with high viral loads will be detected. As
high viral loads have been reported to correlate with a
higher risk of infectifity [5], infective patients might rap-
idly be identified in large cohorts, which is highly valu-
able for detecting and monitoring virus outbreaks and
will help in disrupting infection chains earlier.

Application of the MALDI-TOF-MS assay to SARS-CoV-2-
positive patient samples

After having developed a stable and reproducible work-
flow for identifying peptides of spiked-in SARS-CoV-2
nucleoprotein from nasopharyngeal samples, we sought
to apply our MALDI-TOE-MS assay for detecting viral
peptides in confirmed SARS-CoV-2-positive patient sam-
ples. Figure 2 shows mass spectra of a SARS-CoV-2-pos-
itive sample with diagnostic peptides A and C, together
with the externally added isotope-labeled counterparts
SIL-A and SIL-C. Both peptides A and C ([M+H]" at
m/z 2181.0 and m/z 1126.6) yield prominent signals

due to the specific antibody-based enrichment (Fig. 1).
In addition, peptide A appears with a missed cleavage
site with [M+H]* at m/z 2337.1 (A, see Table 1). The
intense signals of enriched SARS-CoV-2 peptides allow
a straightforward virus detection in the nasopharyngeal
sample. As for the samples that had been spiked with
recombinant SARS-CoV-2 nucleoprotein, peptide C
yields higher signal intensities than peptide A. Peptide
C allows quantifying the amount of nucleoprotein in the
patient samples, while peptide A serves as confirmation
of a SARS-CoV-2 infection.

Using the 53 SARS-CoV-2-positive samples with
known Ct values (Fig. 3), we were able to compare the
outcome of our MALDI-TOF-MS assay with RT-qPCR
results. SARS-CoV-2 nucleoprotein can be quanti-
fied with our MS-method up to Ct value of 22, which is
lower than the LOQ obtained with the samples contain-
ing recombinant nucleoprotein (see above). This might
be caused by a more complex matrix in SARS-CoV-
2-positive patient samples or by loss of material during
preparation as only intact viral particles remain on the
filter for a subsequent enzymatic digestion. Sample loss
during the filtration steps cannot be avoided, but it might
be reduced to a minimum if centrifugation time and
centrifugal force are reduced. Testing filters with differ-
ent molecular cut-off values between 100 and 300 kDa
might be evaluated to further reduce the loss of viral pro-
teins. Also, heat inactivation prior to sample preparation,
which might also contribute to sample loss, is usually not
required - especially when sample preparation workflows
are fully automated in the clinical environment.

Interestingly, a number of patient samples with iden-
tical or similar Ct values were found to vary remarkably
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Fig.2 MALDI-TOF-Mass Spectra of SARS-CoV-2-Positive Patient Samples. (A) Tryptic peptides from SARS-CoV-2 nucleoprotein GQGVPINTNSSPDDQIGYYR
(peptide A), GQGVPINTNSSPDDQIGYYRR (peptide A.,,) and AYNVTQAFGR (peptide C) as well as the isotope-labeled peptides SIL-A and SIL-C (Table 1) are
highlighted. (B) Diagnostic peptides from SARS-CoV-2 nucleoprotein (peptides C and SIL-C) are shown enlarged
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Fig. 3 Overview of 53 SARS-CoV-2-Positive Nasopharyngeal Samples. Ct values in RT-gPCR are compared to the concentration of peptide C from SARS-
CoV-2 nucleoprotein as determined by MALDI-TOF-MS in the same samples

in their concentrations as determined with our MALDI-
TOF-MS method. With the relative quantification of
SARS-CoV-2 nucleoprotein based on isotope-labeled
peptides, our assay directly reflects the viral concentra-
tion in a sample. RT-qPCR relies on the amplification of
the virus’ genetic material, therefore Ct values will only
give an indirect measure of the viral load. This issue has
already been discussed previously [2]. Also, residual viral
RNA might still be present in recovered patients, which
will be amplified as well and ultimately lead to false Ct
values in RT-qPCR [3]. It is important to note in this con-
text that false positive SARS-CoV-2 detection is definitely
ruled out in our assay as peptides from SARS-CoV-2
nucleoprotein are specifically enriched by the antibodies

used herein and analysis is focused on virus-specific sig-
nals in MALDI-TOF-MS.

Detection of SARS-CoV-2 strain B.1.617.2 “Delta variant”

In the course of method development, samples were
initially analyzed by LC-MS/MS. For the LC-MS/MS
workflow, peptides B, C and D from SARS-CoV-2 nucleo-
protein were enriched on antibody magnetic beads, as
outlined above. While the transitions for peptide B and
C in LC-MS/MS multiple reaction analysis (MRM) were
visible for all SARS-CoV-2 positive patient samples, we
observed that in some samples, specific transitions for
peptide D were missing in MRM LC-MS/MS analyses
(see Fig. 4).
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Fig. 4 Discrimination of SARS-CoV-2 “Delta Variant”from other Viral Strains. (A) MRM chromatogram of a SARS-CoV-2-positive patient sample with select-
ed transitions for peptide B (NPANNAAIVLQLPQGTTLPK), peptide C (AYNVTQAFGR, and peptide D (ADETQALPQR). (B) MRM chromatogram of a SARS-CoV-
2-positive sample with selected transitions for peptides B and C. (C) MALDI-TOF mass spectra of SARS-CoV-2 strain B.1.1.529 “omicron variant” (black) and
SARS-CoV-2 strain B.1.617.2 “delta variant” (blue) from nasopharyngeal samples. Peptide D (ADETQALPQR), peptide D, (KADETQALPQR), peptide D(D377Y)
(AYETQALPQR), and peptide D(D377Y),,(KAYETQALPQR) are highlighted. Peptides A (GQGVPINTNSSPDDQIGYYR), A..(GQGVPINTNSSPDDQIGYYRR), and
isotope-labeled peptide SIL-A (GQGVPINTNSSPDDQIGYYR*) are visible in both samples

This interesting observation is easily explained by a
mutation of peptide D in the SARS-CoV-2 strain delta
B.1.617.2 “delta variant” at position 377 where the aspar-
tic acid is replaced by a tyrosine residue [18]. All 53
SARS-CoV-2-positive nasopharyngeal patient samples
were collected during December 2021 and January 2022.
During this time, the “delta variant” (strain B.1.617.2) was
successively replaced by the “omicron variant” (strain
B.1.1.529) of SARS-CoV-2 [20] and the appearance of a
new virus variant was successfully monitored by MS.

We then used our MALDI-TOF-MS assay to confirm
our LC-MS/MS findings. For this purpose, antibody
magnetic beads targeting peptides A and D were used
for enrichment. Peptide C was not enriched as signals
of peptides C and D would overlap in the MALDI-TOF
mass spectra leading to signal suppression (see above).

In Fig. 4C, the MALDI-TOF mass spectra of two
patient samples are compared. Both samples have been
classified by RT-qPCR as SARS-CoV-2-positive. In our
MALDI-TOE-MS assay, high-intense signals of peptide
D are detected in one sample, with and without tryp-
tic missed cleavage sites (m/z 1128.6 for peptide D; m/z
1256.7 for peptide D). In another sample, these sig-
nals are missing, but instead two high-intense signals
are visible at m/z 1176.6 and 1304.7. These signals were
assigned to versions of peptide D, in which the aspartic
acid at position 377 has been mutated to a tyrosine resi-
due (D377Y). This mutation is a clear indication of the

SARS-CoV-2 “delta variant” and impressively shows the
power of MALDI-TOF-MS assay that allows distinguish-
ing different virus variants.

The SARS-CoV-2 nucleoprotein is less susceptible to
mutations compared to spike protein, but mutations
have been described for the nucleoprotein of several
SARS-CoV-2 variants [21]. This makes peptides from
the SARS-CoV-2 nucleoprotein a robust template for our
MALDI-TOE-MS method as the antibody-based enrich-
ment of specific peptides works for different viral strains.
This underlines the strength of our assay as virus muta-
tions will immediately be detected in the mass spectra
and the method can be adapted within a few hours.

Conclusions

We have developed a rapid and sensitive MS-based assay
that allows a reliable detection of SARS-CoV-2 infec-
tions in patient samples. For an enrichment of peptides
from SARS-CoV-2 nucleoprotein, a specific antibody
enrichment was employed to increase the sensitivity of
our assay. However, the sensitivity of current RT-qPCR
methods is not yet met by our MALDI-TOF-MS assay,
but it allows identifying patients with a high viral load
corresponding to Ct values<24 in RT-qPCR. The main
advantage of our MS assay is the possibility to identify
COVID-19 infections within a short time without identi-
fying false positives. This might contribute to a fast con-
trol of COVID-19 outbreaks as test results are obtained
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in less than two hours for a large patient cohort by auto-
mating the sample preparation workflow. A reliable
quantification of SARS-CoV-2 virus particles will also
allow an accurate monitoring of the course of an infec-
tion in individual patients over time. The SARS-CoV-2
delta variant was distinguished from other viral variants
of the SARS-CoV-2 virus in our MS assay. This will pave
the way to rapidly detect upcoming new virus variants
and to take appropriate measures to protect individuals
from an infection.
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