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A B S T R A C T   

The spike glycoprotein mediates virus binding to the host cells and is a key target for vaccines development. One 
SARS-CoV-2 vaccine is based on vesicular stomatitis virus (VSV), in which the native surface glycoprotein has 
been replaced by the SARS-CoV-2 spike protein (VSV-ΔG-spike). The titer of the virus is quantified by the plaque 
forming unit (PFU) assay, but there is no method for spike protein quantitation as an antigen in a VSV-based 
vaccine. Here, we describe a mass spectrometric (MS) spike protein quantification method, applied to VSV- 
ΔG-spike based vaccine. Proof of concept of this method, combining two different sample preparations, is shown 
for complex matrix samples, produced during the vaccine manufacturing processes. Total spike levels were 
correlated with results from activity assays, and ranged between 0.3− 0.5 μg of spike protein per 107 PFU virus- 
based vaccine. This method is simple, linear over a wide range, allows quantification of antigen within a sample 
and can be easily implemented for any vaccine or therapeutic sample.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was 
identified as the causative agent for the coronavirus disease COVID-19 
(Wu et al., 2020). As of February 2022, the ongoing worldwide 
epidemic has resulted in the infection of more than 400 million people 
and about 6 million deaths, causing severe economic burdens and hin-
dering social activity and development worldwide (WHO, 2021). In a 
mission to fight the epidemic, several vaccines have been developed and 
approved for use while more than 300 other vaccines, which are based 
on varying strategies, are in clinical and pre-clinical trials. 

Neutralizing antibodies and/or T-cell immune responses can be 
raised directly against several SARS-CoV-2 proteins, but mainly target 
the spike protein. This protein mediates binding of the virus to its re-
ceptors, the angiotensin converting enzyme 2 (ACE2), which promotes 
fusion between the viral and host cell membranes (Martínez-Flores et al., 
2021). The data suggest that the spike protein, which induced specific 

immune responses, can play an important role in the fight against 
SARS-CoV-2 infection. In addition, since the spike protein is involved in 
receptor recognition, as well as virus attachment and entry, it represents 
one of the most important targets for any SARS-CoV-2 vaccine and 
therapeutic. One of the vaccines being tested in clinical trials was 
developed and is produced by the Israel Institute for Biological Research 
(IIBR). It is based on the vesicular stomatitis virus (VSV) in which the 
native surface glycoprotein (VSV-G) has been replaced by the 
SARS-CoV-2 spike protein (VSV-ΔG-spike) (Yahalom-Ronen et al., 
2020). While the titer of the virus is quantified by the plaque forming 
unit (PFU) assay (Dulbecco, 1952), which permits determination of 
virus titer in cell culture, no method for spike protein quantitation as an 
antigen in a VSV-based vaccine has yet been demonstrated. Since the 
spike induces a specific immune response, its quantification is critical. 
To this end, we have developed a quantitative assay for total spike 
protein in VSV-ΔG-spike samples based on tryptic digestion of the 
sample followed by liquid chromatography-tandem mass spectrometric 
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multiple reaction monitoring (LC–MS/MS(MRM)) analysis. The assay is 
simple, reliable, linear over a wide range, and the results of total spike 
levels were correlated with results from virus activity assays. 

A few studies for SARS-CoV-2 quantification, using markers derived 
from the virus proteins, were published (for example (Gouveia et al., 
2020b, 2020a; Pierce-Ruiz et al., 2021). Recent publications from our 
lab presented a rapid and reliable assay for SARS-CoV-2 identification 
based on specific markers derived from viral nucleocapsid (N) and spike 
proteins using mass spectrometric analysis. The assay uses a tryptic 
digest of clinical specimens and analyzes the tryptic peptides by a reli-
able quantitative and sensitive LC–MS/MS(MRM) method (Schuster 
et al., 2021). MS analysis-based MRM target mode is highly sensitive and 
specific. This technique monitors specific fragmentation of selected 
peptide sequences (MRM transition from precursor ion to its fragment). 
Therefore, it can selectively identify and quantify compounds within 
complex matrices. To improve the assay’s performances, an additional 
step has been added, in which the virus is captured and thereby enriched 
by immuno-magnetic beads, which reduces background interferences 
(Schuster et al., 2022). 

Application of this assay to quantify the spike protein as an antigen in 
VSV-ΔG-spike virus-based vaccine samples is shown here. Three spike 
tryptic peptide markers: FLPFQQFGR, SFIEDLLFNK and HTPINLVR 
were followed. The quantification of these selected markers in spike 
protein and SARS-CoV-2 has been validated in our previous work 
(Schuster et al., 2021). To test the applicability of the method on 
VSV-ΔG-spike, high concentrations of purified vaccine samples were 
diluted to titers of 108, 107, and 106 PFU/mL with ammonium bicar-
bonate, digested by trypsin and analyzed by LC–MS/MS(MRM). Since 
the vaccine dosage >107 FPU/mL, lower and higher titers were tested. 
The buffer of the purified vaccine contains high concentrations of sugar 
and salt. Hence, to evaluate matrix effects, preliminary experiments 
were conducted that compare tryptic digest of spike protein in ammo-
nium bicarbonate buffer (the standard tryptic digest buffer) versus 
vaccine purification buffer. The results demonstrated the same perfor-
mance; therefore, ammonium bicarbonate buffer was used for further 
experiments. The appearance of all three peptide markers was clearly 
observed (Fig. 1A) and the limit of detection (LOD) was 106 PFU/mL. 
The assay’s linearity is demonstrated in Fig. 1B for the three peptides 
over a concentration range of two order of magnitude (106–108 

PFU/mL). The R2 values obtained for linear curves were ≥0.9998. The 
calculated precision value was in the range of 4–20 %. 

To evaluate the assay’s performance, it was applied to three different 
purified VSV-ΔG-spike samples that were taken from different produc-
tion processes performed using the same conditions. All samples were 
diluted with ammonium bicarbonate to 107 PFU/mL, digested by trypsin 

and analyzed by monitoring the three peptides markers. Quantification 
of VSV-ΔG-spike protein in the samples was based on calibration curves 
constructed using data obtained from tryptic digestion of several con-
centrations of purified spike protein in ammonium bicarbonate buffer. 
For each marker, the precision and accuracy range values were calcu-
lated for each MRM transition and the one with the best performance 
was chosen for quantification (Table 1, top half). The assay’s repro-
ducibility was evaluated by calculating the precision (relative standard 
deviation) values for markers obtained from different VSV-ΔG-spike 
production processes. The precision range of the three production pro-
cesses, presented in the bottom half of Table 1 was lower than 30 %, 
while the best precision (< 13 %) was obtained for FLPFQQFGR marker. 
The results indicate that 107 PFU contain 300− 500 ng spike protein. 

Up to this point, the assay had been developed for samples con-
taining purified vaccine virus before formulation. However, the final 
formulation of the VSV-ΔG-spike vaccine contains high concentration 
(2.5 mg/mL) of human serum albumin (HSA) that is added to improve 
the vaccine’s stability (all other components are the same as the puri-
fication buffer). To fully characterize the final product for clinical trials, 
the antigenic spike protein must be quantified. However, the presence of 
HSA in VSV-ΔG-spike samples challenges the described method in three 
ways, related to both sample preparation and LC–MS analysis: (1) 
Decreased tryptic digestion efficiency for VSV-ΔG-spike since the trypsin 
digests all proteins found in a sample. HSA concentration is much higher 
than that of the spike protein on VSV; so that most of the trypsin will be 
“consumed” by HSA digestion and the efficiency of spike digestion might 
decrease. (2) Decreased ionization efficiency – matrix effects caused by 

Fig. 1. Quantification of VSV-ΔG-spike 
markers using LC–MS/MS(MRM) analysis. (A) 
LC–MS/MS(MRM) chromatogram for the iden-
tification of three tryptic peptides derived from 
tryptic digestion of 107 PFU/mL VSV-ΔG-spike. 
An example for one MRM transition for each 
peptide is shown (MRM transition from pre-
cursor to its fragment ion 570 > 440, 613 >
206, 475 > 711 for FLPFQQFGR, SFIEDLLFNK, 
HTPINLVR respectively). (B) The assay’s line-
arity in the range of 106–108 PFU/mL with 
precision lower than 20 % is shown.   

Table 1 
Spike quantification in different VSV-ΔG-spike samples.  

SFIEDLLFNK 
(613 > 206) 

HTPINLVR 
(475 > 711) 

FLPFQQFGR 
(570 > 440) 

Marker  

2− 10 3− 9 2− 9 Precision 
% 

Calibration 
curve (spike 
tryptic digest) 

3− 9.7 0.5− 9.5 0.4− 7.8 
Accuracy 
% 

0.9986705 0.999125 0.999286 
Linearity 
(r2)  

S protein (ng/mL)  

Samples 107 

PFU/mL 

464 492 554 #1 
321 326 296 #2 
504 469 440 #3 

2− 26 6− 16 5− 13 
Precision 
%  
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high concentrations of co-eluting HSA tryptic peptides, may decrease 
the ionization efficiency of VSV-spike markers and be observed as a loss 
in signal response. (3) High background noise – the high concentrations 
of HSA tryptic peptides may cause a high chromatographic baseline 
level which would result in decreased S/N ratio, translated as reduced 
sensitivity for spike protein markers. Therefore, a sample preparation 
method to separate VSV-ΔG-spike from matrix interferences was 
required here. 

Two different approaches for sample preparation to LC–MS analysis 
were tested:  

1 Removal of HSA from the matrix by precipitation (Wetzel et al., 
1980).  

2 Immuno-Magnetic Separation (IMS) of VSV-ΔG-spike from its 
matrix. 

HSA precipitation was performed by heating the sample for 5 min 
followed by centrifugation for two minutes. Precipitation was clearly 
observed. Using this procedure, high chromatographic background was 
observed in LC–MS/MS(MRM) analysis of vaccine formulation buffer as 
a result of HSA residue left in the solution. The identification of 107 

PFU/mL VSV-ΔG-spike containing HSA was enabled by two markers 
(FLPFQQFGR and SFIEDLLFNK), each with two MRM transitions, 
although signal reduction was observed. The third marker could not be 
detected as a result of interfering peaks (Supplementary Figure S1). 

To examine the performance of the assay in formulation matrix, 
vaccine formulation buffer containing HSA was spiked with spike pro-
tein to a level of 50− 50,000 ppb (ng/mL) prior to the assay. The same 
spike protein concentrations in ammonium bicarbonate buffer were 
digested for comparison. The resultant calibration curves for tryptic 
digest of spike protein in formulation buffer containing HSA and in 
ammonium bicarbonate buffer are shown in Fig. 2. Linear curves were 
attained but peak intensity values were much lower for the formulation 
buffer containing HSA. As a result, only 500 ppb of spike protein could 
be detected in formulation buffer containing HSA comparing to 100 ppb 
in the corresponding ammonium bicarbonate buffer samples. Although 
values were lower for formulation buffer containing HSA, the linearity 
of its calibration curve indicates the possibility to quantify VSV-ΔG- 
spike in formulation buffer while using a calibration curve of spike 
protein digested in the same buffer. 

To test this approach, two samples of 107 PFU/mL VSV-ΔG-spike 
vaccine product, both in formulation buffer containing HSA, were 
examined. Precipitation of HSA was performed as described (heating 
and centrifugation). 500− 50000 ppb spike protein samples, spiked to 
formulation buffer containing HSA, were used as a calibration curve. 

The calibration curve was linear with precision and accuracy <20 %. For 
both 107 PFU/mL vaccine samples, 300− 350 ng of spike protein was 
measured, which is consistent with the above purified VSV-ΔG-spike 
samples. 

A major sample factor influencing signal intensity is the analyte’s 
concentration in relation to the background noise. Adding concentration 
and noise-reduction steps usually improve sensitivity. One such method 
is Immuno-Magnetic Separation (IMS), which specifically concentrates 
the analyte by immune capture, while usually reducing background. We 
therefore applied IMS of VSV-ΔG-spike from the formulation matrix. 
This can be achieved using immuno-magnetic beads, as described 
recently in our lab (Schuster et al., 2022). In this study, a rapid and 
simple protocol for SARS-CoV-2 capture from challenging matrices, 
prior to its tryptic digestion, was accomplished using magnetic beads 
coated with polyclonal IgG anti SARS-CoV-2 antibodies (anti spike or 
anti SARS-CoV-2), enabling sample concentration while significantly 
reducing background noise that interferes with LC–MS analysis. This 
method enabled sensitive and quantitative determination of 
SARS-CoV-2. For initial proof of concept, the capture efficiency of these 
Abs toward VSV-ΔG-spike was evaluated. The assay was conducted in 
triplicates of VSV-ΔG-spike diluted in ammonium bicarbonate buffer, 
with or without immuno-magnetic enrichment. Virus enrichment was 
performed from an initial volume of 1 mL samples of 107 PFU/mL 
VSV-ΔG-spike. At the end of the capture process, beads with the 
attached virus were re-suspended in 0.1 mL ammonium bicarbonate 
buffer for tryptic digestion. For comparison, tryptic digestion was per-
formed in a 0.1 mL sample containing the original virus concentration 
without the capture. Theoretically, ideal capture efficiency would allow 
a 10-fold increase in the markers’ peak intensity in comparison to 
markers derived from tryptic digestion without prior enrichment. Both 
Abs used had significant capture efficiencies (>40 %), while one of them 
(anti SARS-CoV-2) resulted in an ~8-fold enrichment efficiency (Fig. 3), 
signifying some virus loss in the process, but corresponding to an 
~8-fold sensitivity increase. 

In summary, we suggest employing a targeted mass-spectrometric 
method for the quantitation of SARS-CoV-2 spike antigen in a vaccine. 
Since the spike induces a specific immune response, its quantification is 
critical. The titer of the virus is quantified by the PFU assay. However, 
the titer results should be accompanied by antigenic quantification to 
evaluate the immune response. In addition, consistency of quantification 
results in different vaccine batches is important for vaccine authenti-
cation. Application of this technique was demonstrated in VSV-ΔG-spike 
vaccine samples. Analysis of these samples from different production 
processes revealed that all have the same total spike levels per PFU. 
Application of this technique for more complexed matrices was 

Fig. 2. Calibration curves for tryptic digest of purified spike protein in 
ammonium bicarbonate buffer (squares) vs. formulation buffer (circles). Results 
are shown for SFIEDLLFNK peptide, 613 > 206. 

Fig. 3. Immuno-magnetic separation of VSV-ΔG-spike (107 PFU/mL) using 
polyclonal-anti-SARS-CoV-2 Abs. Peak intensities of the three selected spike 
markers from IMS samples using anti-spike (blue hatched bars) and anti SARS- 
CoV-2 (hatched purple bars) comparing to direct analysis without capture (light 
blue bars). 
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challenging, and led us to develop two different sample preparation 
approaches for antigen purification. The simple and more rapid version, 
based on HSA removal from the matrix by precipitation, was verified as 
quantitative although resulted in reduced assay sensitivity due to HSA 
residue left in the sample. The second version, based on IMS of VSV-ΔG- 
spike from its matrix, resulted in more effective purification, and, hence, 
increased assay sensitivity. The proposed method is simple, rapid and 
allows antigen quantification in variety of matrices over a wide range of 
concentrations, making it useful for any number of vaccine and thera-
peutic samples. 

2. Materials and methods 

2.1. Reagents 

All solvents and chemicals used in LC–MS/MS analysis were of 
LC–MS grade. Acetonitrile (Cat. Number 120,410,100), water (Cat. 
Number 232141B1) and formic acid (99 % purity, Cat Number 691,413) 
were purchased from Bio Lab. Ammonium bicarbonate (NH4HCO3, Cat 
Number A6141− 500 G) and Octyl-β-D-glucopyranoside (OG, Cat 
Number O8001− 1 G) were purchased from Sigma-Aldrich. Spike pro-
tein was synthesized in-house as previously described (Schuster et al., 
2022, 2021). Phosphate-buffered saline (PBS, pH 7.4, Cat. Number 
02-023-1A) and sequencing grade modified trypsin (Cat. Number 
V5111) were purchased from Biological Industries. Anti-spike and 
anti-SARS-CoV-2 polyclonal Abs were produced as previously described 
(Makdasi et al., 2021; Noy-Porat et al., 2020). Biotinylation of the pu-
rified IgG fraction was carried out as described (Barlev-Gross et al., 
2021). 

2.2. Vaccine samples 

The VSV-ΔG-spike vaccine was produced in BioBLU® 5p Eppendorf 
single-use bioreactors in Vero cell that were absorbed to Fibra-Cels. The 
medium from the bioreactors, containing the released vaccine virus, was 
harvested and transferred to downstream process (DSP) that comprises 
several steps (as described earlier (Lerer et al., 2021; Makovitzki et al., 
2021). The purification steps include: endonuclease digestion of host 
cell DNA, followed by clarification by a train of decreasing cut off filters, 
chromatographic purification, and tangential flow filtration (TFF). At 
the final step, HSA was added for stability of the vaccine product. The 
samples that were analyzed herein were taken from the last step of 
purification (after TFF) from different production and purification pro-
cesses, as well as from the vaccine products (after adding HSA). 

2.3. VSV-ΔG-spike capture 

Biotinylation of polyclonal Abs was carried out as described in 
(Barlev-Gross et al., 2021). Commercial magnetic beads, 1 μm diameter 
(Dynabeads MyOne Streptavidin T1) coated with streptavidin, were 
blocked with 5% bovine serum albumin (BSA) solution, and washed 
twice with PBS, followed by resuspension to 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 3 washes 
with PBS to remove excess unbound Abs. Capture of VSV-ΔG-spike was 
performed on a 1 mL sample, by adding 20 μL of beads bound to Abs. The 
samples were rotated at 37 ◦C for 30 minutes followed by washing with 
decreasing volumes of ammonium bicarbonate buffer (1000, 500, 200 
μL), resuspended to a final volume of 100 μL, corresponding a 10-fold 
sample concentration. 

2.4. Tryptic digestion 

Tryptic digestion was done as previously described (Schuster et al., 
2021). Briefly, 100 μL samples (purified spike proteins or buffer diluted 
VSV-ΔG-spike vaccine samples) were heated for denaturation (95℃, 10 

min.). After 2 min of cooling, 2 μL of sequencing grade modified trypsin 
(0.5 μg/μl) and 2 μL of 10 % Octyl-β-D-glucopyranoside were added (at 
final concentrations of 1 μg/100 μL and 1% (w/v), respectively) to the 
sample tubes, followed by 2 h off incubation at 50℃ with continuous 
rotation (600 RPM). The tryptic digestion was stopped by adding 10 μL 
of 10 % formic acid (final concentration 1%), followed by 2 min of 
centrifugation (at 14,000 rpm). The resulting supernatants were trans-
ferred to LC-MS analysis vials. 

2.5. 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. The 
running conditions were: 1.7 μm UPLC C18 column (150 × 2.1 mm, 1.7 
μm) kept at 40℃, based on charged surface hybrid (CSH) technology, 
applying water/acetonitrile acidic (1% formic acid) gradient and 10- 
minute cycle time. Mobile phases were 1% formic acid in H2O (A) and 
1% formic acid in ACN:H2O (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 decrease to 0% A over 2.5 min, held for 1 min, then increase to 
100 % A over 0.1 min and held another 1.9 min, for a total run time of 10 
min. The injection volume was 10 μL, and the flow rate was 0.4 mL/min. 
The capillary voltage was adjusted to 0.6 Kv and the source temperature 
was set at 150℃. 
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