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a b s t r a c t 

The COVID-19 pandemic has necessitated exploration of alternative testing methods for detection of Severe Acute 
Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) to ensure clinical laboratories can continue to provide critical 
testing results. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) is established in many clinical lab- 
oratories due its high specificity and sensitivity, making it a logical alternative methodology. However, matching 
the sensitivity of quantitative reverse transcription-polymerase chain reaction (qRT-PCR) remains challenging, 
which forced utilization of antibody-based enrichment prior to targeted LC-MS/MS analysis. When utilizing an- 
tibody purification techniques, investigators must decide whether to enrich the target protein or peptides, but 
there are few studies comparing the two approaches to assist in this decision-making process. In this work, we 
present a comparison of intact protein and peptide antibody-based purification for LC-MS/MS based detection 
of SARS-CoV-2. We have found that protein purification yields more intense LC-MS/MS signals, but is also less 
specific, yielding higher noise and more background when compared to peptide purification techniques. There- 
fore, when using traditional data analysis techniques, the enrichment technique that provides superior sensitivity 
varies for individual peptides and no definitive overall conclusion can be made. These observations are corrobo- 
rated when using a novel machine learning approach to determine positive/negative test results, which yielded 
superior sensitivity when using protein purification, but better specificity and area under the ROC curve when 
performing peptide purification. 

1

 

t  

o  

t  

m  

t  

a  

t  

a  

c  

P  

i  

 

r  

s  

r  

m  

i  

h
R
2
(

. Introduction 

The ongoing COVID-19 pandemic caused by Severe Acute Respira-
ory Syndrome Coronavirus-2 (SARS-CoV-2) continues to put a strain
n global health care resources, including clinical laboratories. Quan-
itative reverse transcription-polymerase chain reaction (qRT-PCR) re-
ains the "gold-standard ” for detecting SARS-CoV-2 [1] , but alternative

esting methodologies are being explored to ensure clinical laboratories
re able to meet the demand. Liquid chromatography-tandem mass spec-
rometry (LC-MS/MS) detection of viral proteins has been proven to be
∗ Corresponding author at: 200 First Street SW, Rochester, MN 55905, USA. 
E-mail address: maus.anthony@mayo.edu (A. Maus) . 
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 highly specific and accurate technique, playing an integral role in the
linical laboratory [2–11] . However, matching the sensitivity of qRT-
CR is challenging on even the most advanced instrumentation, and is
mperative for establishing LC-MS/MS testing for SARS-CoV-2 detection.

Maximizing the detection sensitivity of LC-MS/MS instrumentation
equires extensive purification of target proteins or peptides to minimize
uppression caused by matrix components [12–14] . Antibody-based pu-
ification or immunopurification (IP) has been established as one of the
ost specific and selective purification techniques [15–18] . When utiliz-

ng this approach, an antibody against the target is immobilized and the
ample is then incubated with the antibody allowing for capture of the
2 
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arget. Following several washing steps, the target is eluted off the anti-
ody and is ready for LC-MS/MS analysis. In the case of proteomic anal-
ses, these purifications typically use antibodies against the target pro-
ein, which can be digested after elution if necessary. However, an alter-
ative approach developed by Anderson and coworkers [ 15 , 18 ] termed
table Isotope Standards and Capture by Anti-Peptide Antibodies (SIS-
APA), utilizes antibodies against target peptides to purify after trypsin
igestion. This approach minimizes the impact of protein interactions,
llows for simultaneous isolation of the target peptides and isotopically
abeled peptides improving the precision of the resulting measurement,
nd theoretically reduces background by isolating only select peptides
s opposed to all peptides derived from a target protein. 

Despite the widespread use of antibody-based purification in re-
earch and clinical proteomics, few studies have directly compared op-
imized anti-protein and anti-peptide based approaches for detection of
roteotypic peptides. A notable example of such a comparison was pub-
ished by Levernæs and coworkers in 2019 [19] . In this work, the in-
estigators utilize an anti-protein antibody with an established linear
pitope to isolate the tryptic peptide that corresponds to the epitope
mino acids in the protein progastrin releasing peptide. This unique ap-
roach allowed for the assessment of peptide purification without re-
uiring production of anti-peptide antibodies. In our investigation, we
ompare methods using both anti-peptide and anti-protein antibodies
or LC-MS/MS detection of SARS-CoV-2 in nasopharyngeal (NP) swab
amples, an application with unparalleled challenges in terms of sensi-
ivity and throughput requirements. We have previously published our
xtensive discovery and method development work, which serves as a
oundation for this investigation [9] . Here, we present a comparison of
eptide and protein purification approaches in terms of workflow, tradi-
ional sensitivity metrics, and testing results from a previously described
achine leaning model [9] . 

. Experimental methods 

.1. Chemicals and reagents 

We obtained phosphate buffered saline (PBS) from Bio-Rad (Her-
ules, CA, USA), deoxycholate (DOC), iodoacetamide (IAA), and Tri-
uoroacetic acid (TFA) from ThermoFisher Scientific (Waltham, MA),
wittergent Z3-16 from CalBiochem (MilliporeSigma, Billerica, MA,
SA), dithiothreitol (DTT), Tosyl- l -lysyl-chloromethane hydrochloride

TLCK), and Tris Base from MilliporeSigma, isotopically labeled pep-
ides as internal standards (IS) from New England Peptide (Gardner, MA,
SA), anti-peptide monoclonal antibodies from SISCAPA Assay Tech-
ologies, and anti-nucleocapsid monoclonal antibody from Sino Biolog-
cal (Wayne, PA, USA, Cat# 40143-R001). All antibodies were coupled
o custom MSIA D.A.R.T.’S (ThermoFisher Scientific, Tempe, AZ). 

.2. Calibration and quality control 

Recombinant SARS-CoV-2 nucleocapsid protein (97-077) purchased
rom ProSci (Fort Collins, CO, USA) was used to make calibrators. Cali-
rators were made by spiking the recombinant protein into pooled qRT-
CR negative NP swabs in PBS at concentrations of 1 pM, 2.5 pM, 5
M, 25 pM, and 100 pM. Given the sensitivity challenges of this type
f testing, the calibration curve was designed to focus on low concen-
ration samples instead of attempting to interpolate concentrations of
he entire patient population. Quality control samples were prepared by
ooling qRT-PCR negative NP swabs (negative QC), qRT-PCR samples
ith a cycle threshold (Ct) of 31 (Low QC), 27 (Medium QC), and 25

High QC). Calibrators and QC were purified, digested, and analyzed as
escribed above. 
2 
.3. NP swab samples 

NP swab samples collected in PBS were initially analyzed by qRT-
CR at Mayo Clinic using the Roche cobas 6800/8800 test which has
een approved for use under the Emergency Use Authorization (EUA)
y the United States Food and Drug Administration. Based on the qRT-
CR results 120 positive samples and 120 negative samples with ade-
uate volume (over 1.5 mL) for analysis by both purification techniques
ere selected. To enhance our ability to compare the sensitivity of the

echniques, the Ct distribution of the selected samples was intentionally
kewed to higher Cts (lower viral loads). A histogram of the Ct distri-
utions of positive samples analyzed in this study is shown in Figure S1
generated using analyze-it, analyze-it Software, Ltd., Leeds, UK). 

.4. Preparation of NP swab samples when using anti-protein 

ntibody-based purification 

All clinical samples were de-identified prior to analysis. Nasopha-
yngeal (NP) swab samples were collected in PBS and 750 μL of the
ample was transferred to a 96 well plate. The virus was inactivated by
dding 15 μL of Z3-16 and incubating at 70 °C for 30 min. Following
 10 min cooling period at 4 °C, antibody-based purification was per-
ormed using the anti-nucleocapsid protein monoclonal antibody cou-
led to MSIA D.A.R.T.’S. When using MSIA D.A.R.T.’S, antibodies were
hipped to ThermoFisher Scientific for immobilization using carbodi-
mide crosslinking chemistry. The purification procedure was conducted
sing the automated Versette liquid handling system. The tips were first
ashed with PBS and then nucleocapsid protein was captured over a pe-

iod of 1.75 h. Following capture, the tips were washed twice with 300
L of PBS and then twice with 300 μL of water. The nucleocapsid protein
as eluted with 100 μL of 0.2% TFA and 0.002% Z3-16 in water. The
urified sample was immediately trypsin digested (rapid digest kit, Cat-
log#VA1060, Promega, Madison, WI). Sample eluent was mixed with
00 μL of digest buffer followed by the addition of 1 μg of trypsin and
ncubated at 70 °C for 1 h. The digestion was stopped by adding TFA to
 final concentration of 1% and isotopically labeled internal standards
ere added. 

.5. Preparation of NP swab samples when using anti-peptide 

ntibody-based purification 

750 μl of each nasopharyngeal swab sample was transferred to a
6-well plate. Viral inactivation and reduction of proteins was done by
ddition of 15 μL of 1 M DTT and 15 μL of 13% DOC and incubating at
0 °C for 30 min. Alkylation was done using 45 μL of 1 M IAA, vortexed,
nd incubated in dark for 30 min. Finally, 250 μL of 1 M Tris-HCl pH
.0 buffer was added and sample was digested using 6.25 μg of Wor-
hington TPCK treated trypsin (ThermoFisher) by incubating at 37 °C
or 1 h. The reaction was stopped by adding 5 μg of TLCK to each sam-
le. Target peptides were then purified using anti-peptide monoclonal
ntibodies coupled to MSIA D.A.R.T.’S. When using MSIA D.A.R.T.’S,
ntibodies were shipped to ThermoFisher Scientific for immobilization
sing carbodiimide crosslinking chemistry. The capturing, washing and
lution was done as described in the previous section. 

.6. Targeted parallel reaction monitoring (PRM) analysis 

The peptides were first loaded onto EvoTips (EvoSep Inc., Odense,
enmark) as per manufacturer’s instructions. Briefly, the C 18 EvoTips
ere activated using 20 μL of 0.1% formic acid in 100% acetonitrile

ollowed by equilibration with 20 μL of 0.1% formic acid in water. Ac-
ivation and equilibration were carried out at 700 x g for 1 min using
 benchtop centrifuge. The sample was loaded at 500 x g for 5 min
ollowed by washing using 0.1% formic acid once. Last, the tips were
oaded with 100 μl of 0.1% formic acid and processed for targeted mass
pectrometry analysis. 
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Parallel reaction monitoring (PRM) analysis was performed on an
xploris 480 mass spectrometer (ThermoFisher Scientific, San Jose,
A) and interfaced with a preformed gradient LC system (EvoSep One,
voSep Inc.). Peptides were eluted at a flow rate of 1.5 μL/minute and
eptide separation was carried out using an 8 cm analytical column (Dr.
aisch C 18 AQ, 1.5 μm, 150 μm x 8 cm) with an 11.5 min gradient. Data

cquisition parameters included MS1 scan from m/z 500–1200 at a res-
lution of 60,000 ( m/z 200) followed by retention time scheduled PRM
nalysis of target and corresponding IS peptides as shown in Table S1.
he PRM parameters included: Orbitrap resolution of 30,000 ( m/z 200),
GC target value of 1 × 10 5 , injection time of 50 ms, isolation window
f m/z 2 and HCD normalized collision energy of 30. 

.7. Targeted LC-MS/MS data processing 

The PRM spectra were used for subsequent traditional and ma-
hine learning based data analysis. Traditional data analysis was done
n TraceFinder (version 5.1, ThermoFisher) by summing selected frag-
ent ions ( ± 10 ppm) shown in Table S2 to produce extracted ion

hromatograms that were integrated to produce total signal areas. We
lected to use area to align with common practice in clinical labora-
ories, which are largely predicated on integration of chromatographic
eaks to produce peak areas that can be quantitated based on external
alibration curves. All signals at the retention time of the isotopically
abeled internal standards were integrated and the areas of all signals
ere exported to Excel to define positive/negative results. These results
ere determined by establishing a + 3 standard deviation confidence in-

erval (CI = mean + 3 ∗ SD) based on the signal area in the negatives. This
I was then applied to all the signals to determine positive/negative
esults for each peptide. 

When performing machine learning based analysis data were im-
orted into Skyline [20] and fragment ion chromatograms were manu-
lly integrated. Then, the fragment ion intensities were exported from
kyline and (natural) log transformed. A supervised machine learning
ethod was used to select the optimal fragments and determine their
eights to maximize the detection performance of the targeted mass

pectrometry assay. All computations were performed in R (version
.0.1). For this, we utilized an ensemble-based machine learning ap-
roach encoded in the Super Learner as described previously [21] . This
ethod was configured to use a generalized linear model via penalized
aximum likelihood (glmNET), generalized linear model (glm) and ran-
om forest model; all configured to use binomial distributions. This ma-
hine learning method was used to determine whether samples were
ositive or negative by mass spectrometry testing. 

.8. Untargeted LC-MS/MS analysis and data processing 

Samples for untargeted experiments were prepared as described
bove. LC-MS/MS analysis for untargeted discovery proteomics experi-
ents were carried out using an Ultimate 3000 RSLCnano system (Ther-
oFisher Scientific) connected to an Orbitrap Exploris 480 mass spec-

rometer. Samples were analyzed using an untargeted single-shot DDA
ethod. The peptides were loaded onto a trap column (PepMap C 18 
 cm × 100 μm, 100 Å) at a flow rate of 20 μl/min using 0.1% formic acid
nd separated on an analytical column (EasySpray 50 cm × 75 μm, C 18 
.9 μm, 100 Å, Thermo Scientific) with a flow rate of 300 nL/min and a
inear gradient of 5 to 40% solvent B (100% ACN, 0.1% formic acid) over
0 min. Both precursor and fragment ions were acquired in the Orbitrap
ass analyzer. Precursor ions were acquired in m/z range of 350–1800
ith a resolution of 120,000 (at m/z 200). Precursor fragmentation was

arried out using higher-energy collisional dissociation (HCD) method
sing normalized collision energy (NCE) of 27. The fragment ions were
cquired at a resolution of 30,000 (at m/z 200). The scans were arranged
n top-speed method with 3 s cycle time between MS and MS/MS. Ion
ransfer capillary voltage was maintained at 1.9 kV. For internal mass
3 
alibration, lock mass option was enabled with polysiloxane ion ( m/z

45.120025) from ambient air. 
The raw mass spectrometry data were searched using Andromeda

 22 ] in the MaxQuant software suite (version 1.6.7.0) against com-
ined protein database containing UniProt human protein database,
ARS-CoV-2 protein sequences, and common MS contaminants. The
earch parameters included a maximum of two missed cleavages; car-
amidomethylation at cysteine as a fixed modification for samples that
ere reduced and alkylated; N-terminal acetylation and oxidation at
ethionine as variable modifications. Precursor tolerance was set to
0 ppm and MS/MS tolerance to ± 0.02 Da. False discovery rate was
et to 1% at the peptide-spectrum matches (PSMs), peptide and protein
evels. 

. Results and discussion 

A simplified schematic of the respective sample preparation proce-
ures for the anti-peptide and anti-protein antibody-based purification
echniques are shown in Fig. 1 . Although the processes are similar, the
ost important implication of the inherent differences in methodolo-

ies is the benefits of reducing the total protein concentration prior to
rypsin digestion. Digesting samples with less protein content allowed us
o use less enzyme (1 μg vs. 6.25 μg) and made using the Promega Rapid
igest kit viable from a financial perspective. When using this product,
e were able to eliminate the reduction/alkylation steps from our pro-

edure because the digestion is performed under denaturing conditions
70 °C) and shorten the trypsin digestion incubation time by 1 h, which
hortened the procedure by 1.5 h and eliminated steps. To compare the
elative specificity and sensitivity of these techniques, both were utilized
or the analysis of 120 positive samples with high Ct values by qRT-PCR
nd 120 negative samples. 

LC-MS/MS analysis revealed several interesting characteristics of
oth techniques, which can be visualized in the representative extracted
on chromatograms for both the anti-peptide and anti-protein antibody-
ased purification from the most sensitive peptides AYNVTQAFGR
nd QQTVTLLPAADLDDFSK are shown in Fig. 2 . Chromatograms
rom the lower performing peptides DGIIWVATEGALNTPK, NPAN-
AAIVLQLPQGTTLPK, and GQGVPINTNSSPDDQIGYYR are shown in
igure S2. The signal in the positive sample XICs was much higher when
erforming protein purification than peptide purification, although the
actor by which it was higher varied considerably based on the affinity
f the respective anti-peptide antibodies. 

Due to the specificity of the LC-high resolution MS/MS technique
sed in this work, the noise in the chromatograms was generally very
ow, making the signal-to-noise algorithms in the software an ineffec-
ive method of assessing the results. Additionally, when attempting to
ifferentiate positive/negative results using this methodology, the sig-
al present at the expected retention time (based on coeluting IS) is of
he utmost importance. Therefore, we elected to establish confidence
ntervals based on the signal present in the negatives as a threshold for
ositive/negative classification and a means to assess the sensitivity and
pecificity of a traditional XIC signal integration workflow. To do this,
 CI was created based on the signal (area) in negative samples. This
hreshold was then applied to all samples to yield sensitivity, which
as defined as the percentage of the 120 positive samples analyzed
ith signals above the threshold, and specificity defined as the percent-
ge of the 120 negative samples below the threshold. A comparison of
he results from these analyses can be seen in Table 1 for the peptides
YNVTQAFGR, QQTVTLLPAADLDDFSK, GQGVPINTNSSPDDQIGYYR,
nd NPANNAAIVLQLPQGTTLPK. This analysis was not conducted for
he peptide DGIIWVATEGALNTPK due to extremely high carry-over on
he LC-MS/MS system. In conjunction with the aforementioned chro-
atograms, these data show that the peptide purification is far more

pecific, as evidenced by the lower positive/negative threshold areas
nd higher percent specificities compared to protein purification. This
s especially the case for the peptide NPANNAAIVLQLPQGTTLPK, which
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Fig. 1. Diagram of sample preparation procedures for the 
anti-peptide and anti-protein antibody-based purification 
techniques. When performing peptide enrichment samples 
are digested prior to purification and the sample prepa- 
ration process takes 6 h. In contrast, protein enrichment 
necessitates post-purification digestion and only required 
4.5 h of preparation time. Both enrichment and digestion 
products then underwent equivalent LC-MS/MS analysis 
followed by both traditional and machine learning data 
analysis. 

Fig. 2. Overlaid representative extracted ion chromatograms from targeted LC-MS/MS analysis of low viral load positive samples and negative samples (based on 
initial qRT-PCR results). Peptide enrichment yields lower signals in the positive samples, but lower background/noise in the negative samples. The inverse is true 
for protein enrichment. 

4 
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Table 1 

Comparison of positive/negative area thresholds, sensitivity, and specificity for the peptide and protein purifi- 
cation techniques. The positive/negative area threshold is established by calculating a confidence interval based 
on the signal intensities (area) in the XICs of the negative samples by qRT-PCR. The percent sensitivity is the 
number of positive samples (out of 120 analyzed) that were above this threshold and the specificity is the number 
of negative samples (out of 120 analyzed) below this threshold. 

Peptide-IP Technique Positive/Negative Area Threshold (a.u.) Sensitivity (%) Specificity (%) 

AYNVTQAFGR-Peptide IP 9110 55.8 99.2 
AYNVTQAFGR-Protein IP 14,391 53.3 97.5 
QQTVTLLPAADLDDFSK-Peptide IP 5054 50 99.2 
QQTVTLLPAADLDDFSK-Protein IP 32,359 58.3 97.5 
NPANNAAIVLQLPQGTTLPK-Peptide IP 355 38.3 97.5 
NPANNAAIVLQLPQGTTLPK-Protein IP N/A N/A N/A 
GQGVPINTNSSPDDQIGYYR-Peptide IP 413 28 97.5 
GQGVPINTNSSPDDQIGYYR-Protein IP 10,738 37.5 95 

Table 2 

Test results from machine learning analysis of anti-peptide 
antibody purified samples. 

Prediction 

qRT-PCR Result Negative Positive 

Negative 120 0 Specificity = 100% 

Positive 77 43 Sensitivity = 35.8% 

Table 3 

Test results from machine learning analysis of anti-protein 
antibody purified samples. 

Prediction 

qRT-PCR Result Negative Positive 

Negative 119 1 Specificity = 99.2% 

Positive 66 54 Sensitivity = 45% 
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Fig. 3. Total peptides identified following antibody-based purification and un- 
targeted LC-MS/MS analysis. As expected based on the background in the tar- 
geted analyses, peptide purification results in significantly fewer nonspecific 
peptides identified. 

t  

a  

p  

p  

t
 

[  

p  

n  

n  

p  

t  

d  

c  

O  

a  

t  

b  

n
 

o  

p  

c  

c  

p  

s  

l  

r  
xhibited significant interference signal that prohibited establishing of a
I threshold. This can be visualized in Figure S2. However, despite the
igher positive/negative thresholds, the protein level purification still
ielded a higher percent sensitivity for three of the four peptides ana-
yzed, indicating that the increase in signal intensity was proportionally
igher than the increase in nonspecific background signals, which is cor-
oborated by the larger signal intensities in the chromatograms, shown
n Fig. 2 and Figure S2. For example, in the positive samples shown in
ig. 2 the signal intensity exceeds the described positive cut-off thresh-
ld when protein purification is utilized, but does not when peptide
urification is used. This is reflective of the generally lower sensitivity
hen using peptide purification, which is exacerbated when using the
achine learning approach described below. 

These data were also analyzed via a novel machine learning ap-
roach for determining positive/negative results, which can be seen
n Tables 2 and 3 . Anti-peptide antibody-based purification resulted in
00% specificity and 35.8% sensitivity, whereas anti-protein antibody-
ased purification produced one false positive and a sensitivity of 45%.
hese data align with the findings from traditional analyses above; pep-
ide purification is more specific, but protein purification is more sen-
itive. Receiver operating characteristic (ROC) curves for these results
re shown in Figure S3. Peptide purification yielded a slightly better
rea under the curve (AUC) than protein purification (0.798 vs. 0.779)
ndicating slightly better performance of this technique overall for this
hallenging application. 

As another means of comparing the specificity of the anti-protein
nd anti-peptide purification techniques we performed untargeted data-
ependent LC-MS/MS analysis of 6 negative samples and 6 samples with
igh viral load based on qRT-PCR testing. The number of peptides identi-
ed in each sample by the MaxQuant database search against the human
nd SARS-CoV-2 proteome is shown in Fig. 3 . Many nonspecific pep-
5 
ides from human proteins were identified; however, the anti-peptide
ntibody-based purification greatly reduced the number of nonspecific
eptides identified. These data further support the conclusion that the
eptide purification technique isolates the targets to a greater extent
han the protein purification. 

Our results largely align with the findings of Levernæs and coworkers
19] , as they also noticed reduced background/noise when performing
eptide purification when compared to protein purification; they also
oticed the coinciding drop in signal intensity. However, they note a sig-
ificant improvement in sensitivity for peptide purification compared to
rotein purification, whereas we have generally found protein purifica-
ion to be more sensitive for our application. This discrepancy could be
ue to the much more proteinaceous sample (serum) they are analyzing
ausing increased benefits of the greater reduction in background signal.
ur sample (NP swap) is much less complex by comparison. Addition-
lly, the machine learning approach used herein is intended to minimize
he impact of noise/background and would therefore disproportionally
enefit from the increased signal and be more robust in the presence of
oise. 

We must note that the focus of this work was to compare sensitivities
f two sample preparation techniques for LC-MS/MS analysis, not com-
are favorably to qRT-PCR. An underappreciated consideration when
omparing LC-MS/MS to qRT-PCR is the Ct distribution analyzed be-
ause the viral load varies by many orders of magnitude in patient sam-
les. In order to maximize our ability to compare sensitivities of the
ample preparation techniques, we have skewed the Ct distribution to
ower viral loads in this investigation. Therefore, this work is not a true
eflection of the performance of the techniques relative to qRT-PCR. As
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e discuss in our previous work, to effectively compare LC-MS/MS and
RT-PCR, we believe the Ct distribution should reflect the population of
amples analyzed by the reference method [9] . When the distribution is
ot intentionally skewed, LC-MS/MS compares much more favorably to
RT-PCR (98% sensitivity, 100% specificity). 

. Conclusions 

Decisions on whether to use anti-peptide or anti-protein antibody-
ased purifications must be made on a case-by-case basis. Many factors
ust be weighed when making this decision, such as throughput re-

uirements, abundance of the target protein, propensity for interfering
ignals, and the relative affinities of the available antibodies. From an
nzyme consumption perspective, it is advantageous to perform purifi-
ation prior to digestion, which allows less enzyme to be used. Our re-
ults show that protein level purification resulted in higher signals when
easured by LC-MS/MS, but were also less specific and yielded more
oise and interfering background signals. Therefore, when using tra-
itional chromatographic integration-based approaches for performing
ARS-CoV-2 testing, the sensitivity relative to qRT-PCR was highly an-
lyte (peptide) dependent. Machine learning analysis showed that pro-
ein purification was more sensitive, but peptide purification was more
pecific and resulted in a slightly better AUC overall. 

ata availability 

The mass spectrometry data have been deposited to the Pro-
eomeXchange Consortium via the MassIVE partner repository (PMID:
7924013) with the data set identifier MSV000088755. 

uthor contributions 

The manuscript was written through contributions of all authors. All
uthors have given approval to the final version of the manuscript. 

bbreviations 

LC, liquid chromatography; MS/MS, tandem mass spectrometry; MS,
ass spectrometry; RT-PCR; real time-polymerase chain reaction; PBS,
hosphate buffered saline; TFA, Trifluoroacetic acid; IS, internal stan-
ards; NP, nasopharyngeal; PRM, parallel reaction monitoring; Ct, cycle
hreshold; CV, coefficient of variation; LLOQ, lower limit of quantita-
ion; SNP, single nucleotide polymorphisms; XIC, extracted ion chro-
atogram. 

eclaration of Competing Interest 

All authors declared no conflict of interest. 

cknowledgments 

This study was supported by DBT/Wellcome Trust India Alliance
argdarshi Fellowship grant IA/M/15/1/502023 awarded to Akhilesh

andey and the generosity of Eric and Wendy Schmidt. 

upplementary materials 

Supplementary material associated with this article can be found, in
he online version, at doi: 10.1016/j.sampre.2022.100018 . 

eferences 

[1] B. Udugama, P. Kadhiresan, H.N. Kozlowski, A. Malekjahani, M. Osborne, V.Y.C. Li,
H. Chen, S. Mubareka, J.B. Gubbay, W.C.W. Chan, Diagnosing COVID-19: the dis-
ease and tools for detection, ACS Nano 14 (4) (2020) 3822–3835, doi: 10.1021/ac-
snano.0c02624 . 
6 
[2] P. Singh, R. Chakraborty, R. Marwal, V.S. Radhakrishan, A.K. Bhaskar, H. Vashisht,
M.S. Dhar, S. Pradhan, G. Ranjan, M. Imran, A. Raj, U. Sharma, P. Singh, H. Lall,
M. Dutta, P. Garg, A. Ray, D. Dash, S. Sivasubbu, H. Gogia, P. Madan, S. Kabra,
S.K. Singh, A. Agrawal, P. Rakshit, P. Kumar, S. Sengupta, A rapid and sensitive
method to detect SARS-CoV-2 virus using targeted-mass spectrometry, J. Proteins
Proteomics (2020) 1–7, doi: 10.1007/s42485-020-00044-9 . 

[3] K.H.M. Cardozo, A. Lebkuchen, G.G. Okai, R.A. Schuch, L.G. Viana, A.N. Olive,
C.dos S. Lazari, A.M. Fraga, C.F.H. Granato, M.C.T. Pintão, V.M. Carvalho,
Establishing a mass spectrometry-based system for rapid detection of SARS-
CoV-2 in large clinical sample cohorts, Nat. Commun. 11 (1) (2020) 6201,
doi: 10.1038/s41467-020-19925-0 . 

[4] J. Saadi, S. Oueslati, L. Bellanger, F. Gallais, L. Dortet, A.-.M. Roque-Afonso, C. Junot,
T. Naas, F. Fenaille, F. Becher, Quantitative assessment of SARS-CoV-2 virus in na-
sopharyngeal swabs stored in transport medium by a straightforward LC-MS/MS
assay targeting nucleocapsid, membrane, and spike proteins, J. Proteome Res. 20
(2) (2021) 1434–1443, doi: 10.1021/acs.jproteome.0c00887 . 

[5] C. Ihling, D. Tänzler, S. Hagemann, A. Kehlen, S. Hüttelmaier, C. Arlt, A. Sinz,
Mass spectrometric identification of SARS-CoV-2 proteins from gargle solution
samples of COVID-19 patients, J. Proteome Res. 19 (11) (2020) 4389–4392,
doi: 10.1021/acs.jproteome.0c00280 . 

[6] O. Schuster, A. Zvi, O. Rosen, H. Achdout, A. Ben-Shmuel, O. Shifman, S. Yitzhaki,
O. Laskar, L. Feldberg, Specific and rapid SARS-CoV-2 identification based
on LC-MS/MS analysis, ACS Omega 6 (5) (2021) 3525–3534, doi: 10.1021/ac-
somega.0c04691 . 

[7] D. Gouveia, G. Miotello, F. Gallais, J.-.C. Gaillard, S. Debroas, L. Bellanger, J.-
.P. Lavigne, A. Sotto, L. Grenga, O. Pible, J. Armengaud, Proteotyping SARS-
CoV-2 virus from nasopharyngeal swabs: a proof-of-concept focused on a 3
min mass spectrometry window, J. Proteome Res. 19 (11) (2020) 4407–4416,
doi: 10.1021/acs.jproteome.0c00535 . 

[8] L.H. Cazares, R. Chaerkady, S.H. Samuel Weng, C.C. Boo, R. Cimbro, H.-.E. Hsu,
S. Rajan, W. Dall’Acqua, L. Clarke, K. Ren, P. McTamney, N. Kallewaard-
LeLay, M. Ghaedi, Y. Ikeda, S. Hess, Development of a parallel reaction
monitoring mass spectrometry assay for the detection of SARS-CoV-2 spike
glycoprotein and nucleoprotein, Anal. Chem. 92 (20) (2020) 13813–13821,
doi: 10.1021/acs.analchem.0c02288 . 

[9] S. Renuse, P.M. Vanderboom, A.D. Maus, J.V. Kemp, K.M. Gurtner, A.K. Madugundu,
S. Chavan, J.A. Peterson, B.J. Madden, K.K. Mangalaparthi, D.-.G. Mun, S. Singh,
B.R. Kipp, S. Dasari, R.J. Singh, S.K. Grebe, A. Pandey, A mass spectrometry-
based targeted assay for detection of SARS-CoV-2 antigen from clinical specimens,
EBioMedicine 69 (2021) 103465, doi: 10.1016/j.ebiom.2021.103465 . 

10] S.K. Grebe, R.J. Singh, LC-MS/MS in the clinical laboratory – where to from here?
Clin. Biochem. Rev. 32 (1) (2011) 5–31 . 

11] P.J. Jannetto, R.L. Fitzgerald, Effective use of mass spectrometry in the clinical lab-
oratory, Clin. Chem. 62 (1) (2016) 92–98, doi: 10.1373/clinchem.2015.248146 . 

12] T.M. Annesley, Ion suppression in mass spectrometry, Clin. Chem. 49 (7) (2003)
1041–1044, doi: 10.1373/49.7.1041 . 

13] M. Wilm, Principles of electrospray ionization, Mol. Cell. Proteomics 10 (7) (2011),
doi: 10.1074/mcp.M111.009407 . 

14] B.K. Matuszewski, M.L. Constanzer, C.M. Chavez-Eng, Strategies for the assessment
of matrix effect in quantitative bioanalytical methods based on HPLC − MS/MS, Anal.
Chem. 75 (13) (2003) 3019–3030, doi: 10.1021/ac020361s . 

15] J.R. Whiteaker, L. Zhao, H.Y. Zhang, L.-.C. Feng, B.D. Piening, L. Anderson,
A.G. Paulovich, Antibody-based enrichment of peptides on magnetic beads for mass-
spectrometry-based quantification of serum biomarkers, Anal. Biochem. 362 (1)
(2007) 44–54, doi: 10.1016/j.ab.2006.12.023 . 

16] E.E. Niederkofler, D.A. Phillips, B. Krastins, V. Kulasingam, U.A. Kiernan, K.A. Tubbs,
S.M. Peterman, A. Prakash, E.P. Diamandis, M.F. Lopez, D. Nedelkov, Targeted se-
lected reaction monitoring mass spectrometric immunoassay for insulin-like growth
factor 1, PLoS ONE 8 (11) (2013) e81125, doi: 10.1371/journal.pone.0081125 . 

17] T.G. Halvorsen, L. Reubsaet, Antibody based affinity capture LC-MS/MS in quanti-
tative determination of proteins in biological matrices, TrAC Trends Anal. Chem. 95
(2017) 132–139, doi: 10.1016/j.trac.2017.08.009 . 

18] N.L. Anderson, N.G. Anderson, L.R. Haines, D.B. Hardie, R.W. Olafson, T.W. Pear-
son, Mass spectrometric quantitation of peptides and proteins using stable isotope
standards and capture by anti-peptide antibodies (SISCAPA), J. Proteome Res. 3 (2)
(2004) 235–244, doi: 10.1021/pr034086h . 

19] M.C.S. Levernæs, B. Farhat, I. Oulie, S.S. Abdullah, E. Paus, L. Reubsaet,
T.G. Halvorsen, Immunocapture sample clean-up in determination of low abundant
protein biomarkers – a feasibility study of peptide capture by anti-protein antibodies,
RSC Adv. 9 (60) (2019) 34902–34911, doi: 10.1039/C9RA05071J . 

20] B. MacLean, D.M. Tomazela, N. Shulman, M. Chambers, G.L. Finney, B. Frewen,
R. Kern, D.L. Tabb, D.C. Liebler, M.J. MacCoss, Skyline: an open source document
editor for creating and analyzing targeted proteomics experiments, Bioinformatics
26 (7) (2010) 966–968, doi: 10.1093/bioinformatics/btq054 . 

21] M.J. Laan, E.C. van der; Polley, A.E. Hubbard, Super learner, Stat. Appl. Genet. Mol.
Biol. 6 (1) (2007), doi: 10.2202/1544-6115.1309 . 

22] Jurgen Cox, Matthias Mann, MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein quantifica-
tion, Nature Biotechnology (2008) . 

https://doi.org/10.1016/j.sampre.2022.100018
https://doi.org/10.1021/acsnano.0c02624
https://doi.org/10.1007/s42485-020-00044-9
https://doi.org/10.1038/s41467-020-19925-0
https://doi.org/10.1021/acs.jproteome.0c00887
https://doi.org/10.1021/acs.jproteome.0c00280
https://doi.org/10.1021/acsomega.0c04691
https://doi.org/10.1021/acs.jproteome.0c00535
https://doi.org/10.1021/acs.analchem.0c02288
https://doi.org/10.1016/j.ebiom.2021.103465
http://refhub.elsevier.com/S2772-5820(22)00015-8/sbref0010
https://doi.org/10.1373/clinchem.2015.248146
https://doi.org/10.1373/49.7.1041
https://doi.org/10.1074/mcp.M111.009407
https://doi.org/10.1021/ac020361s
https://doi.org/10.1016/j.ab.2006.12.023
https://doi.org/10.1371/journal.pone.0081125
https://doi.org/10.1016/j.trac.2017.08.009
https://doi.org/10.1021/pr034086h
https://doi.org/10.1039/C9RA05071J
https://doi.org/10.1093/bioinformatics/btq054
https://doi.org/10.2202/1544-6115.1309
http://refhub.elsevier.com/S2772-5820(22)00015-8/optal8pHnOhaT

