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The advent of mRNA vaccine technology has been vital in rapidly creating and manufacturing COVID-19
vaccines at an industrial scale. To continue to accelerate this leading vaccine technology, an accurate
method is needed to quantify antigens produced by the transfection of cells with a mRNA vaccine prod-
uct. This will allow monitoring of protein expression during mRNA vaccine development and provide in-
formation on how changes to vaccine components affects the expression of the desired antigen.
Developing novel approaches that allow for high-throughput screening of vaccines to detect changes
in antigen production in cell culture prior to in vivo studies could aid vaccine development. We have de-
veloped and optimized an isotope dilution mass spectrometry method to detect and quantify the spike
protein expressed after transfection of baby hamster kidney cells with expired COVID-19 mRNA vaccines.
Five peptides of the spike protein are simultaneously quantified and provide assurance that protein di-
gestion in the region of the target peptides is complete since results between the five peptides had a rel-
ative standard deviation of less than 15 %. In addition, two housekeeping proteins, actin and GAPDH, are
quantified in the same analytical run to account for any variation in cell growth within the experiment.
IDMS allows a precise and accurate means to quantify protein expression by mammalian cells transfected
with an mRNA vaccine.

Published by Elsevier Ltd.
1. Introduction

For some time now, multiple strategies for SARS-CoV-2 vaccine
development have been actively pursued, including the use of inac-
tivated virus, recombinant protein, mRNA, DNA, and viral vector
vaccines [1]. Fig. 1 shows the current landscape of COVID-19 can-
didate vaccines according to the World Health Organization
(WHO). As of March 6, 2023, there were 379 candidate vaccines
with 180 having progressed to various stages of clinical trial.
Forty-two off those 180 were RNA-based vaccines, 25 were viral
vector non-replicating, and 4 were viral vector replicating. The
spike glycoprotein is the main antigenic target for vaccine develop-
ment. The nucleocapsid protein, a multifunctional protein that pri-
marily functions for binding to the viral RNA genome and packing
it into a long helical nucleocapsid structure, has also been found to
be highly immunogenic and expressed abundantly during coron-
avirus infections [2].
The mRNA vaccines possess unique advantages, including short
development time, production in a cell-free environment, and their
use of the translational machinery of the host [3]. Two classes of
mRNAs—non-replicating and self-amplifying mRNA (SAM), are
currently being developed for use as vaccines. Non-replicating
mRNA encodes only the protein of interest, while SAM also en-
codes proteins enabling RNA replication [4]. While the technology
has been in development for more than two decades [5], the use of
mRNA as a vaccine had not previously been given extensive con-
sideration because of the ease in which RNA degrades, the ubiqui-
tous presence of ribonucleases, and the challenge of mRNA
intracellular delivery [6,7].

Since the eukaryotic initiation factor (eIF) recognizes and binds
to the cap of mRNA, efforts to improve synthetic mRNA material
have focused on development of new cap-analogs [8,9] to protect
the mRNA from rapid degradation by intra-cellular exonucleases
and to aid in protein translation [6]. Other areas of investigation in-
clude the incorporation of 50 and 30 untranslated regions (UTRs)
and a Poly(A) tail to also aid in stability and translation efficiency
[10]. In addition, the delivery of mRNA can be mediated by both vi-
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Fig. 1. Landscape of COVID-19 candidate vaccines obtained from the World Health Organization on March 6th, 2023. COVID-19 vaccine tracker and landscape (who.int). Of
the vaccine candidates in clinical trials, 51 are recombinant (blue), 29 are RNA (yellow), 22 are non-replicating viral vector (green), 21 are inactivated viruses (grey), and 16
are DNA based (brown).
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ral and non-viral vectors. Non-viral delivery vectors include lipid-
based, poly-based, and hybrid lipid-polymer systems [11], while
viral RNA delivery typically involves engineering of adeno-
associated viruses to carry nucleic acid cargos [12].

All modifications made to the mRNA construct can affect trans-
lational efficiency, which influences the amount of protein ex-
pressed. Studies conducted at the mRNA level are largely based
on a key assumption that mRNA expression is informative in pre-
dicting protein expression levels [13]. However, it is well docu-
mented that there is often poor correlation between mRNA and
protein abundance [14,15]. An accurate method is needed to mon-
itor the vaccine during development and evaluate the effect that
any changes to the construct or other vaccine components have
on the expression of the desired antigen. In addition, this method
should be able to accurately quantify multiple protein targets in
the event that multicistronic constructs are explored. In short, an
accurate method to quantify the amount of antigen produced in
3873
cell culture could be useful to evaluate potency prior to vaccine re-
lease and the ability to gauge vaccine stability over time and under
various storage conditions [16,17].

Protein quantification has traditionally been accomplished us-
ing sodium dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS-PAGE), two dimensional polyacrylamide gel electrophoresis
(2D-PAGE), enzyme-linked immunosorbent assay (ELISA), western
blots, surface plasmon resonance, and mass spectrometry [18–20].
SDS-PAGE is typically used to check the purity of the protein, and
image analysis and densitometry have been employed to quantify
protein bands [21,22]. 2D-PAGE is the standard method used in
comparative proteomic studies for measuring changes in protein
expression levels by comparing spot intensities, but it suffers from
limited dynamic range, gel-to-gel variations, and the inability to
resolve proteins of similar molecular weight [23,24]. Antibody-
based assays such as western blots and ELISA suffer from inherent
problems such as limited availability of high-quality antibodies
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and batch-to-batch variability of said antibodies. It is also imprac-
tical to use antibody-based approaches for large-scale quantifica-
tion of multiple proteins simultaneously [25,26]. Both gel-based
and antibody-based approaches generate semiquantitative mea-
surements. Mass spectrometry (MS) offers straightforward, gel-
free, and antibody-free workflows and can easily provide highly se-
lective absolute quantification of multiple proteins in the sample.
It also can be modified to quantify protein antigens of other dis-
eases in which mRNA and viral vector platforms are being
explored.

We previously reported an isotope dilution mass spectrometry
(IDMS) method to quantify spike and nucleocapsid proteins of
SARS-CoV-2 [27]. We have expanded the method to quantify the
amount of protein expressed in baby hamster kidney cells (BHK)
after transfection with an expired commercial vaccine material.
We include simultaneous quantification of multiple peptides from
two housekeeping proteins, actin and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), to serve as internal controls and allow
normalization of the data to account for possible variation between
the number of cells in the samples analyzed. We discuss in detail
the care that must be taken to obtain precise results, between pas-
sages, of a cell-based assay. This IDMS method provides a means to
accurately quantify multiple proteins, present in a wide dynamic
range, in mammalian cell samples.
2. Materials and methods

2.1. Recombinant protein and vaccine material.

Recombinant SARS-CoV-2 Spike (GCN4-IZ) His Protein was pur-
chased from R&D systems (Minneapolis, MN) and used without
further purification. Commercially available COVID-19 vaccine ma-
terial that was past the expiration date was received. These vials
were stored per manufactuerer’s instructions until use.
2.2. Growth, maintenance, and transfection of BHK cells

Baby Hamster Kidney cell (BHK-21) stocks were purchased
from the American Type Culture Collection (ATCC) (Manassas, VA
USA). According to ATCC quality control specifications, no my-
coplasma contamination was detected. The cells were removed
from liquid nitrogen and thawed quickly in a 37 �C water bath. Un-
der a biosafety cabinet, cells were transferred into a Corning (Corn-
ing, NY USA) 15 mL conical centrifuge tube along with 9 mL of
complete BioWhittaker� Dulbecco’s Modified Eagle’s Medium
(DMEM) (Lonza), Walkersville, MD USA), containing 5 % fetal
bovine serum (FBS) (ATCC), 1 % BioWhittaker� 200 mM L-
glutamine solution in 0.85 % NaCl (Lonza), and 1 % antibiotic–an-
timycotic solution (Corning). This suspension was centrifuged in
a Beckman Coulter (Indianapolis, IN USA) Allegra X-I4R centrifuge
with SX4750A rotor at 250 xg for 5 min. The supernatant was aspi-
rated to remove any dimethyl sulfoxide (DMSO) that had been
added to the cells they were frozen. The cells were resuspended
in 10 mL of complete DMEM and 20 lL was removed for cell
counts. Cell counts were performed by adding 20 lL of trypan blue
(Invitrogen, Carlsbad, CA USA) to the 20 lL of cell suspension. Ten
microliters of trypan blue/cells were added to each side of a dispos-
able CountessTM cell counting chamber slide (Invitrogen) and the
slide was placed into a CountessTM 3 automated cell counter (Invit-
rogen) to assess cell counts and viability using the automatic
brightness and contrast setting. The 10 mL suspension was added
to a 75 cm2 Corning cell culture flask and placed in a humidified
VWR (Radnor, PA USA) water jacketed CO2 incubator at 5 % CO2

and 37 �C. Cells were allowed to grow until 80–90 % confluency,
which was determined visually under an Olympus IX51 inverted
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microscope (Olympus Corporation, Tokyo, Japan), and then the
cells were split or passaged.

For cell passage, media was removed from the flask and cells
were washed once with 10 mL of BioWhittaker� 1X phosphate buf-
fered saline (PBS) without calcium or magnesium (Lonza). Five
milliliters of BioWhittaker� 1X trypsin-versene mixture (Lonza)
was added to cover the cell monolayer and then aspirated immedi-
ately. Flasks were placed in the incubator at 5 % CO2 and 37 �C for
3 min. Cells were visually observed under a microscope to ensure
dissociation. Ten milliliters of complete DMEM were added to the
flask and pipetted gently up and down over the cell monolayer to
detach the cells. Cell detachment was confirmed under a micro-
scope. Once detached, the suspension was pipetted up and down
multiple times to make a homogeneous suspension. The mixture
was transferred to a 15 mL conical centrifuge tube and cell counts
were taken as described above. For ongoing passages, 2 mL of cell
suspension and 8 mL of complete DMEM were added to multiple
75 cm2 flasks. To upscale for transfection, 5 mL of cell suspension
and 15 mL of complete DMEM were added to two 150 cm2 flasks.
The flasks were placed in the incubator at 5 % CO2 and 37 �C and
allowed to grow until 80–90 % confluency, at which point they
were passaged again or upscaled for transfection, using the same
procedure described here, or used for transfection as described
below.

In preparing cells for transfection, cells were passaged as de-
scribed above, until the step involving resuspension in 10 mL of
complete DMEM. After obtaining cell counts, the suspension was
centrifuged at 250 xg for 5 min, the supernatant was removed,
the cells were washed by resuspending in 10 mL of Opti-MEM
(Gibco, Grand Island, NY USA), and centrifuged again as described
previously. Based on cell counts, cells were resuspended in enough
Opti-MEM for a final concentration of 2.0x106 cells/mL. Two hun-
dred fifty microliters of cell suspension, 5.0x105 cells, were added
to 1.5 mL Eppendorf Protein LoBind� microcentrifuge tubes (Ep-
pendorf, Hamburg, Germany). Varying amounts of expired com-
mercial vaccine material were added to each tube. Since the
vaccine material contained lipid nanoparticles, no transfection
reagent was used in these experiments. The cell suspension and
vaccine were mixed by pipetting up and down multiple times in
the tube. The entire cell suspension/vaccine complex was added
to FisherbrandTM 6-well surface treated sterile tissue culture plates
(Fisher Scientific, Waltham, MA USA) with 2 mL of outgrowth me-
dia, DMEM containing 1 % FBS, 1 % L-glutamine, and 1 % antibiotic–
antimycotic solution, in each well. A control sample of 250 lL of
the cell suspension, with no vaccine, was also plated. Plates were
placed in the incubator at 5 % CO2 and 37 �C. After 24 h post trans-
fection, media was removed from each well, cells were washed
with 1X PBS, and plates were taken to begin IDMS. These were la-
beled 24-hour samples. For the 48-hour samples, media was re-
moved after 24 h post transfection, and 2.4 mL of fresh complete
DMEM was added to each well. The plates were placed back in
the incubator and allowed to grow an additional 24 h, after which
they were treated identically to the 24-hour samples.

2.3. Preparation of working stock, calibration, and labeled solutions

SARS-CoV-2 spike protein (S) and housekeeping (HK) peptide
mixtures (both native/light and labeled/heavy) were synthesized
by Vivitide (Gardner, MA USA). Vials contained 1 nmol of each tar-
get peptide for both S and HK, and separate native vials contained
5 nmol of each target HK peptide. The isotopically labeled/heavy
peptides were 13C15N labeled on the N-terminal arginine or lysine.
The two vials of the 1 nmol native peptide mixtures (S and HK)
were reconstituted in 0.5 mL of OptimaTM LC/MS grade water with
0.1 % formic acid (v/v) (0.1 % FA (aq)) (Fisher Scientific, Watham,
MA USA) and allowed to sit at room temperature for 30 min with
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occasional vortex mixing. The contents of the two native vials were
then combined yielding 1 mL of 1.0 pmol/lL native working stock
standard mixtures. The process was repeated for the 2 vials of 1 n-
mol labeled peptide mixtures. Nine 1.0 mL stock calibration stan-
dard mixtures were prepared by adding 1, 5, 10, 30, 50, 70, 90,
180, and 250 lL of the native standard peptide mixture, 50 lL of
the labeled standard peptide mixture, and enough 0.1 % FA (aq)
for a final volume of 1.0 mL. This resulted in calibration standards
with the following concentrations: 1, 5, 10, 30, 50, 70, 90, 180, and
250 fmol/lL. Samples prepared for protein quantification were
spiked with 5 lL of the 1.0 pmol/lL labeled working stock standard
mixture for quantitative analysis.

One vial of 5 nmol HK native peptide mixture was reconstituted
in 0.5 mL of 0.1 % FA (aq) yielding 10.0 pmol/lL native working
stock standard mixture. The vial was allowed to sit at RT for
30 min with occasional vortex mixing. Five 0.5 mL stock calibration
standard mixtures were prepared by adding 10, 20, 40, 80, 120, and
180 lL of the native standard peptide mixture, 25 lL of the labeled
standard peptide mixture used above, and enough 0.1 % FA (aq) for
a final volume of 0.5 mL. This resulted in calibration standards with
the following concentrations: 200, 400, 800, 1600, 2400, and 3600
fmol/lL.

2.4. Preparation of BHK cells and IDMS quantification

Directly to each well of the plates, 600 lL of PierceTM RIPA lysis
buffer (Thermo Scientific, Waltham, MA USA) was added and aspi-
rated then dispensed repeatedly with a pipette over the cell mono-
layer to ensure complete lysis of the cells. The lysates were
transferred to 2 mL Eppendorf Protein LoBind� microcentrifuge
tubes (Hamburg, Germany) and 2 lL (�678 U) of Deoxyribonucle-
ase 1 (DNase 1) (Invitrogen) was added to the tube to degrade the
DNA. The samples were then sonicated in an AQUASONIC model
150D sonicating water bath (VWR Scientific, Radnor, PA USA) for
30 min. After sonicating, 1200 lL of cold OptimaTM acetone (Fisher
Scientific, Waltham, MA USA) was added to each vial to precipitate
the protein from the cell lysate. If a sample needed to be split,
300 lL of cell lysate was transferred to a separate 2.0 mLmicrocen-
trifuge tube after sonication, and 900 lL of cold acetone was added
to each vial. The samples were then placed in a �20 �C freezer
overnight.

Samples were removed from the freezer and centrifuged at
16,162 xg in an Eppendorf (Enfield, CT USA) model 5430 R cen-
trifuge for 30 min. A protein pellet was visible on the bottom
and side of the tube. The supernatant was carefully removed and
900 lL of cold absolute (200 proof) ethanol (Fisher Scientific)
was added to wash the pellet to remove lipids [28]. The samples
were resuspended by vortexing before being centrifuged again
for 15 min at 16,162 xg and the ethanol was carefully removed
from the protein pellet located at the bottom and side of the Ep-
pendorf tube. The remaining ethanol was evaporated with a Lab-
conco Refrigerated CentriVap Concentrator (Kansas City, MO
USA). The samples were spun down using the preset speed of the
CentriVap at 27 �C until the pellet was dry. Then 75 lL of a 0.05
% solution of RapigestTM SF Surfactant (Waters Corporation, Milford,
MA USA) in 50 mM ammonium bicarbonate was added to each
sample, samples were heated for 5 min at 100 �C, and allowed to
cool to RT. After cooling, 10 lL (�172 pmol) of Promega Sequenc-
ing Grade Modified Trypsin (Promega) was added to each vial. The
protein pellet was not immediately soluble. Samples were place on
an Eppendorf ThermoMixer F 1.5 at 1500 rpm to ensure that the
pellet would be constantly mixed. The samples were subject to en-
zymatic digestion at 37 �C for 4 hrs.

After incubation, 10 lL of a 0.45 M HCl solution was added to
reduce the pH and samples were incubated at RT for 30 min to
cleave the acid-labile surfactant [29]. To each of the samples,
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5 lL of the 1.0 pmol/lL combined S and HK labeled working stock
mixture was added. All samples were vortexed and centrifuged at
16,162 xg for 10 min, to ensure all hydrophobic particles, proteins,
and peptides were on the side of the vial to avoid clogging the LC
column. Samples were then transferred to LC autosampler vials
for analysis.

2.5. LC/MS instrumentation parameters

A Thermo Scientific Vanquish Horizon Ultra High-Pressure Liq-
uid Chromatographic (UHPLC) system was configured for separa-
tion of target peptides. The analytical column utilized was
150 mm � 2.1 mm i.d. Hypersil GOLDTM Vanquish reversed-phase
C18 UHPLC column (1.9 lm particle size, Thermo Scientific). The
injection volume was 5 lL. The aqueous mobile phase (A) was Op-
timaTM LC/MS grade water with 0.1 % formic acid (v/v), while the or-
ganic mobile phase (B) was OptimaTM LC/MS grade acetonitrile with
0.1 % formic acid (v/v). The flow rate was held constant at 200 lL/
min. Initially, the mobile phase consisted of 98 % A and 2 % B and
was held at these initial conditions for 2 min to concentrate the
sample at the head of the column. At 2 min the gradient was
stepped to 50 % A and 50 % B over the next 23 min. The gradient
was stepped to 2 % A and 98 % B at 25 min and held at high organic
for 6 min to wash the column. The mobile phase was then switched
back to initial conditions (98 % A and 2 % B) at 35 min and the col-
umn was allowed to equilibrate for 22 min. The total analysis run
time was 57 min.

A Thermo Scientific TSQ AltisTM triple quadrupole tandem mass
spectrometer with an electrospray interface was used to analyze
the compounds eluting from the LC column. The instrument was
operated in positive ion mode and a selected reaction monitoring
(SRM) method was used. For each peptide, a quantification transi-
tion and two additional confirmation transitions were monitored.
All quantitative and confirmation transitions are listed in Table 1.
Instrument parameters were as follows: spray voltage 3500 V,
sheath gas 20, auxiliary gas 0, ion transfer tube temperature
300 �C, and collision gas pressure of 1.5 mTorr. Collision energies
were empirically determined using Skyline (MacCoss Lab Software,
Seattle, WA USA) which uses the base collision energy (CE) linear
equation that is optimized for the Altis [30]. Instrument control
and data processing was performed via Thermo Scientific
TraceFinderTM.

2.6. Polyacrylamide gel electrophoresis (PAGE) and western blot
analysis

Acetone-precipitated, RIPA-cell lysed proteins (non-vaccine
control and vaccine-transfected BHK-21 preparations) were resus-
pended in 40 lL sample buffer (comprising lithium dodecyl sulfate,
pH 8.4 and dithiothreitol) (Invitrogen). Samples were denatured at
70 �C for 10 min, followed by a 5–10 sec spin using a table-top cen-
trifuge. For each sample, 18 lL was loaded in duplicates, on one-
dimensional precast Novex NuPAGETM 4 to 12 % Bis-Tris, 1.0 mm,
mini gels (Invitrogen) and electrophoresed at 200 V for 45 min.
Precision plus proteinTM dual color standards (ranging from 10 to
250 kDa) were used as a size marker (Bio-Rad Laboratories, Her-
cules, CA USA). Additionally, 0.1 lg purified recombinant SARS-
CoV-2 spike protein (CDC, Division of Scientific Resources, Atlanta,
GA USA) and 2 lg human endothelial cell lysate (Becton, Dickinson
and Company, Madison, GA USA) were used as positive protein
controls.

First, separated proteins were fixed 30 min in 30 % methanol, 5
% acetic acid and visually examined using GelCodeTM Blue Safe Pro-
tein Stain (Thermo Scientific, Rockford, IL USA). Second, to confirm
spike protein expression, western blot analysis was performed.
Proteins were transferred out of the unstained duplicate gel to a



Table 1
Target peptides employed for the quantitation of SARS-CoV-2 spike (S) protein. Housekeeping proteins glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and actin (A) were
also quantified to allow normalization for the number of mammalian cells that were processed. All peptides were 13C15N isotopically labeled on the C-terminal lysine or arginine
and are indicated in bold font and underlined. M/z = mass/charge.

Target Peptide Protein Precursor ion (m/z) Quantification ion (m/z) Confirmation ion (m/z) Confirmation ion (m/z) Collision energy (eV)

GVYYPDK Spike(S1) 421.208 (+2) 685.319 (y5) 359.193 (y3) 522.256 (y4) 15.5

GVYYPDK Spike (S1) 425.215 (+2) 693.332 (y5) 367.207 (y3) 530.270 (y4) 15.5

GIYQTSNFR Spike (S1) 543.272 (+2) 624.310 (y5) 752.369 (y6) 915.432 (y7) 19.2

GIYQTSNFR Spike (S1) 548.276 (+2) 634.318 (y5) 762.377 (y6) 925.440 (y7) 19.2

FLPFQQFGR Spike (S1) 570.303 (+2) 879.447 (y7) 635.326 (y5) 782.394 (y6) 20.0

FLPFQQFGR Spike (S1) 575.307 (+2) 889.455 (y7) 645.334 (y5) 792.403 (y6) 20.0

VTLADAGFIK Spike (S2) 517.797 (+2) 721.388 (y7) 650.351 (y6) 535.324 (y5) 18.4

VTLADAGFIK Spike (S2) 521.804 (+2) 729.402 (y7) 658.365 (y6) 543.338 (y5) 18.4

ASANLAATK Spike (S2) 423.737 (+2) 688.399 (y7) 617.362 (y6) 503.319 (y5) 15.6

ASANLAATK Spike (S2) 427.744 (+2) 696.413 (y7) 625.376 (y6) 511.333 (y5) 15.6

AAFTSGK GAPDH 341.181 (+2) 539.282 (y5) 392.214 (y4) 610.320 (y6) 13.1

AAFTSGK GAPDH 345.189 (+2) 547.297 (y5) 400.228 (y4) 618.334 (y6) 13.1

AITIFQER GAPDH 489.274 (+2) 793.420 (y6) 579.289 (y4) 692.373 (y5) 17.6

AITIFQER GAPDH 494.278 (+2) 803.429 (y6) 589.297 (y4) 702.381 (y5) 17.6

VIPELNGK GAPDH 435.258 (+2) 657.356 (y6) 560.303 (y5) 770.440 (y7) 16.0

VIPELNGK GAPDH 439.265 (+2) 665.370 (y6) 568.318 (y5) 778.454 (y7) 16.0

AGFAGDDAPR Actin 488.727 (+2) 630.284 (y6) 701.321 (y7) 573.263 (y5) 17.6

AGFAGDDAPR Actin 493.731 (+2) 640.292 (y6) 711.330 (y7) 583.271 (y5) 17.6

GYSFTTTAER Actin 566.767 (+2) 678.342 (y6) 577.294 (y5) 825.410 (y7) 19.9

GYSFTTTAER Actin 571.771 (+2) 688.350 (y6) 587.302 (y5) 835.418 (y7) 19.9

IIAPPER Actin 398.239 (+2) 569.304 (y5) 498.267 (y4) 401.214 (y3) 14.9

IIAPPER Actin 403.243 (+2) 579.312 (y5) 508.275 (y4) 411.223 (y3) 14.9
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polyvinylidene fluoride (PVDF) membrane using the iBlot-2 rapid
dry blotting system (Invitrogen). The PVDF blot was subsequently
probed with affinity purified primary SARS-CoV-2 spike protein
(receptor binding domain) monoclonal antibody (Invitrogen,
1 lg/lL; 1:100 final dilution). For immunodetection, the anti-
rabbit WesternBreezeTM chromogenic kit (Invitrogen) was used.
For optimal antibody reactivity, the primary antibody was incubat-
ed overnight at +4 �C and the next day, the final steps in the Wes-
ternBreezeTM chromogenic kit protocol were completed. After
development and image scanning using Epson software (Epson
America, Inc., Alamitos, CA USA), PVDF blots were subsequently
washed twice with 10 mL phosphate buffer saline with tweenTM de-
tergent for 10 min. The PVDF blot was re-probed with mouse-b-
actin monoclonal antibody (1 lg/lL, 1:1000 final) (NovusTM Biolog-
icals, LLC, Centennial, CO USA) as a gel loading control for protein
normalization.
3. Results and discussion

We have developed an isotope dilution mass spectrometry
method to quantify SARS-CoV-2 spike protein from mammalian
cells that have been transfected with a mRNA COVID-19 vaccine.
In this experiment BHK-21 cells were used. In future studies, other
cell lines can be tested to compare protein expression of cells
transfected with mRNA vaccine. Expired vaccines were used for
method development and in this study. Details of the spike peptide
standard mixture required for accurate and precise quantification
have been previously described [27]. Briefly, five tryptic peptides
that lacked methionine, cysteine, and tryptophan that cover both
the S1 (Fig. 2A) and S2 (Fig. 2B) region of the spike protein were
chosen. A critical assumption of the IDMS method is that there is
one mole of peptide per mole of protein. Therefore, quantifying
the amount of peptide directly correlates to the amount of protein.
These peptides are conserved and can be used to quantify numer-
ous SARS-CoV-2 lineages including the ancestral strain, Alpha, Be-
ta, Gamma, Delta, and Omicron variants of concern. These protein
sequences were obtained from Global Initiative on Sharing Avian
Influenza Data (GISAID) [31–33] and the details of the strains used
3876
in the alignment are described in the acknowledgements. There is a
T1027I mutation in the Gamma variant which impacts the ASAN-
LAATK peptide, however the other four peptides are conserved
and would be used for analysis should a vaccine targeting the
Gamma variant be produced. Multiple target peptides for each pro-
tein provides assurance that complete digestion of the protein in
the region of the target peptide is achieved as the quantification
of each target peptide is an independent measurement and the ex-
pectation is that each peptide target yields the same result for the
protein in that sample. Also, especially for viral proteins, the possi-
bility of mutations in peptide sequence must be anticipated. Mul-
tiple target peptides provide redundancy in case a target peptide is
rendered inadequate because of a mutation in that region of the
protein. This redundancy provides assurance that the method will
be applicable to multiple SARS-CoV-2 variants.

Protein expression is typically estimated by comparison against
the levels of signal observed for proteins inherent in the cells, com-
monly called ‘‘housekeeping” (HK) proteins [34,35]. These proteins
are universally expressed in every cell type in the organism. Some
common housekeeping proteins are structural proteins such as act-
in and tubulin while others, like glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), are enzymes involved in multiple
complex cellular functions [36]. These housekeeping proteins are
often used to check for equal loading or to compensate for poten-
tial loading differences in western blot analysis. IDMS quantifica-
tion of these housekeeping proteins does not require proper
choice and testing of antibodies and is more accurate than measur-
ing stain density. By quantifying these housekeeping proteins by
IDMS simultaneously in the same analytical run as that being used
to quantify the viral antigen, an alternative to cell-counting is pro-
vided that is more accurate and can be evaluated without any loss
of sample. It is the expectation that each well of the 6-well plate
contained the same number of cells after growth under consistent
conditions and time. However, the housekeeping proteins are used
to verify this assumption, and to compensate for technical discrep-
ancies or unknown cell growth variation which may cause cell
counts to fluctuate between wells. By quantifying the housekeep-
ing proteins, a means to ensure consistency of the experiment in
terms of the number of cells analyzed is provided. Since the house-



Fig. 2. Amino acid sequences of (A) the S1 and (B) S2 regions of spike protein for variant strains of interest showing conservation of IDMS peptides. Target peptides chosen for
the quantification method are indicated in bold green font. In the Gamma variant, the ASANLAATK peptide has a T1027I mutation, leaving 4 peptides for quantification of
spike protein.
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Fig. 2 (continued)
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keeping proteins provide the means to correct for the variable
number of cells in a well, more reproducible results are achieved.
This is reflected in a lower percent relative standard deviation ( %
RSD).

Because the HK proteins are often far more abundant than the
protein whose expression is being measured, a calibration curve
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with an extended dynamic range was used for actin and GAPDH.
A calibration curve that contained both spike and HK proteins
was made that spanned the range from 1 to 250 fmol/lL. A second
calibration curve was made for the HK proteins that spanned the
range from 200 to 3600 fmol/lL. In all samples analyzed, spike pro-
tein was quantified using the 1–250 fmol/lL calibration curve,
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while GAPDH often could be quantified using either calibration
curve. Actin required the 200–3600 fmol/lL calibration curve. All
standards and samples were spiked with the same internal stan-
dard so that the target peptides could be analyzed with their re-
spective calibration curves in one analytical run. The peptides
chosen to quantify these two HK proteins are shown in Fig. 3 and
the mass spectrometry transitions are listed in Table 1. The LC
run time was 57 min and peptides from each protein are color-
indicated in the following manner in Fig. 4: spike (green), GAPDH
(red), and actin (blue).

Table 2 shows an example of the average protein amounts, stan-
dard deviations, and % RSDs, as well as the agreement between tar-
get peptides, for spike, actin, and GAPDH in a sample harvested 48-
hours post transfection. The average amount of spike, GAPDH, and
actin was 5.2 pmol/cell pellet, 45.1 pmol/cell pellet, and 294.5 p-
mol/cell pellet, with a standard deviation of 0.8 pmol/cell pellet,
5.5 pmol/cell pellet, and 25.4 pmol/cell pellet, and a % RSD of
14.5, 12.2, and 8.6, respectively.

The effect of the cell matrix on the accuracy of IDMS quantifica-
tion was tested by the addition of a recombinant spike protein
(R&D Systems, Minneapolis, MN USA) to cells immediately prior
to cell lysis. A recombinant spike protein solution (20 lL) (R&D
Systems, Minneapolis, MN USA) was analyzed by IDMS in tripli-
cate. The concentration of the solution was determined to be
221.18 ± 1.87 fmol/lL. The effect of the cell matrix on the accuracy
of IDMS quantification was tested by the addition of this recombi-
nant spike protein to cells immediately prior to cell lysis. Before
the cells were lysed using RIPA buffer, 20 lL of the recombinant
spike protein solution was added to three individual wells of the
plate. The cells with the addition of the solution of recombinant
spike protein were then lysed, the proteins precipitated, and subse-
quently subjected to enzymatic digestion. The quantitative result
of adding the same recombinant spike protein to the plates con-
taining BHK cells was 213.73 ± 9.06 fmol/lL with a recovery of
96.6 %. This demonstrates that the cell matrix has no detrimental
effects on the quantification of targeted proteins.

When developing a quantitative assay, it is important to design
the experiment in such a way as to minimize sample handling, and
Fig. 3. Amino acid sequences of glyceraldehyde-3-phosphate dehydrogenase (GAPDH
Universal Protein Resource (UniProt). Target peptides for quantification of GAPDH and act
interpretation of the references to color in this figure legend, the reader is referred to th
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thus, unintended sample loss. This is critical when the peptide in-
ternal standards are not introduced until after all the sample
preparation steps are complete. To ensure complete lysis of all cells
in the wells and to minimize sample loss, trypsin was not used to
harvest and pellet cells. Instead, cell lysis was performed directly in
the sample plate. To ensure efficient lysis of the cells and protein
extraction, PierceTM RIPA lysis buffer was used. This cell lysis
reagent from Thermo Scientific has a fully disclosed formulation,
contains three non-ionic and ionic detergents, and enables the si-
multaneous extraction of membrane, nuclear, and cytoplasmic
proteins. No protease inhibitors were added to allow DNase 1 me-
diated degradation of the DNA and the downstream trypsin diges-
tion of the proteins.

Since detergents can cause degradation of chromatographic res-
olution and severely suppress ionization in mass spectrometry
analyses, detergent removal is required prior to LC/MS analysis.
Molecular weight cut-off spin filters and dialysis membranes can
result in sample loss and reduced recovery of some proteins
[37,38]. Therefore, it was concluded that protein precipitation
would be used to remove the detergents from the samples. Protein
precipitation is simple and has been demonstrated to be a robust
and reproducible means to recover intact proteins for quantitative
assays [39,40].

A requirement for accurate quantification of proteins by IDMS is
that complete digestion of the protein in the region of the target
proteins is achieved. Parameters that can affect the digestion effi-
ciency are the addition of denaturing detergents, the amount of
trypsin used for enzymatic digestion, and the time in which the
sample incubates in the presence of trypsin [41]. In-plate lysis
was chosen as an efficient means to lyse the cells without signifi-
cant sample loss. The traditional use of trypsin to harvest and pel-
let cells resulted in leftover media being present in the samples.
Additionally, the media contains fetal bovine serum, which is rich
with proteins, that would also be precipitated after adding acetone.
The presence of these undesirable FBS proteins increases the total
amount of protein in the sample so that the ratio of trypsin to pro-
tein would be lower than desired, and thus, the digestion efficiency
of target proteins would be adversely impacted. Since multiple
) and actin from Mesocricetus auratus (Golden hamster) were obtained from The
in are underlined and indicated in red bold font and blue bold font respectively. (For
e web version of this article.)



Fig. 4. Total ion chromatogram illustrating that all proteins are eluted from the column within 20 min. Peptides of spike protein are in green font, GAPDH in red font, and
actin in blue font.

Table 2
Cells were transfected in triplicate with expired commercial vaccine material, lysed, and analyzed by IDMS. Target peptides were were used to quantify spike, GAPDH, and actin.
The average and % RSD were calculated by considering each peptide result of each replicate as an independent data point. The % RSD for each protein was less than 15.

Spike (fmol/cell pellet) ASANLAATK GVYYPDK GIYQTSNFR FLPFQQFGR VTLADAGFIK Average Std. Dev. % RSD

50 lg vaccine prep 1 5.7 5.2 4.7 6.5 5.6 5.2 0.8 14.5
50 lg vaccine prep 2 4.7 4.3 4 5.2 4.4
50 lg vaccine prep 3 5.6 5.4 5.1 6.7 5.5
GAPDH (pmol/cell pellet) AAFTSGK VIPELNGK AITIFQER
50 lg vaccine prep 1 39.7 54.1 43.6 45.1 5.5 12.2
50 lg vaccine prep 2 37.5 48.9 40.7
50 lg vaccine prep 3 44.8 51.2 45.4
Actin (pmol/cell pellet) AGFAGDDAPR IIAPPER GYSFTTTAER
50 lg vaccine prep 1 297.8 255.6 300.5 294.8 25.4 8.6
50 lg vaccine prep 2 322 281.8 310.5
50 lg vaccine prep 3 328 258.3 298.4
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peptides are used to quantify a protein, incomplete digestion is in-
ferred when multiple target peptides do not yield the same quan-
titative results. Lack of peptide agreement was more frequently
observed in the 48-hour samples due to the extra growth time,
which resulted in more cells than 24-hour samples. Therefore, for
48-hour samples, the cell pellet was split prior to tryptic digestion
to achieve peptide agreement for these samples. While the amount
of trypsin added could have been increased and the time of incuba-
tion could have been extended, splitting the cell pellet was simple
and did not significantly add to the time or cost of the method.

Fig. 5A shows the results for quantification of spike, actin, and
GAPDH in passage 18 cells transfected for 24 and 48 h with 10,
25, 50, 75, or 100 lg of expired commercial vaccine material. A
control sample for each time point, where no expired commercial
vaccine was added, resulted in no detection of spike protein, as ex-
pected. The 24-hour samples transfected with 10 and 25 lg of ex-
pired commercial vaccine material resulted in less than 1 pmol/cell
pellet of spike. The 24-hour samples transfected with 50, 75, and
100 lg of expired commercial vaccine material resulted in 1.43,
1.72, and 2.04 pmol/cell pellet of spike, while the 48-hour samples
transfected with 10, 25, 50, 75, and 100 lg of expired commercial
vaccine material resulted in 1.55, 3.43, 5.71, 6.33, and 6.71 pmol/-
cell pellet of spike, respectively. Based on these data, it can be con-
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cluded that samples within the same passage can be compared
since housekeeping protein quantitation remained consistent from
sample to sample. This indicates that cells seeded in separate wells
are growing at the same rate. Since the media, and therefore the
vaccine, was aspirated from the 48-hour samples after the first
24 h, the increased spike expression was not the result of cells
growing and then up taking more vaccine. This means that any in-
creased spike expression in the 48-hour samples only came from
cells transfected in the first 24 h, and therefore, harvesting cells
48 h post transfection was necessary to ensure the cells had
enough time to express sufficient spike for quantitation. It is possi-
ble that harvesting cells 24 h post transfection would be sufficient
with a vaccine that had not reached its expiration date, however,
access to unexpired vaccine was not possible at the time of this in-
vestigation. Harvesting cells 72 h post transfection was attempted.
While the amount of actin and GAPDH increased, the amount of
spike decreased. When the cells were observed microscopically be-
fore harvesting, dead cells were observed floating in the media
along with a high confluency of 95–100 %. Confluency refers to
the percentage of the surface area of the well that is covered by
the adherent cells. As the cells grow and multiply, there eventually
reaches a point where there is no more room for the cells to grow,
stated as 100 % confluent. Once this happens, the cells compete for



Fig. 5. Bar graphs of (A) protein quantitation in pmol/cell pellet for spike, GAPDH, and actin vs amount of mRNA vaccine material added in lg and (B) the ratio between actin
and spike, and GAPDH and spike vs amount of mRNA vaccine material added in lg.
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the limited number of resources available to survive. As the re-
sources dwindle, cells will begin to die and lyse, resulting in their
contents spilling into the media. This happens indiscriminately.
When the media was aspirated, any spike that had been produced
by these dead cells was also aspirated. The result is less spike pro-
tein quantified in the cells that were harvested, demonstrating that
a longer post transfection incubation time was not beneficial.

For both the 24- and 48-hour samples, increasing the amount of
expired commercial vaccine transfected also resulted in an in-
crease in spike expression. When comparing samples from the
same timepoint, it is important to use the housekeeping proteins
to normalize for the number of cells in the sample. To minimize
sample loss, cell lysis was performed directly in the well, so cell
counts are not measured by other means. Fig. 5B shows the ratio
of actin to spike and GAPDH for samples harvested 48 h post trans-
fection. Each well in the 6-well plate was seeded with 5.0�105

cells.
We also analyzed the spike protein expression of 24- and 48-

hours by western blot analysis (Fig. 6) as an orthogonal method
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to confirm expression of spike protein. The antibody used for west-
ern blot targeted the receptor binding domain portion of the spike
protein. Antibody reactive bands demonstrate that full length spike
was expressed from the BHK cells. Additionally, immune reactive
band intensity of spike protein increases with vaccine concentra-
tion. This linearity correlates with IDMS spike peptide quantitative
values. Like the use of the housekeeping proteins in IDMS, mouse-
b-actin was used to verify equal loading of the gel, ensuring that
the band intensities between samples were comparable.

To determine the effect of the cell culture on protein expression,
the same experiment was repeated across five subcultures of the
reference cell line obtained from ATCC. These subcultures are
known as ‘‘passages” [42]. It is important to allow the cells to fully
recover after being thawed from liquid nitrogen storage. This
means it is necessary to passage the cells multiple times before
performing transfection experiments, but after too many passages,
the genetic characteristics of the cells may differ from the original
culture which could impact protein expression [43–45]. Thus, all
experiments were performed after 10 passages and concluded by



Fig. 6. Western blot analysis confirming the expression of spike protein in BHK for both (A) 24- and (B) 48-hour samples. M = Precision plus proteinTM dual color standards;
CON = control; S = recombinant SARS-CoV-2 spike protein; HECL = human endothelial cell lysate.

Fig. 7. (A) Bar graph of absolute protein quantitation in pmol/cell pellet for all three proteins quantified in 48-hour, 50 lg samples across the six passages used for
experiments. (B) Normalization factors were calculated for actin and GAPDH and applied to spike quantitation. The amount of actin quantified in each passage was averaged
and that average was used to calculate the normalization factor. The amount of actin quantified in each passage was then divided by the average to provide the normalization
factor for that passage. Each passage had its own normalization factor. That amount of spike quantified in that passage was divided by the normalization factor of that
passage. The same process was done for GAPDH to account for varying number of cells per well. Both housekeeping proteins provided equivalent correction indicating that
either protein could be used as a housekeeping protein to quantify protein expression from BHK cells.
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22 passages. Transfection using the same levels of vaccine were
performed at passages 10, 12, 14, 16, 18, and 20. Since two cell pas-
sages were performed a week, this translates to one transfection
experiment performed each week.

For direct comparison between the amount of mRNA used to
transfect the cells and the amount of spike protein expressed, the
amount of mRNA was converted from lg to pmol. To make this
conversion, the molecular weight of the mRNA construct must be
known. We estimated that the molecular weight of an mRNA con-
struct that contains the instructions only to make spike protein has
a molecular weight of approximately 1.4MDa. Thus, the amount of
mRNA that was used to transfect the cells in these experiments
ranged from 1 to 70 pmol. When 50 lg, or 36.3 pmol, of mRNA
was transfected in passages 10, 12, 14, 16, 18, and 20, spike expres-
sion was quantified as 5.5, 4.2, 5.2, 7.4, 6.0, 8.0 pmol respectively.
Therefore, across 11 passages, of which only 6 were sampled, the
absolute amount of spike expressed was 6.1 +/� 1.4 pmol ( %
RSD of 23.5). The absolute values of spike protein and the HK pro-
teins are shown in Fig. 7A.

To consider the varying amounts of cells that might be present
in the sample well, a normalization factor was calculated for both
actin and GAPDH and applied to spike protein. These normalization
factors and its application is shown in Fig. 7B. For these experi-
ments, both actin and GAPDH provided equivalent corrections
and the average amount of spike protein expressed with 50 lg of
expired vaccine was 6.08 +/� 0.72 and 6.00 +/� 0.69 pmol, respec-
tively. With the inclusion of the normalization factor, the precision
of the measurement improved to a % RSD of less than 12. From the-
se experiments with expired vaccine, the amount of mRNA pro-
duced approximately 1 pmol of spike protein per 6 pmol of
vaccine. It is likely that the precision of the experiment would im-
prove if sampling was conducted over a narrower range of cell pas-
sage and that the amount of spike protein expressed would
increase if the cells were transfected with unexpired vaccine.
4. Conclusions

Isotope dilution mass spectrometry (IDMS) methods have been
used to quantify the primary antigens of influenza vaccines, both
seasonal and those of pandemic potential. These IDMS methods
have been demonstrated on whole virus, split and subunit vacci-
nes, and recombinant proteins. A similar method was developed
to quantify spike and nucleocapsid proteins of SARS-CoV-2 [27].
While these methods are useful to quantify vaccine materials
and reference materials for COVID-19 antigen diagnostic tests that
contain these protein antigens, the emergence of mRNA and viral
vector vaccines necessitated expansion of our protocol to include
transfection of mammalian cells with such vaccine materials and
subsequently use IDMS to quantify antigen expression. We have
developed an accurate and precise IDMS method, confirmed by
western blot analysis, for the quantification of spike protein ex-
pressed by transfecting BHK cells with an expired commercial
COVID-19 mRNA vaccine. The IDMS method has advantages over
western blot analysis because it directly quantifies the amount of
spike protein based on reference peptides. Further evaluation of
this method would include analysis of fresh, unexpired vaccine
material. It would also be useful in developing prototype vaccines
in which parameters can be changed and the effect of those
changes observed in antigen expression. The amount of spike pro-
duced compared to the amount of vaccine added for transfection
could be dependent on the composition of the vaccine and suitable
antigen expression levels may need to be determined for each
manufacturer. This method could be used to evaluate vaccine sta-
bility under various storage conditions and to help establish vac-
cine expiration dates. The inclusion of five target peptides for
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spike provides redundancy in the case an amino acid mutation oc-
curs and renders a target peptide unusable with the emergence of a
new variant of concern. Thus, IDMS is well-equipped to analyze the
current, and likely any future, variants should the need arise to
make a strain-specific vaccine.
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