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Abstract

Recently, numerous diagnostic approaches from different disciplines have been developed for SARS-CoV-2 diagnosis to
monitor and control the COVID-19 pandemic. These include MS-based assays, which provide analytical information on
viral proteins. However, their sensitivity is limited, estimated to be 5x 10* PFU/ml in clinical samples. Here, we present
a reliable, specific, and rapid method for the identification of SARS-CoV-2 from nasopharyngeal (NP) specimens, which
combines virus capture followed by LC-MS/MS(MRM) analysis of unique peptide markers. The capture of SARS-CoV-2
from the challenging matrix, prior to its tryptic digestion, was accomplished by magnetic beads coated with polyclonal
IgG-a-SARS-CoV-2 antibodies, enabling sample concentration while significantly reducing background noise interrupting
with LC-MS analysis. A sensitive and specific LC-MS/MS(MRM) analysis method was developed for the identification
of selected tryptic peptide markers. The combined assay, which resulted in S/N ratio enhancement, achieved an improved
sensitivity of more than 10-fold compared with previously described MS methods. The assay was validated in 29 naive NP
specimens, 19 samples were spiked with SARS-CoV-2 and 10 were used as negative controls. Finally, the assay was success-
fully applied to clinical NP samples (n=26) pre-determined as either positive or negative by RT-qPCR. This work describes
for the first time a combined approach for immuno-magnetic viral isolation coupled with MS analysis. This method is highly
reliable, specific, and sensitive; thus, it may potentially serve as a complementary assay to RT-qPCR, the gold standard test.
This methodology can be applied to other viruses as well.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), responsible for the COVID-19 pandemic, emerged
Ofir Schuster and Liron Feldberg contributed equally to this work. at Wuhan, China [1], and rapidly spread globally causing an
enormous public health crisis. The SARS-CoV-2 genome
encodes twenty-two functional and four structural proteins
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Currently (September 2021), the death toll for this world-
wide pandemic has exceeded 4 M people with over 200 M
verified cases (https://www.worldometers.info/coronavirus/).
Due to high human-to-human transmission rate [7], quar-
antine and physical distancing are the main tool for disease
control and prevention [8], in concurrence with an ongoing
global vaccination campaign. Therefore, rapid and reliable
diagnosis of SARS-CoV-2 infected individuals is of high
importance. According to the World Health Organization
(WHO), the gold standard assay for SARS-CoV-2 diagnosis
is quantitative reverse transcription polymerase chain reac-
tion (QRT-PCR), a nucleotide-based testing for viral RNA
in nasopharyngeal (NP) swabs, collected from the upper
respiratory tracts of suspected individuals [3, 9]. This assay
is highly sensitive (limit of detection is estimated as 1 PFU/
ml [10]) and enables high-throughput analysis. However,
due to its extreme sensitivity, positive RT-qPCR results may
identify residual viral RNA, falsely identifying samples in
which no viral culture is achieved [11]. Thus, insufficient
correlation to virus viability and infectivity is a limitation of
this technique [12]. Furthermore, nucleic acid tests are sus-
ceptible to inhibition by clinical matrices, leading to possible
false negative results [13—16]. Alternatively, antigen-based
assays have been developed, yet their sensitivity is too low,
estimated to start at approximately 5x 10* PFU/ml [6, 17].

Mass spectrometry (MS)-based techniques are sim-
ple, rapid, accurate, and reliable, therefore widely used
for diagnosis of microorganisms in clinical laborato-
ries [18]. Although these technologies mainly focused
on bacterial identification, they have also been applied
for the identification of viruses directly or by detecting
the molecular phenomena associated with pathogenesis
[19]. In the first SARS outbreak (2003), MS techniques
were successfully applied for the detection of its S and
N protein characterizations [20-22]. During the current
SARS-CoV-2 pandemic, many reports demonstrated the
ability to identify viral proteins based on MS methods as
a potential complementary assay for COVID-19 diagnosis
and research. These studies were found to be applicable
for viral identification from cell cultures as well as from
complex biological clinical samples [23-26]. Gouveia
et al. listed candidate peptide markers derived from the
virus N, S, or M proteins, for the specific identification
of the virus by targeted LC-MS/MS technique [27], and
in further study they developed a shortened assay appli-
cable for high-throughput LC-MS analysis, based on two
best markers derived from N protein [28]. Recently, a
study from our lab presented a rapid and reliable assay
for SARS-CoV-2 identification based on specific mark-
ers derived from N and S SARS-CoV-2 proteins using
high-resolution mass spectrometry. This assay enabled
direct identification of 5 x 10* PFU/ml [29] SARS-CoV-2
in spiked buffer and an order of magnitude higher in NP
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specimens. These promising emerging MS-based methods
are specific and rapid and may be beneficial as a research
tool, or to supplement the diagnostic testing of COVID-19.
These methods are characterized by direct processing of
clinical samples, without prior virus separation. While the
advantage of this methodology is its speed and simplicity,
it suffers from low sensitivity originating from the com-
plexity of the specimen matrix to LC-MS analysis [27,
30]. To enable effective COVID-19 diagnosis based on
MS analysis, the assay’s sensitivity needs to be improved.

To improve the performances of MS-based assays,
instrumental and sample preparation strategies should
be implemented. MS analysis based on multiple reaction
monitoring (MRM) target mode is highly sensitive and
specific; therefore, it can selectively identify and quantify
compounds within complex clinical matrices. In addition,
virus separation from viral transport medium (VTM) and
the clinical matrix may reduce the interfering background
while concentrating the target viruses’ proteins, increasing
assay sensitivity. Separation based on immunomagnetic
beads coated with polyclonal antibodies (Abs) allows effi-
cient and specific capture of viruses as previously dem-
onstrated with koi herpesvirus [31], enterovirus 71 [32],
or hepatitis A virus [33]. A preliminary assay, in which
SARS-CoV-2 capture is conducted by immobilization of
its ACE receptor to modified ferrite magnetic beads, was
previously suggested [34]. Another study presented a high
accuracy of SARS-CoV-2 identification using immuno-
capture of N-protein combined with targeted MS and a
machine learning-based model [35]. However, to date, the
approach of SARS-CoV-2 capture and enrichment using
immunomagnetic-beads separation has not been published.

The following study focused on immunomagnetic
SARS-CoV-2—specific enrichment from challenging matri-
ces, prior to its tryptic digestion, combined with the devel-
opment of sensitive LC-MS/MS(MRM) analysis. The cap-
ture process was found to be efficient in separating virus
particles from challenging clinical matrix, enabling both
virus concentration and interference reduction.

COVID-19 diagnosis is based on our previous reported
unique peptide markers panel derived from tryptic SARS-
CoV-2 S and N proteins [29]. The assay’s development
includes method performance evaluation using purified
viral proteins, cultured virus, and negative NP clini-
cal samples spiked with the virus. The applicability in
gRT-PCR pre-determined positive or negative NP swabs
collected from human patients is assessed as well. The
proposed novel approach was found to increase the sen-
sitivity to 5x 10° PFU/ml, an order of magnitude better
than previously reported MS methods. The IMS technique
presented herein may be implemented in other viral iden-
tification assays, for the purpose of improving sensitivity
and specificity.
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Materials and methods
Reagents

All solvents and chemicals used in LC-MS/MS analy-
sis were of LC-MS grade. Acetonitrile (Cat. Number
120410100), water (Cat. Number 232141B1), and formic
acid (99% purity, Cat Number 691413) were purchased from
Bio-Lab. Ammonium bicarbonate (NH,;HCO; Cat Number
A6141-500G) and octyl-p-D-glucopyranoside (OG, Cat
Number O8001-1G) were acquired from Sigma-Aldrich.
Peptides [SFIEDLLFNK (S-11), FLPFQQFGR (S-16),
FQTLLALHR (S-18), HTPINLVR (S-26), AYNVTQAFGR
(N-5), and GFYAEGSR (N-8)] were synthesized by Merck
(Sigma-Aldrich, Israel) with a purity >95%. These peptides
were used for the development of the MRM method. Phos-
phate-buffered saline (PBS, pH 7.4, Cat. Number 02—-023-
1A), sequencing-grade modified trypsin (Cat. Number
V5111), and bovine serum albumin (BSA, Cat. Number
03-010-1B) were purchased from Biological Industries.

Cell lines and viruses

African green monkey kidney clone E6 cells (Vero E6,
ATCC® CRL-1586™) were grown in Dulbecco’s modi-
fied 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, and 12.5 units/ml nystatin (P/S/N) (Biologi-
cal Industries, Israel). Cells were cultured at 37 °C, in a 5%
CO, in 95% air atmosphere.

SARS-CoV-2 (GISAID accession EPI_ISL_406862)
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). Viral titers
were determined by plaque assay, as previously described
[29].

Antibodies (Abs)

Specific anti-Spike polyclonal Abs (termed “R15”) were
prepared by immunizing a female New Zealand white
rabbit with 200 pg of purified Spike protein (prepared as
described [36]), in complete Freund’s adjuvant by subcu-
taneous injection. The vaccination regime included two
additional boost doses (150 ug each), given in 4-week
intervals in incomplete Freund’s adjuvant. Anti-SARS-
CoV-2 polyclonal Abs (termed “R606) were prepared
as described [37]. Rabbits were inoculated five times

intravenously with 10° PFU of live SARS-CoV-2 at days
0,7, 10, 14, and 17 PI. Serum was collected 10 or 14 days
after the final dose (for a-Spike or a-SARS-CoV-2, respec-
tively), and the IgG fraction was purified as previously
described [36, 37]. Biotinylation of the purified IgG frac-
tion was carried out as previously described [6].

SARS-CoV-2 enrichment

Commercial magnetic beads, in a diameter of 1 or 2.8 um
coated with streptavidin (Dynabeads MyOne Streptavidin
T1 or M280, Invitrogen, Norway), were blocked with 5%
bovine serum albumin (BSA) solution, and washed twice
with PBS, followed by resuspension at the original beads’
volume. The beads were bound to biotinylated polyclonal
Abs by rotating for 10 min in an Eppendorf tube at room
temperature, followed by washing twice with PBS to
remove excess unbound Abs.

Two capture protocols were examined, sequential or
“all in one.” The sequential approach included binding the
biotinylated Abs to the streptavidin-coated beads, washing
the residual unbound Abs, and then capturing the viruses
from the sample followed by a washing series. In the “all
in one” approach, a mixture of beads, unbound Abs, and
the sample containing viruses were mixed together.

The final capture of virus from clinical NP samples in
commercial transfer buffer was performed in test tubes
pre-blocked with 0.5% BSA, to eliminate virus adsorb-
ance. Twenty microliters of beads bound to Abs was added
to each test tube, containing 1-ml sample. The tubes were
rotated at 37 °C for 30 min followed by a washing series
using decreasing buffer volumes (800, 500, 200 pl) with
gentle vortexing between each step, and included tube
replacement prior to the final resuspension with 100 pl
buffer, corresponding to a tenfold sample concentration.

Tryptic digestion

Tryptic digestion was conducted as previously described
[29, 38]. Briefly, a total volume of 100 pul of the sam-
ples (SARS-CoV-2 purified N or S proteins, buffer spiked
viruses or clinical NP swabs) was heated for denaturation
(95 °C, 10 min.). After 2-min cooling, 2 pl of sequenc-
ing-grade modified trypsin (0.5 pg/pl) and 2 ul of 10%
octyl-p-D-glucopyranoside were added (final concentra-
tion 1 pug/100 pl and 1%, respectively) to the sample tubes,
followed by 120-min incubation at 50 °C with continuous
rotation (600 rpm). The tryptic digestion was stopped by
adding 10 pl of 10% formic acid (final concentration 1%),
followed by 2-min centrifugation (14,000 rpm). The result-
ing supernatants were transferred to LC-MS analysis vials.
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(A) S-18
445 - : .
100 s-11 Peptides Parent ion m/z Fragments m/z (types)
6.02 (Multiple charged)
FQTLLALHR (5-18) 86.1 (imm Ile)~*, 110.1 (imm His) %, 120.1(imm Phe) !
a6 549.8(2+) 175.1(Y1)*1,276.1(b2) 1, 496.2(Ys)*1,609.4(Ys)*1,823.5(Y7)*!
342 86.1(1mm Ile)~?, 110.1 (imm His)*1,120.1 (imm Phe) 1,
366.9(3+) 175.1(Y1)*1,186.8(a5-NHs) %, 360.2(bs-NHz) *1,412.3(Y7) 2,
425.3(Y4)*1, 496.2(Y4) *1.609.4(Ys) *
GFYAEGSR (N-8) 120.1 (imm Phe), 136.1 (imm.Tyr) “1.176.6(b3-NHz)2,
443.7(2+) 319.2(Yz)*, 341.7(Ys)2, 448.2(Ys) *1,519.3(Ys) 1, 682.3(Ys) !
ES HTPINLVR (5-26) 70.1(imm Pro)~*,110.1 (imm His) *1.239.1(b;) 1,466.3(Cs or Zs-
N8 S-16 475.3(2+) H;0)*1,501.3(Ys)*! 711.5(Ys) *1,812.5(Y7) 1, 821.5(X>-NHs) !
3.07 5.65 AYNVIQAFGR (N-5) 87.1(imm Asp)*1,120.1 (imm Phe) -, 136.1 (imm.Tyr) 1,
563.8(2+) 207.1(az) "1, 232.1(Y2) *, 235.1(b2) "7, 349.1(bz) "1, 450.2(Y4) 7Y,
578.3(Ys) L, 679.4(Ye) *1, 892.5(Ys) !
NS FLPFQQFGR (S-16) 70.1(imm Pro)~1,86.1 (imm Ile)*!, 120.1(imm Phe)*1.233.1(az)
4 570.3(2+) +1261.2(by) 1, 440.2(Y7)*2,635.3(Ys) *1,782.5(Ys) 1, 879.6(Y7) "
SFIEDLLFNK (S-11) 86.1(imm Ile) %, 120.1 (imm Phe) -1, 129.1(Y1-H20) 7, 207.1(az)
‘ ‘ | 613.3(2+) *1235.1(bz) *1.358.2(Zs-NHs)*2, 408.2(Y3) 1, 749.4(Ys) ",
) 878.5(Y7) *1,991.5(Ys) !
0 . il ' : L . !1 ’ - Time (Y1) (Ys)
2.00 3.00 4.00 5.00 6.00 .

Fig.1 (A) Overlay LC-MS/MS chromatograms (TICs of MRMs) of
six synthetic peptides (1 ppb). (B) Peptides and their MRM transi-
tions extending from multiple charge molecular ions to their frag-
ments. Y, Ions that result from the cleavage of the C-N bonds (amide
bonds) 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

Clinical samples and RT-qPCR

NP swabs from suspected COVID-19 patients were trans-
ported to our lab in a viral transport medium (Copan Diag-
nostics, Inc.). Samples were kept at 4 °C until use, and
randomly selected for this study. Clinical sample process-
ing was done by vortexing the swabs vigorously for 30 s to
release the virus into solution. First, 1 ml of each specimen
was incubated for an hour with magnetic beads conjugated to
specific antibodies directed to SARS-CoV-2 (R606). Then,
the bound viruses were vortexed and introduced into 0.1 ml
of ammonium bicarbonate buffer, inactivated at 95 °C for
10 min, and subjected to tryptic digestion for 2 h at 50 °C.
The reaction was ended by adding formic acid at a final
concentration of 1% and followed by LC-MS/MS(MRM)
analysis. The overall process takes about 4 h. The RT-qPCR
assay was performed according to WHO instructions, as pre-
viously described [10], using the SensiFAST Probe Lo-ROX
One-Step kit (Bioline). Primers and probe for SARS-CoV-2
E gene were according to the Berlin protocol [39].

LC/QqQ/MS-MS(MRM) analysis

The LC-MS system consisted of Acquity UPLC-I class (SM-
FTN) coupled with a Xevo TQ-S Triple Quadropole mass
spectrometer (Waters Corporation, Milford, MA), operated
with a positive ESI (electrospray ionization) source in MRM
(multiple reaction monitoring) mode. Several running con-
ditions (columns, temperatures, mobile phases, pH’s, and
gradient compositions) were tested for optimal sensitivity
and chromatography speed of the six marker peptides using
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retaining the charge. Z, Ions that result from the cleavage of the N-C
bonds of a peptide backbone with the C-terminal fragments retain-
ing the charge. i, Ammonium ion is an internal fragment formed by
a combination of a type (C—C bond) and Y type (C-N bond) cleav-
age. Selected MRM transitions that were validated in non-spiked and
spiked SARS-CoV-2 negative NP swab samples are in bold

ultra-performance liquid chromatography (UPLC). The best
performance was achieved with 1.7-uym UPLC C18 column
(150% 2.1 mm, 1.7 um) kept at 40 °C, based on charged
surface hybrid (CSH) technology, applying water/acetoni-
trile acidic (1% formic acid) gradient and 10-min cycle time.
Mobile phases were 1% formic acid in H,O (A) and 1%
formic acid in ACN:H,O (8:2 v/v, B). The gradient profile
was 100% A held for 0.3 min, linearly decreased to 75%
A over 4 min, held for 0.5 min, then decreased to 0% A
over 2.5 min, held for 1 min, then increased to 100% A over
0.1 min and held for another 1.9 min, for a total run time of
10 min. The flow rate was 0.4 ml/min and the injection vol-
ume was 10 pl. The capillary voltage was adjusted to 0.6 kV
and the source temperature was set at 150 °C. Intellistart
software (part of MassLynx) was used for the determination
and optimization of MRM transitions for the six commercial
peptides. During the infusion of synthetic peptide standard
solutions, cone voltages were adjusted for each peptide and
collision energies were optimized for each fragment. Transi-
tions for each peptide are shown in Fig. 1B. The instrument
was programmed to acquire data in MRM mode.

Results and discussion

LC-MS/MS(MRM) method development

Our previous developed assay resulted in six unique SARS-
CoV-2 tryptic peptides markers, two derived from the N
protein and four from the S protein [29]. Increasing the
sensitivity and selectivity in complex matrices using mass
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Fig.2 LC-MS/MS (MRM) chromatograms of N-5 marker (2 MRM
transitions) obtained from tryptic digest (without prior immunomag-
netic capture) of 10° PFU/ml SARS-CoV-2 spiked to ammonium
bicarbonate and NP swab samples. The top frame contains chro-
matograms, painted in red, for two MRM transitions of N-5 marker

spectrometry analysis may be possible by a targeted MS/
MS-based MRM technique, using a triple quadrupole instru-
ment that monitors specific fragmentation (MRM transi-
tions) of selected peptide sequences. The MRM’s targeted
MS method was first evaluated using custom-made synthetic
peptides, designed to correspond to the selected tryptic
peptides. According to the European criteria [40], only two
MRM transitions are required for molecule identification.
However, to enhance the robustness of the assay in case of
unexpected complex matrix interferences, 8—11 MRM tran-
sitions, extending from the multiple-charge molecular ions
to their fragments’ ions, were determined and optimized. A
reproducible liquid-chromatographic method, which allows
stable retention times of the markers in complex matrices,
was also developed for reliable identification. The peptides’
MRM transitions and chromatography are presented in
Fig. 1. The limit of detection for each peptide was deter-
mined and all were found to be in the range of 10-100 pg/ml.

Sensitivity limitations due to matrix interferences

Tryptic digestion was conducted as previously described
[29, 38]. To evaluate clinical matrix effects on SARS-
CoV-2 analysis based on LC-MS/MS(MRM) developed
method, 50 mM ammonium bicarbonate (herein termed
“buffer”) and NP negative swab samples in viral trans-
port medium (VTM) were spiked with increasing con-
centrations of SARS-CoV-2 (5x 103, 1 x10% 2.5x10%,
5% 104, and 1x10° PFU/ml). The samples were heated
for virus inactivation and denaturation, trypsin-digested
for 120 min, and analyzed by LC-MS. Simultaneously,
negative control samples, without the virus, were similarly

derived from tryptic digest of spiked NP specimen. The bottom frame
contains chromatograms, painted in green, for two MRM transitions
of N-5 marker derived from tryptic digest of the virus in ammonium
bicarbonate solution. The blue arrow pointed the chromatographic
peak for N-5 marker

processed. All reactions were performed in triplicates.
Figure 2 demonstrates comparative LC-MS/MS(MRM)
chromatograms of a representative marker (N5) obtained
from tryptic digest of SARS-CoV-2 spiked into buffer or
NP negative swab samples. The peak intensities of MRM
transitions were similar in both samples, buffer and NP,
indicating comparable tryptic digestion efficiency; how-
ever, the background noise was significantly higher in the
NP sample. Therefore, the reduction in S/N ratios resulted
in reduced sensitivity of more than an order of magnitude
in NP swab specimens as compared with buffer samples
(Table 1). In addition, as a result of background peaks
in NP negative control samples, some MRM transitions
were interrupted, i.e., all MRM transitions of S-18 marker
were interfered; thus, this marker could not be detected.
This high background noise in ESI-MS is contributed by
secretions originating from the nose and throat (which can
create different backgrounds among individuals) and/or a
constant background noise derived from the VTM. There
are diverse formulations of VTM, most of which are pro-
tein-rich (0.5-10 mg/ml), e.g., albumin or serum, usually
in a buffer salt solution [41]. Inorganic salts are known for
their signal suppression in ESI, while the presence of high
concentrations of protein enhances the background noise
derived from tryptic digestion of a VTM containing the
clinical sample. It should be taken into consideration that
different VIM formulations can have different impacts on
assay performance. Therefore, separation of the virus from
the specimen medium prior to its tryptic digestion and
LC-MS/MS(MRM) analysis is essential for a sensitive,
robust, effective, and applicable assay, regardless of the
VTM formulation or variable interferences originating in
clinical samples.
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Table 1 The sensitivity for the identification of SARS-CoV-2 spiked to ammonium bicarbonate and NP negative swab samples with or without immunomagnetic capture prior to tryptic diges-
tion. n.a not available. The limit of detection (LOD) for each marker was defined as the lowest viral load where at least two MRM signals were detected with S/N> 3 in three replicates
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Markers

Matrix Assay

S-11

S-16

N-5

S-26

N-8

S-18

5%10% (613.3>207.1,

10* (475.3>711.5,466.3, 2.5%10%(563.8>892.5, 10%570.3>879.6, 440.2)

2.5%10%(366.9>609.4,  103(443.7>682.3,448.2,

Buffer IMS

991.5)
2.5%10* (613.3>207.1,

207.1, 679.4)
2.5%10% (563.8>892.5,

239.1, 110.1)
2.5%x104 (4753>1711.5,

519.3)

10% (443.7> 682.3, 448.2,

496.2,412.3, 425.3)

No capture  2.5x 10* (366.9> 609.4,

5%10* (570.3>879.6,

235.1, 878.5,991.5)

440.2,233.1)

207.1,232.1, 679.4)

466.3, 110.1)

519.3, 176.6, 136.1,

120.1)
5x 103 (443.7>682.3,

496.2,412.3, 425.3)

10% (570.3> 879.6,440.2) 5x103 (613.3>207.1,

5x 103 (563.8>892.5,

5%10* (475.3>711.5,

5%10° (366.9> 609.4,

MS

I

NP

878.5,991.5)

>10°

207.1, 232.1)
105(563.8>892.5, 207.1,

466.3,239.1, 110.1)

>10°

448.2)
>10°

496.2,412.3)

No capture n.a

5%10* (570.3>879.6,

440.2)

232.1, 679.4)

Development of immunomagnetic beads separation
method

Capture of SARS-CoV-2 from buffer

Immunomagnetic beads coated with rabbit polyclonal
IgG-a-SARS-CoV-2 (“R606”) or IgG-a-Spike (“R15”)
Abs were prepared, and their efficiency was evaluated
in capturing purified S-protein or entire SARS-CoV-2
viruses from buffer. Higher capture efficiencies of puri-
fied S-protein were achieved using R15 compared to R606
(~100% vs. ~60%, respectively), while the opposite was
observed for capturing the entire SARS-CoV-2, in which
R606 obtained ~ 100% efficiency, as well as higher pre-
cision values. This higher R606 capture efficiency may
be a result of a variety of Abs against other epitopes (in
addition Abs against the spike protein) improving viral
capture capability. Therefore, R606 was selected for fur-
ther evaluation.

In addition, to optimize the capture conditions, several
bead diameters, capturing protocols (sequential vs. “all in
one,” see ‘“Materials and methods”) and washing procedures
were evaluated and optimized as well. The final process
included binding the biotinylated-R606 to the streptavidin-
coated 1-um beads, washing of the residual unbound Abs,
and capturing the viruses from the 1-ml sample, followed by
serial washes to a final volume of 100 pl, achieving a tenfold
concentration compared to the original sample.

To assess the efficiency of SARS-CoV-2 enrichment
using the optimized conditions, the assay was conducted
in triplicates with SARS-CoV-2 spiked to buffer, with or
without immunomagnetic enrichment. Virus enrichment
was performed from an initial volume of 1 ml containing
5% 10* PFU/ml SARS-CoV-2 in buffer. Beads with the
attached virus were then resuspended in 0.1 ml buffer for
tryptic digestion. For comparison, tryptic digestion was
performed to a 0.1-ml sample containing the same virus
concentration without capturing. Theoretically, maximum
capture efficiency allows a tenfold increase in markers’
peak intensity in comparison to markers’ intensity derived
from tryptic digestion without prior enrichment. Figure 3
presents the high enrichment efficiency, estimated as a 8-
to tenfold increase.

SARS-CoV-2 enrichment from NP specimens

Enriching the virus from complex matrices requires con-
sidering additional parameters, as non-specific binding of
matrix substances to the beads or the decrease of capture
efficiency as a result of matrix interferences. To minimize
the decrease in capture efficiency due to matrix interfer-
ences, several dilutions of NP specimens spiked with 5 x 10*
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Fig. 3 Immunomagnetic beads
capture efficiency from buffer
solution. Comparison between
peak intensities of the six tryp-
tic peptides obtained with or
without prior immunomagnetic
capture (R606). The capture
was performed from 1 ml of
5% 10* PFU/ml SARS-CoV-2
in ammonium bicarbonate. Its
tryptic digestion was done in
0.1 ml ammonium bicarbo-
nate buffer. Maximum capture
efficiency will allow a tenfold
increase in peak intensity. Error
bars indicate the coefficient of
variation percent (%CV)

Peak intensity

o

S-18 (366.9>496.2) miS-18 (443.7>448.2)

S-26 (475.3>466.3) | N-5 (563.8>679.4) M S-16 (570.3>440.2) mi S-11 (613.3>207.1)

&
3

R ]

a0

sl =
NO CAPTURE CAPTURE
PFU/ml SARS-CoV-2 were evaluated (no dilution, 1:1 and  Assay performance

1:2, NP sample:buffer). Best performances were obtained
with no prior dilution.

To evaluate virus enrichment from NP samples on
assay’s sensitivity, SARS-CoV-2 were spiked into NP
samples to a concentration of 5 x 10* PFU/ml. The
assay was conducted with or without immunomag-
netic capture prior to tryptic digestion. Figure 4 dem-
onstrates a significant increase in S/N values as a result
of virus purification from the clinical medium prior to
its tryptic digestion. Marker N5 was hardly detected
directly in NP specimen (only one MRM transition
with S/N = 3), while the virus enrichment from these
challenging matrices enabled the identification of this
marker according to 2 MRM transitions with nearly
50-fold S/N enhancement due to the combination of
sample concentration (tenfold) and background noise
reduction (~ fivefold).

MRM transitions’ adjustment for NP matrix

Despite the significant improvement in background noise as
a result of the use of the IMS technique, there may still be
interfering peaks that can lead to misleading identification.
Therefore, the protocol was performed in triplicate using
negative NP specimens previously pooled from two naive
individuals. All MRM transitions for each of the six markers
were evaluated for background noise level and interfering
peaks originating from assay components and matrix residu-
als. The interrupted MRM transitions were excluded from
the MS method to avoid false positive results. As can be seen
in Fig. 1B, the number of peptide markers with their selected
MRM transitions (in bold) is by far more than required by
the European Commission for unambiguous identification
(one unique marker with two MRM transitions) [40]. These
MRM transitions were used for further validation.

443.7>682.3 443.7>448.2
2.3e4 1.5e4
. . | M i
Direct analysis \ \ |
3 S/N3 a1 (No capture) 3 P \;VJ]M-“J \ ]'
. M
B U W O YO N S — el W e
200 225 250 275 300 325 350 375 400 200 2265 250 275 300 325 350 375 4.00
3.1 443.7>448.2
2.3e4 443.7>682.3 S/N14N N 1.5e4 3.1
W Capture \
E] 3 \
< < 4
J .
T T T T T 1 ‘I"'“v\!" T T — Time Ih#‘wlwfh‘ Time|
200 225 250 275 300 325 350 375 400 200 225 250 275 300 325 350 375 400

Fig.4 LC-MS/MS(MRM) chromatograms of marker N-8 (GFY-
AEGSR) by two MRM transitions, obtained from tryptic digest of
5% 10* PFU/ml SARS-CoV-2 spiked into NP specimens, with or
without prior IMS of the virus. Top frame, two MRM transitions

chromatograms, painted in red, of N-8 marker derived from direct
analysis of NP specimen (without capture). Bottom frame, chroma-
tograms, painted in green, containing the same transitions after IMS
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Fig.5 Assay’s linearity, the
linearity of the six SARS-
CoV-2 markers, derived from
spiked NP swab samples. Each
marker is marked with a dot in
a different color. The identity
of the markers is displayed in
Fig. 1. Tryptic digest reactions
with prior virus enrichment

10,000

1,000

© S-18 (366.9>496.2)
N-8 (443.7>682.3)
S-26 (475.3>711.5)
N-5 (563.8>207.1)

o S5-16 (570.3>440.2)
S-11 (613.3>207.1)

were performed for SARS-
CoV-2 — spiked NP samples

in the range of 2.5x 10° — 10°
PFU/ml. PFU, plaque-forming
unit. The blue arrow marks the
chromatographic peak for N-8
marker. Error bars indicate the
coefficient of variation percent
(%CV)

100

Total peaks area (a.u)

10

2000 4000

Assay sensitivity, linearity, precision, and accuracy

To assess the diagnostic performance of the IMS-based assay,
SARS-CoV-2 was spiked into buffer or pooled NP samples
(obtained from ten negative individual human samples).
Assays were performed in 3-5 replicates at concentrations
of 0,2.5x 10°, 5% 10, 10%, 5x 10*, and 10° PFU/ml SARS-
CoV-2. The spiked samples were processed according to the
described protocol. For comparison, tryptic digestion was
performed directly on the same virus concentrations, spiked
into buffer or pooled NP samples, without prior enrichment.

The limit of detection (LOD) for each marker was
defined as the lowest viral load where at least two MRM
signals were detected with S/N >3 in 3 replicates. Table 1
summarizes the LODs for SARS-CoV-2 markers from
buffer and NP spiked specimens with or without IMS prior
to tryptic digestion. The IMS protocol, conducted in buffer,
enabled the identification of 10° PFU/ml SARS-CoV-2 (by
the N8 marker with three MRM transitions) compared to
10* PFU/ml SARS-CoV-2 without viral enrichment. To
evaluate assay sensitivity in clinical samples, the appropri-
ate controls were virus spiked to negative NP swab speci-
mens, since NP matrices contain interfering contaminates
originating from both viral transport media and biological
naso-pharyngeal materials. The enrichment protocol, from
NP specimen, enabled the identification of 5 x 10° PFU/
ml SARS-CoV-2 (according to four markers, S-18, N-8,
N-5, and S-11, each with at least two MRM transitions).
Comparison of markers’ sensitivity in NP sample, with-
out prior isolation of the virus from the matrix, showed

@ Springer
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a lower sensitivity of more than one order of magnitude,
while S-18 identification was not even possible. Compar-
ing markers’ sensitivity, obtained for SARS-CoV-2 enrich-
ment from NP and buffer samples, revealed comparable
sensitivity for S-16 and S-11 markers and reduced sensi-
tivity in enrichment from NP matrices for the four addi-
tional markers (2—fivefold), as a result of higher chroma-
tographic noise levels. Recently, J. Saadi et al. reported on
similar sensitivity for SARS-CoV-2 spiked to several viral
transport media [25]. In this study, virus enrichment was
performed by methanol precipitation, which is not selec-
tive and may be affected by the variability of NP samples.

The linearity of the IMS-based assay in spiked NP swab
samples is demonstrated in Fig. 5 for the six peptides over
a concentration range of almost two orders of magnitude
(2.5%10° = 1 x 10° PFU/ml). The R? values obtained for
linear curves were >0.997. The calculated precision val-
ues, for pooled NP samples spiked with SARS-CoV-2,
were in the range of 0.3-18% (RSD) except for 27%
obtained for the LOD’s concentration (2.5 x 10> PFU/ml)
of N-8 marker.

The accuracy of the assay was evaluated using recal-
culated SARS-CoV-2 concentration values (2.5 X 103,
5% 103, 10% 5% 10% and 10° PFU/ml) based on calibra-
tion curves for the six peptides, prepared according to the
assay’s protocol with NP swab specimens spiked with
SARS-CoV-2 in the range of 2.5 x 10* to 103 PFU/ml. The
accuracy (% error) of the method for all markers was lower
than 20%, while the best accuracy (< 3%) was obtained for
S-16 marker.
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Fig.6 Assay validation in different individuals’ NP spiked speci-
mens. LC-MS/MS(MRM) chromatograms of the six markers: (A)
typical NP negative swab sample spiked with SARS-CoV-2 (5x 10*
PFU/ml). (B) Positive control: ammonium bicarbonate buffer spiked

Retention time stability

Retention time stability is of great importance as it is an
essential means for marker identification. Keeping high
reproducibility of marker retention times is especially chal-
lenging in complex matrices that do not undergo sample pre-
treatment. Capturing the virus from NP matrices allows pre-
serving high retention time reproducibility. Retention time
variations were evaluated for the six markers, derived from
different concentrations of SARS-CoV-2 spiked to buffer
and negative swab NP samples (n=20), which were threated
and injected at different days (Table S1). Low run-to-run
variations for the six markers, +0.01 min —+ 0.05 min, were
observed indicating the chromatographic stability of the ana-
lytical method.

Assay validation

The assay was validated using 29 different NP swab speci-
mens, previously determined negative by PCR. For evalu-
ating the method’s performance, 10 of the NP specimens
were used as negative controls, while nineteen samples were
spiked with SARS-CoV-2 to final concentration of 5x 10*
PFU/ml. Since the LODs of the six markers in NP-spiked
specimens were found to be in the range of 5x 10°-5 x 10*
PFU/ml SARS-CoV-2, the higher concentration (5 X 10*
PFU/ml) was selected for validation to assess all the six
markers. To determine the assay’s efficiency in NP-spiked
samples, the buffer was spiked with 5 x 10* PFU/ml SARS-
CoV-2 for comparison as a positive control. SARS-CoV-2
was unambiguously identified in all 19 spiked NP samples,

with SARS-CoV-2 (5x 10* PFU/ml). (C) Negative control: naive NP
specimen. Each chromatogram represents a validated MRM transition
(peak intensity)

while no false positive results were observed in any of the 10
negative control samples. Figure 6A illustrates representa-
tive results for MRM transitions of all 6 selected markers,
after capturing the virus from NP specimen spiked with
5% 10* PFU/ml SARS-CoV-2. A positive control buffer sam-
ple spiked with the same virus concentration is presented
in Fig. 6B, while negative control (naive NP swab speci-
men), lacking SARS-CoV-2 markers, is shown in Fig. 6C.
The identification of SARS-CoV-2 was enabled based on
its six unique markers owing the expected retention times
and the NP-designed MRM transitions panel. Peak intensi-
ties in NP-spiked samples after IMS were similar to buffer
spiked samples, demonstrating the high capture efficiency
from complex matrices. The assay’s reproducibility was
evaluated by calculating the precision (relative standard
deviation) values for peak intensities, of all selected MRM
transitions for each marker, obtained from 19 distinct spiked
NP specimens. The MRM transitions’ peak ratios, defined
for each peptide marker, were calculated with their standard
deviation. The precision values of peak intensities and MRM
transition ratios were less than 30% (Table 2). MRM transi-
tions’ peak ratios were consistent with the ratios obtained
from a buffer spiked with the same SARS-CoV-2 concentra-
tions (positive control samples).

Criteria for SARS-CoV-2 identification
Even though one unique marker is sufficient to provide

a reliable basis for virus identification, a panel of six
unique and specific peptide markers, originating from

@ Springer
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distinct regions in two different viral proteins, was estab-
lished [29]. Therefore, there is a high probability that virus
detection will not be abolished, even in case of mutations
occurring during the spread of the virus, virus fragmenta-
tion, or unexpectedly challenging matrices. Based on our
finding, we outline criteria for unambiguous identification
of SARS-CoV-2 in NP swab specimens: (a) one marker, as
a minimum, with at least two MRM transitions, each with
S/N >3, having a suitable MRM peak ratio as the posi-
tive control assay performed in a spiked buffer or negative

swab NP sample (Table 2); (b) chromatographic retention
times correlating to the positive control (Table S1).

Analysis of clinical samples

The assay was further evaluated in a real-life setting using
authentic clinical NP swab specimens, previously diagnosed
by RT-gPCR. A total of 26 NP swab specimens, 13 testing
negative and 13 testing positive, were examined using the
developed assay. Table 3 summarizes the results for marker

Table 3 Clinical sample analysis. SARS-CoV-2 markers detected and identified in NP swab specimens by LC-MS/MS(MRM) analysis. At least
one marker with two MRM transitions, positive control-compatible MRM’s ratio, and r.t are required for marker’s identification

NP specimens  PCR (Ct)

Markers (MRM transitions)

r.t (min)?

1 +(16.3)

2 +(21.0)

3 +(15.7)

4 +(17.4)

5 +(19.9)
+(17.9)

7 +(19.2)

8 +(19.2)

9 +(19.8)

10 +(20.8)

11 +(20.5)
12 +(20.0)

13 +(20.0)

14-26 -(>40.0)

S-18 (366.9>609.4, 366.9 >496.2), N-8 (443.7 > 682.3,
443.7>519.3,443.7>448.2, 443.7>176.6), N-5
(563.8>892.5, 563.8>207.1), S-16 (570.3 > 879.6,
570.3>440.2)

S-18 (366.9>609.4, 366.9 >496.2), N-8 (443.7 > 682.3,
443.7>448.2), S-16 (570.3>879.6, 570.3>440.2)

S-18 (366.9>609.4, 366.9 >496.2), N-8 (443.7 > 682.3,
443.7>519.3, 443.7>448.2, 443.7> 176.6), S-26
(475.3>711.5,475.3>466.3, 475.3>239.1),

N-5 (563.8>892.5, 563.8>207.1, 563.8 > 679.4,
563.8>232.1), S-16 (570.3>879.6, 570.3>440.2,
570.3>782.5)

S-18 (366.9>609.4, 366.9 >496.2), N-8 (443.7 > 682.3,
443.7>519.3), S-16 (570.3>879.6, 570.3 >440.2)

S-18 (366.9>609.4, 366.9>496.2, 366.9 >412.3),
N-8 (443.7>682.3, 443.7>519.3, 443.7>448.2),
N-5 (563.8>892.5, 563.8>207.1, 563.8 > 679.4,
563.8>232.1), S-16 (570.3>879.6, 570.3>440.2,
570.3>782.5), S-11 (613.3>207.1, 613.3>991.5)

S-18 (366.9>609.4, 366.9 > 496.2), N-8 (443.7 > 682.3,
443.7>519.3), N-5 (563.8 > 892.5, 563.8>207.1,
563.8>679.4), S-16 (570.3>879.6, 570.3>440.2,
570.3>782.5)

S-18 (366.9>609.4, 366.9 >496.2, 366.9 > 425.3), N-8
(443.7>682.3,443.7>519.3, 443.7> 176.6), N-5
(563.8>892.5, 563.8>207.1, 563.8 >232.1)

S-18 (366.9>609.4, 366.9 > 496.2), N-8 (443.7 > 682.3,
443.7>519.3)

S-18 (366.9>609.4, 366.9>496.2, 366.9>412.3,

366.9>360.2), N-8 (443.7> 682.3, 443.7 > 448.2), N-5

(563.8>892.5, 563.8>207.1), S-11 (613.3>991.5,
613.3>878.5)

S-18 (366.9>609.4, 366.9>496.2, 366.9 > 412.3),
N-8 (443.7>682.3, 443.7>448.2, 443.7> 176.6),
N-5(563.8>892.5, 563.8>207.1, 563.8 > 679.4,

563.8>232.1), S-16 (570.3>879.6, 570.3 >440.2, S-11

(613.3>207.1,613.3>991.5, 613.3>235.1)

N-8 (443.7>448.2,443.7>519.3, 443.7>176.6), N-5
(563.8>892.5, 563.8>232.1)

4.43 (S-18), 3.05 (N-8), 4.22 (N-5), 5.56 (S-16)

4.42 (S-18), 3.06 (N-8), 5.57 (S-16)

4.41 (S-18), 3.06 (N-8), 3.40 (S-26), 4.22 (N-5), 5.55
(S-16)

4.42 (S-18), 3.06 (N-8), 5.56 (S-16)

4.42 (S-18), 3.06 (N-8), 4.22 (N-5), 5.56 (S-16), 6.01
(S-11)

4.42(S-18), 3.06 (N-8), 4.22 (N-5), 5.56 (S-16)

4.42 (S-18), 3.06 (N-8), 4.23 (N-5)
4.41(S-18), 3.06 (N-8)

4.41 (S-18), 3.06 (N-8), 4.22 (N-5), 6.01 (S-11)

4.42 (S-18), 3.06 (N-8), 4.22 (N-5), 5.58 (S-16), 6.01
(S-11)

3.06 (N-8), 4.22 (N-5)

 Retention time accuracy < +0.05 min
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Fig.7 LC-MS/MS(MRM)
identification of SARS-CoV-2
in clinical sample. An example

AYNVTQAFGR (N-5)

563.8>892.5 563.8>207.1

for the identification of a spe-
cific marker (AYNVTQAFGR,
N-5) derived from immunomag-
netic capture of the virus from
swab NP individual, followed (A)

by tryptic digestion. (A) LC— POS'“Ye NP
MS/MS(MRM) chromatograms specimen
(two MRM transitions) of posi-
tive NP specimen. (B) LC-MS/
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MS(MRM) chromatograms

(two MRM transitions) of 10°
SARS-CoV-2 spiked to negative
NP specimen (positive control).
(C) LC-MS/MS(MRM) chro-
matograms (two MRM transi- (B)
tions) of negative NP specimens
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identification in NP swab samples using LC-MS/MS(MRM)
analysis. Figure 7 demonstrates the identification of repre-
sentative SARS-CoV-2-specific marker (N-5) in a positive
NP specimen (Fig. 7A), as well as in SARS-CoV-2 spiked
into negative NP swab specimen (Fig. 7B). This marker is
absent from a negative NP sample (Fig. 7C). Similarly, the
presence of SARS-CoV-2 was confirmed in 11 specimens
which previously tested positive with Ct values in the range
of 15.7-21. In these samples, the virus was identified based
on 2 to 5 identified markers with two or more previously
validated MRM transitions, each with S/N > 3, having suit-
able MRM peak ratios and chromatographic retention times
correlating to the positive control. In two of the thirteen
NP specimens reported as positive (Ct values of 19.9 and
20.5), the virus was not identified based on the presented
assay. Discrepancies with RT-qPCR are possibly due the
fundamentally different viral constituent assayed by MS and
PCR — the RT-qPCR identifies RNA while the LC-MS
detects and identifies proteins. The presence of one does
not necessarily mean the presence of the other, since clini-
cal samples may contain residual viral genetic material and
not the intact virus [12]. The virus concentrations in the
tested clinical samples were evaluated by comparison with a
standard curve created by negative NP samples spiked with

@ Springer

known concentrations of SARS-CoV-2. The tested clinical
samples were found to contain virus calculated concentra-
tions of 5x 10°~ 2x 10°> PFU/ml. In addition, it has been
shown that all 13 RT-qPCR-negative NP samples did not
contain any marker of SARS-CoV-2; thus, no false posi-
tive result was observed. The proposed assay achieved 92%
(24/26) concordance with RT-qPCR assay.

Conclusions

In this study, we developed a sensitive, reliable, and highly
specific approach for the identification of six SARS-CoV-2
unique markers, derived from Spike (S) and Nucleocapsid
(N) proteins, based on the combination of virus selective
enrichment from nasopharyngeal (NP) specimens and tar-
geted LC-MS/MS(MRM) analysis. A sensitive and selec-
tive LC-MS/MS(MRM) analysis method was developed for
the identification of the selected tryptic peptide markers. A
virus enrichment method from clinical challenging matri-
ces was established based on IMS of SARS-CoV-2, prior
to its tryptic digestion, using magnetic beads coated with
polyclonal IgG-a-SARS-CoV-2 antibodies. We consider the
sample preparation protocol to be straightforward, consisting
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of virus capture at 37 °C for 30 min followed by a washing
series, heating for virus deactivation and denaturation fol-
lowed by 2 h of tryptic digestion and 10 min of LC-MS/
MS(MRM) analysis. The overall process takes about 3 h.
While sample preparation is done simultaneously on multi-
ple samples, sample analysis using LC-MS is done sequen-
tially. Therefore, shortening LC-MS/MS(MRM) analysis
in the future may significantly shorten the entire process
time in case of numerous samples. This study presents a
comprehensive evaluation of the effect of NP swab matrices
on virus direct diagnosis and the contribution of the IMS
technique, combined with MS-based MRM analysis, to
improving assay sensitivity. We suggest that this Ab-based
approach, in contrast to other virus non-selective enrich-
ment methods, can deal with different challenging clinical
matrices. This approach both increased sample concentra-
tion and significantly reduced matrix background noise.
These resulted in an improved sensitivity by more than an
order of magnitude, for the identification of SARS-CoV-2
from buffer (1 x 10° PFU/ml) and NP specimens (5 X 10°
PFU/ml), compared to direct determination of the virus from
NP specimens. Additional sensitivity improvement may be
achieved by performing the IMS from larger volumes of NP
specimens. The assay was verified in 19 diverse naive NP
specimens spiked with SARS-CoV-2 and proved to be lin-
ear, quantitative, and reproducible. Finally, the assay was
successfully applied in clinical NP samples (n=26) pre-
determined by RT-qPCR as positive or negative, achieving
92% concordance with the current gold standard assay.

The assay described here is highly reliable, specific, and
sensitive, and thus potentially may serve as a complemen-
tary assay to RT-qPCR. This assay has the potential to be
further extended to additional relevant clinical matrices. In
addition, the IMS concept, which enables selective virus
capturing from matrix interferences to MS-based analy-
sis, may be applied as a sensitivity enhancement step in
diagnostic assays for the identification of other viruses
and pathogens.
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