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Abstract

Rationale: The COVID-19 pandemic demonstrated the importance of high-throughput
analysis for public health. Given the importance of surface viral proteins for interactions
with healthy tissue, they are targets of interest for mass spectrometry-based analysis. For
that reason, the possibility of detecting and quantifying peptides using a high-throughput
technique, laser diode thermal desorption-triple quadrupole mass spectrometry (LDTD-
QqQMS), was explored.

Methods: Two peptides used as models for small peptides (leu-enkephalin and
endomorphin-2) and four tryptic peptides (GVYYPDK, NIDGYFK, IADYNYK, and
QIAPGQTGK) specific to the SARS-CoV-2 Spike protein were employed. Target peptides
were analyzed individually in the positive mode by LDTD-QqQMS. Peptides were
quantified by internal calibration using multiple reaction monitoring transitions in pure
solvents and in samples spiked with 20 pg mL™! of a bovine serum albumin tryptic digest
to represent real analysis conditions.

Results: Low energy fragment ions (b- and y- ions) as well as high-energy fragment ions
(c- and X-ions) and some of their corresponding water or ammonia losses were detected in
the full mass spectra. Only for the smallest peptides, leu-enkephalin and endomorphin-2,
[M+H]" ions were observed. Product ion spectra confirmed that, with the experimental
conditions used in the present study, LDTD transfers a considerable amount of energy to
the target peptides. Quantitative analysis showed that it was possible to quantify peptides
using LDTD-QqQMS with acceptable calibration curve linearity (R>>0.99), precision
(RSD<18.2%), and trueness (bias<8.3%).

Conclusions: This study demonstrated for the first time that linear peptides can be
qualitatively and quantitatively analyzed by LDTD-QqQMS. Limits of quantification and
dynamic ranges are still inadequate for clinical applications, but other applications where
higher levels of proteins must be detected, could be possible by LDTD. Given the high-
throughput capabilities of LDTD-QqQMS (> 15000 in less than 43 h), more studies are
needed to improve the sensitivity for peptide analysis of this technique.

Keywords: severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
endomorphin-2, leucine enkephalin, atmospheric pressure chemical ionization, high-
throughput, peptide quantification.



1. Introduction

In December 2019, an outbreak of a novel coronavirus (SARS-CoV-2) infection emerged and has
rapidly spread worldwide representing a significant threat to humans . The coronavirus disease
(COVID-19) is the result of a SARS-CoV-2 viral infection. Over two years after the initial
outbreak, the COVID-19 pandemic continues worldwide, and rapid diagnostic tools to fight the
virus’s spread are at the centre of public health organization’s strategy **. The SARS-CoV-2
virus particles include the RNA genetic material and structural proteins required for cell invasion.
The Spike protein is found on the outside of the virus particle and mediates attachment of the virus
particle and entry into the cell. Specifically, the Spike protein interacts with the angiotensin-
converting enzyme 2, an enzyme that can be found attached to the membrane of cells [ 61,
Consequently, the Spike protein is an important target for vaccine development, antibody therapies
and diagnostic tests ["1. Very rapidly, reverse transcription polymerase chain reaction methods for
SARS-CoV-2 detection were developed, validated, and used to test millions of people but it put a
strain on the health care systems of many countries around the globe % '], The demand for rapid
and cost-effective analysis methods is important to fight the spread ['?l. Antigen rapid diagnostic
tests for SARS-CoV-2 are now very commonly used, but they have several limitations including
lack of sensitivity and specificity and they are effective for the detection of the original Wuhan
strain, but they are much less effective to detect new variants [’ The COVID-19 pandemic has
demonstrated the importance of high-throughput analysis techniques in public health.

There is no doubt that, mass spectrometry (MS) occupies a central role in modern bioanalysis and
as such multiple high-throughput mass spectrometry techniques have been developed in the past
ten years [*%, Furthermore, MS has become a workhorse in proteomics ['*1¢, Multiple reaction
monitoring (MRM) mass spectrometry has been widely successfully applied to detect and quantify
targeted proteins in biological samples using bottom-up approaches [!”!°], Bottom-up proteomics
involves proteolytic digestion, typically trypsin digestion of proteins prior analysis by MS 2],
MRM-MS is a targeted technique distinctive from the analytical strategies used in discovery
proteomics (i.e., shotgun proteomics). MRM-based methods are at the centre of rapid
developments in protein and biomedical research. Typically, MRM is performed on triple
quadrupole mass spectrometers (QqQ) allowing to target specific tryptic peptides of interest and
provides superior specificity and sensitivity '°). The first quadrupole mass analyzer is used to
isolate the precursor (peptide) ion, then fragmented in the collision cell to generate product ions
and finally, a small number of sequence-specific fragment ions, typically 2 or 3, are isolated in the
second quadrupole mass analyzer. The precursor/product ion transitions are selected to enhance
specificity and sensitivity. Moreover, the use of spiked-in, stable isotope-labelled peptides permit
precise quantification 222, In silico full mass and tandem mass libraries can be generated and
maintained based on SARS-CoV-2 surveillance and sequencing performed by public health
agencies assisting MRM-MS quantification of specific tryptic peptides of viral proteins from the
original and variant strains. However, the application of MRM-based assays for large-scale
analysis is limited. Liquid chromatography (LC) or derivative techniques are commonly
hyphenated to QqQ MS for targeted MRM-based proteomic assays. The LC run-time is an
important limitation significantly diminishing the throughput but also increasing the analysis cost.
However, a question remains; can we use MRM-based assays to detect specific tryptic peptides
associated to viral proteins, more specifically, the Spike protein found on the viral particle of the



SARS-CoV-2? Such assays require high-throughput techniques to cope with the high number of
tests required by public health agencies.

Laser diode thermal desorption (LDTD) is a mature sample desorption and ion source for mass
spectrometry designed for high-throughput analysis that has been applied successfully to a large
array of small molecules such as hormones [?*l, antibiotics ?*?7], pharmaceuticals 23! and
pesticides %33l in complex biological or environmental matrices. In LDTD, samples are thermally
desorbed rapidly by an infrared laser that hits the back of the microwell plate where samples are
deposited. Thus, contrary to MALDI, there is no contact between the laser and the sample.
Desorbed molecules in the gas phase are then transported by a carrier gas towards a corona needle
where molecules in the gas phase are ionized by atmospheric pressure chemical ionization (APCI).
The carrier gas, typically air containing traces of water, also induces thermalization of the desorbed
molecules thus reducing thermal degradation and allowing proper ionization >4, Despite this
thermal desorption process, extensive molecular fragmentation in LDTD has not been reported
and to the authors' knowledge only loss of water has been observed in the analysis of hormones
(23] However, the application of LDTD to the quantitative analysis of peptides remains unexplored.
It has been demonstrated that APCI can be employed to ionize large peptides, e.g., angiotensin I
(1296 Da) 4, and even proteins [*> with minimal fragmentation. Therefore, the major challenge
for the quantitative analysis of peptides by LDTD is low thermal desorption efficiency and the
sensitivity of peptides to high temperatures.

The effect of high temperatures on peptide ions has been extensively studied by MS in the last 30
years 3641 In an early report on thermal decomposition of peptides, Meot-Ner, et al. [*¢! jonized
leu-enkephalin by electrospray ionization (ESI) and then passed it through a wide-bore reactor
tube heated at 385 °C or 406 °C. They observed that fragment ions such as a4, bs+18, and [M+H-
18] were among the most abundant ions in the mass spectrum. According to the authors of that
report, thermal decomposition is not expected to generate b-ions but rather a-ions since it is a
rather low energy process. Later, Chen, et al. 7 used a similar setup, based on electrosonic spray
ionization and a coiled tube heated between 230 and 380 °C, to investigate the thermal dissociation
of peptides angiotensin II and bradykinin. They observed an, bn, and yn-ions as well as fragment
ions resulting from loss of H2O or NH3. Meetani, et al. [**) used pyrolysis between 200 and 220°C
and observed the formation of cyclic oligopeptides, cyclic oligopeptides with losses of side groups,
and fragmentation of the peptide backbone to yield bn, yn, Cn, zn, and an, Xn-ions as well as va and
Wi-ions. Basile, et al. [*”) and Zhang and Basile [*3! also induced the thermal cleavage of a series of
peptides using a pyrolizer device at 220 °C and ionized the degradation products by electrospray.
They observed [M+H]", [M-H20+H]", [M-NH3+H]" or [M-2NH3+H]" ions as well as specific
cleavages at the C-terminal side of aspartic acid or the N-terminus of cysteine. Finally, Altmeyer,
et al. !l investigated the thermal fragmentation of peptides by using superheated water at several
temperatures between 120 and 200 °C. In that study, the authors observed superheating-induced
fragmentation that yielded mainly y-ions.



LDTD-QqQMS method could reduce analysis time by several orders of magnitude (i.e. =10 s per
sample), compared to more conventional LC-QqQMS approaches. Therefore, the objective of the
present study is first to identify the ions generated by LDTD for six target peptides and then
evaluate if MRM transitions could be employed for quantitative analysis of peptides in samples
spiked with a protein digest.

2. Methods
2.1 Chemicals and reagents

Standards of endomorphin-2 ( YPFF-NH2, >97 %) and leu-enkephalin (YGGFL) acetate salt
hydrate ( > 95 %), were purchased from Phoenix Pharmaceuticals (Burlingame, CA) and Sigma-
Aldrich Canada (Oakville, ON), respectively. Four tryptic peptides specific to the SARS-CoV-2
Spike protein from the Wuhan strain were chosen according to an in silico analysis made by
Orsburn, et al. ¥, The peptide sequences were: GVYYPDK, NIDGYFK, IADYNYK, and
QIAPGQTGK. These tryptic peptides were custom-synthetized by CanPeptide (St-Laurent, QC)
and had a purity of 95 % or better. Isotopically labelled leu-enkephalin [ Y GGF(ds)L], endomorphin-
2 [YPFF(ds)-NH2], G(d2)VYYPDK, IAD(d4s)YNYK, and QIA(d4)PGQTGK were also custom-
synthetized by CanPeptide (St-Laurent, QC) and had purity of 95 % or better. Bovine serum
albumin (BSA) and trypsin from porcine pancreas were purchased from Sigma-Aldrich Canada.
Methanol (MeOH) and water (LC-MS grade) as well as potassium phosphate dibasic (K2HPO4)
were purchased from Fisher Scientific (Ottawa, ON). Stock solutions of the four tryptic peptides
specific to the SARS-CoV-2 Spike protein were prepared in LC-MS grade water at a concentration
of 1000 pg mL" and were kept at 4 °C. Stock solutions of endomorphin-2 and leu-enkephalin were
prepared in LC-MS grade water at a concentration of 100 pg mL™! and 700 pg mL™! respectively
and were kept at 4 °C.

2.2 Sample preparation

LazWell microwell plates, made of stainless-steel 3161, and manufactured by Phytronix (Québec,
QC) were used in all experiments. For the detection and identification of ions using the full scan
mode, peptide solutions were prepared in MeOH-H20 (3:1, v/v) to obtain a peptide concentration
of between 25 and 50 pg mL™!. Aliquots of 4 pL were then deposited on the LazWell microwell
and dried for 5 min.

For the quantification of the peptides in the solvent using the MRM mode, peptide solutions were
prepared in MeOH-H20 (3:1, v/v) and mixed with 15 mM of phosphate buffer adjusted to pH 8
and 10 pg mL! of the deuterated analogue. Experiments showed that addition of the phosphate
buffer was necessary to improve signals for most of the peptides (Figure S1). Different peptide
concentrations were prepared between 1 ng mL™! to 40 ng mL™! depending on the peptide. Aliquots



of 4 uL. were then deposited on the LazWell microwell and dried for 5 min. 4 replicates were
performed.

For the quantification of the peptides spiked in digested BSA using the MRM mode, peptide
solutions were prepared in MeOH-H20 (3:1, v/v) and mixed with 15 mM of phosphate buffer
adjusted to pH 8, 20 pg mL™! of digested BSA and 10 ug mL"! of the deuterated analogue. Different
peptide concentrations were prepared between 0.01 ug mL"' to 40 ug mL™ depending on the
peptide. Aliquots of 4 uL were then deposited on the LazWell microwell and dried for 5 min. Four
replicates were performed per analyte.

2.3 Analysis by LDTD-QqQMS

Thermal desorption and ionization of samples were performed using an LDTD source model W-
960 from Phytronix. Mass analysis and detection were done by a Xevo TSQ-micro triple-
quadrupole mass spectrometer from Waters (Milford, MA, USA) on which the LDTD source was
mounted. Laser power pattern was as follows: increase from 0 to 100% in 6 s, stay at 100% for 4
s, and return to 0% immediately. Flow rate of compressed air used as carrier gas was set to 3 L
min~!. Peptides were ionized by atmospheric pressure chemical ionization (APCI) in the positive
mode.

2.4 Predicted peptide fragment ions

MS-Product, a peptide mass spectrometry utility from ProteinProspector version 6.3.1, developed
by the University of California, San Francisco (https://prospector.ucsf.edu/prospector/cgi-
bin/msform.cgi?form=msproduct) was employed to simulate the fragmentation of target peptides
and identify the ions observed.

2.5. Quantitative analysis

Acquisition was carried out in the MRM mode and the transitions used are shown on Table S1
(Supporting Information). Data were processed using MassLynx Software version 4.2 from
Waters. Quantification was done by internal calibration using deuterated analogues of the peptides.
Internal calibration curves were determined using ordinary least squares linear regression based
on the average of four replicate measurements per concentration level. Limits of detection (LOD)
were determined according to the IUPAC definition employing a value of k=3 . Limits of
quantification (LOQ) were defined as concentration of the lowest standard with a bias percentage
< £20 %. The dynamic range was defined by the concentration interval between the LOQ and the
highest point of the calibration curve.



3. Results and discussion
3.2 Full scan spectra of peptides ionized by LDTD

Total ion current desorption profiles and full mass spectra of the target peptides are shown in
Figures S1 to S6 (Supporting information). Desorption profiles were for the most part atypical of
LDTD 23 27- 441 Peaks were generally asymmetric with a tailing, and peak splitting was also
observed for endomorphin-2. In LDTD, tailing peak shapes are indicative of a slow thermal
desorption %1, Peak splitting suggests signal suppression due to a high number of species desorbed

simultaneously 1,

Results showed that peaks corresponding to the [M+H]" ion with both high abundance and high
signal-to-noise ratio were only observed for the two smaller peptides, leu-enkephalin and
endomorphin-2. [M+2H]*" ions were only observed for IADYNYK (m/z 886) and QIAPGQTGK
(m/z 899) and only in the case of the latter, its relative abundance was high (20.4%). These results
thus suggest that the laser power pattern used to induce rapid thermal desorption of the peptides
(0 % to 100% in 6 s, then 100% for 4 s) caused a significant amount of in-source fragmentation
because of the extra internal energy that was imparted to the ions. Compounds analyzed by LDTD
usually require between 20% to 65% of maximum laser power for optimal desorption [23-31- 46-48]
however preliminary optimization tests (results not shown) demonstrated that the laser power was

required to reach 100% to observe an abundant signal for the target peptides in LDTD.

This in-source fragmentation hypothesis was supported by the presence of multiple fragments that
matched b- and y- ions (Figures S2-S7, Supporting information). In some cases, those fragment
ions, as well [M+H]" ions, were often accompanied by their corresponding water (-18 Da) or
ammonia (-17 Da) losses. Ammonia losses [M+H-NH3]" can be observed in electrospray
ionization (ESI) and are precursors of fragment bn-NH3 and yn-NH3 91 . The formation of [M-
H>O+H]" or yn-NH3 ions from peptides exposed to heat has been previously reported 13637391,
However, in all those studies, heat was applied after the ionization of peptides by very soft
techniques such ESI or electrosonic spray. In LDTD, the inverse process is applied: fast heating is
applied first providing extra internal molecular energy and then analyte molecules are ionized by
APCI. This further explains why peptide fragmentation observed in the present paper is more
extensive than in previous studies 3% 40411,

Other peaks corresponding to m-ions (fragment ions arising from sidechain losses of the protonated
molecule”) and c- and x-ions were also observed. Side-chain cleavages are observed in ionization
methods that transfer high amounts of energy [*), while ¢- and x- ions are typically detected in
electron-based activation methods, e.g., electron transfer dissociation (ETD) and high-energy
activation methods such as ultraviolet photodissociation (UVPD) P!, Therefore, in the
experimental conditions used in the present study, LDTD appears to transfer a considerable
amount of energy to the target peptides. This aspect will be discussed further in the following
section.



While the formation of multiple fragments makes quantitative analysis of peptides by LDTD less
sensitive, the fragmentation patterns observed in LDTD are complementary to those of observed
in low energy collision-induced dissociation (CID) and could be applied as an alternative technique
to improve amino acid sequence determination when other techniques such as ETD and UVPD
may not be available. However, further experiments are necessary to confirm the reproducibility
and sensitivity of LDTD for such applications.

3.3 Tandem mass spectrometry experiments

To identify the most abundant and stable fragment ions that could be used in MRM transitions for
quantification purposes, it was decided to acquire product ion spectra of the most abundant ions
of each peptide as well their deuterated analogues. Results of these experiments are shown on
Table 1 and Figures 1-4. Those experiments allowed to confirm the composition of the precursor
ions of interest for four (leu-enkephalin, endormorphin-2, IADYNYK and QIAPGQTGK) out of
the six target peptides. For leu-enkephalin (Figure 1) and endomorphin-2 (Figure 2), the protonated
peptide molecule was abundant enough to observe their product ions. For the rest of the target
peptides, high mass fragments were selected for product ion scan experiments. In all cases, the
mass spectra yielded mainly b-, y- and a-ions. Also, internal fragments (e.g., GF, PF, AP) and
immonium ions (e.g., Y, F) were observed. NIDGYFK was the only peptide for which
reproducible signals could not be obtained and further tests for this peptide were abandoned since
the objective was to find optimal MRM transitions for quantification. As for GVYYPDK, full and
product ion spectra of its isotopologue did not match its structure, and further experiments were
abandoned as it was not possible to confirm the nature of the precursor ion (cs fragment) used for
MRM experiments.

The product ion mass spectrum of m/z 556 ([M+H]") of leu-enkephalin (Figure 1), showed product
ions typically observed for this peptide. However a detailed analysis of the product ions formed
suggests that the precursor ion had a higher internal energy in LDTD than in previous electrospray
ionization experiments [/, The intensity ratio of a4 and b4 ions of leu-enkephalin was proposed by
Thibault, et al. [*¥ as an index of the amount of internal energy deposition in the molecule.
According to Vachet, et al. ** moderately energetic CID shows an as/bs intensity ratio of 0.75.
The results show that when using a collision energy of only 25 eV, it was observed that the a4/b4
ion ratio was 9.22, which indicates that the ions arrived at the collision cell with a high amount of
internal energy resulting from the fast thermal desorption in LDTD and that the thermalization
process induced by the carrier gas flow in the LDTD source ** was not able to reduce the internal
energy deposited in leu-enkephalin to thermal levels. By comparing this spectrum to one obtained
by electrospray ionization in the positive mode using the same instrument and collision energy
(Figure S8), it is possible to observe that in LDTD higher abundances were shifted towards product
ions of lower mass-to-charge ratios due to the high energy deposition caused by the LDTD
conditions employed.



Table 1. Composition of the ions of interest for quantitative analysis of the target peptides.
Underlined ions indicate the product ions used form MRM transitions in the quantitative analysis.

Ions identified in the product

Peptide Selected ion Proposed . *
Ion type ops ion scan
(sequence) m/z composition m/z
. 397 (as), 278 (b3), 221 (b2), 205
Leu-enkephalin 556 [M+H]" | YGGFL | (GF), 177 (GF-CO), 136 (Y),
(YGGFL)
120 (F)
. 408 (b3), 261 (b2), 233 (a2),
%g;?_‘l’\]rﬂ“)n'z 572 [M+H]" | YPFF-NH: |244.9 (PF), 217 (PF-CO), 136
i (Y). 120 (F)
320 (b), 299 (YY-CO), 275 (as-
GVYYPDK 597 cs GVYYP | (157 (bo), 136 (Y)
304 (ADY-CO-H20), 278 (NY),
IADYNYK 462 c4-H20 IADY 261 (DY-H20), 185 (b2), 157
(a2), 136 (Y)
QIAPGQTGK 410 ba QIAP 197 (a2-NH3), 225 (b2-NH3s), 169

(AP)

* Product ions were confirmed with the spectral analysis of the corresponding isotopologue except

for GVYYPDK.

Note: since no reproducible ion could be identified in the full scan mass spectrum of NIDGYFK,
it was not included in the table.

For endomorphin-2 (Figure 2), the same observation was made, the most abundant ions in the
product ion spectrum were fragments of low m/z : immonium ion F (m/z 119, relative abundance:
100 %), PF (m/z 245, 63.8%), b2 (m/z 261, 60.4%) and a2 (m/z 233, 56.0%).



[M+H-H,O]* [M+H]"
1.2x107 1 ¢, 538 556
9.0x10° - 442 - [\ |
6.0x10° L /M W
3.0x108 - / - T |
0.0 ] Lw\ MM Jw LAY wl’ LK CRU PR 0 SR I B LV R kvw“w«m’ Ao N
. I ' I i I B 1
—~ 400 i 450 500 550 600
E 120 GF bs a,
Q ] er GRLD b, 278 397
L2, 7x10° - ¥ 177 205 221 //. b,
‘D 1 8X106 \ / [ Y 425
S 9.0x105 L ) W
2 o0 J l_ | L e bl ¢ , ,
=3
2 100 150 200 250 300 350 400 450 500
P GFCO" gp. bs a,
3.9%10° 182 210 - 402 |
! r's l b, 4
1.3x10° | ‘ |+ b L
00 i 'luu.._.ﬂ-‘le L{u e J._JL_JLM_JLA_L ,.u).___}lg i A ll.n X IJ — J\_LA{‘L = 2 .I |
100 150 200 250 300 350 400 450 500
m/z

Figure 1. Full and product ion spectra of leu-enkephalin (YGGFL) obtained by LDTD in the
positive mode. Top: Full-mass spectrum. Middle: Product ion mass spectrum of the [M+H]" ion
(m/z 556) using a collision energy of 25 eV. Bottom: Product ion mass spectrum of the [Mas+H]"
ion (M/z 561) from YGGF(ds) using a collision energy of 25 eV. The ions with an asterisk (*)
indicate a mass shift due to the presence of deuterium atoms.
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Figure 2. Full and product ion spectra of endomorphin-2 (YPFF-NH32) obtained by LDTD in the
positive mode. Top: Full-mass spectrum. Middle: Product ion mass spectrum of the [M+H]" "
(m/z 572) using a collision energy of 25 eV. Bottom: Product ion mass spectrum of the [Mas+H]"
ion (M/z 577) from YPFF(ds)-NHz. The ions with an asterisk (*) indicate a mass shift due to the
presence of deuterium atoms.

For IADYNYK and QIAPGTGK, the two tryptic peptides related to the SARS-CoV-2 Spike
protein, the most abundant ions (m/z 462 and m/z 410, respectively) were selected for product ion
experiments (Figures 3 and 4). For both peptides, a- and b- ions were the most abundant, but in
the case of QTAPGTGK only the ammonia losses were observed. The composition of the precursor
ions was confirmed by performing a product ion scan experiments on the deuterated analogues.
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Figure 3. Full and product ion spectra of IADYNYK obtained by LDTD in the positive mode.
Top: Full-mass spectrum. Middle: Product ion mass spectrum of the ion cs-H20 (m/z 462) using a
collision energy of 25 ¢V. Bottom: Product ion mass spectrum of c4(d4)-H20 ion (m/z 466) from
IA(d4)DYNYK using a collision energy of 25 eV. The ions with an asterisk (*) indicate a mass
shift due to the presence of deuterium atoms.

The most abundant ion in the full mass spectrum of IA(d4)DYNYK was m/z 466 (results not
shown) and product ion experiments showed the presence of m/z 161 and m/z 189 corresponding
to a2(d4) and ba(ds), respectively in its spectrum (Figure 3). Therefore, the composition of m/z 462,
the precursor ion of IADYNYK selected for MRM experiments, corresponds well to a c4-H20 ion
of amino acid composition IADY. In the case of QIA(d4)PGTGK, no mass shift was observed for
the ions corresponding to a2-NH3 (m/z 197) and b2-NH3 (m/z 225) since the deuterated alanine
moiety was absent in the amino acid composition (QI). However the internal A(d4)P ion was
observed which confirmed that the composition of m/z 410, the precursor ion of QIAPGTGK
selected for MRM experiments corresponds well to a bs ion of amino acid composition QIAP.
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Figure 4. Full and product ion spectra of QTAPGTGK obtained by LDTD in the positive mode.
Top: Full-mass spectrum. Middle: Product ion mass spectrum of the ion bs (m/z 410) using a
collision energy of 25 eV. Bottom: Product ion mass spectrum of the bs ion (m/z 410) from
QIA(d4)PGQTGK using a collision energy of 25 eV. The ions with an asterisk (*) indicate a mass
shift due to the presence of deuterium atoms.

3.4 Quantification

Three peptides were selected for quantitative analysis: endormorphin-2, as a model for small (<
600 Da) peptides as well as IADYNYK and QIAPGTGK, since they are two tryptic peptides
related to the Spike protein of SARS-CoV-2. These peptides were quantified by internal calibration
using their corresponding deuterated analogues in two different conditions: a solvent mixture and
spiked in 20 pg mL! of digested bovine serum albumin (BSA).

Results of the quantification of endomorphin-2 in both the solvent mixture and in the presence of
digested BSA (Table 2) showed that calibration curves were linear (R? > 0.99) and trueness and
precision were better than accepted quality assurance criteria (bias : -20% to +10%, relative
standard deviation: between 11.3% and 16%) [°°). However, it was observed that the dynamic range
was narrow, concentrations spanning less than 2 orders of magnitude could be quantified, and



LOQ were in the 0.5-2 ug mL! range, which is relatively high for a tandem mass spectrometry
technique. When testing the MRM transitions for quantitative analysis, it was observed that the
m/z 572 — m/z 408 transition, used for analysis in the solvent mixture, was less effective in the
presence of BSA tryptic peptides, probably due to the presence of interferences. Therefore, the
MRM transition m/z 572 — m/z 245 was used for the quantification of endomorphin-2 instead.
Interestingly, the LOQ were better in the samples spiked with digested BSA, which may be due to
the “coating effect” of a matrix in LDTD. It has been shown that coating the surface of LDTD
microwell plates with small organic acids ¢! or proteins [ enhanced the signal for multiple small
molecules. Such effect was explained by changes in the crystallization of the analytes deposited in
the microwells. Indeed, smaller crystals and higher amounts of amorphous phase favour the fast
thermal desorption of analytes and thus increase their signals in LDTD. It is not clear if the
presence of tryptic BSA peptides in the samples also could decrease the thermal degradation of
endomorphin-2, and additional experiments are necessary to understand the “coating effect” in
LDTD when using the maximum laser power output.

For TADYNYK and QIAPGQTGK, results (Table 2) also showed that the analysis in the solvent
mixture had a worse performance than in the presence of digested BSA. For IADYNYK, the
relative standard deviation improved of almost 10 percentage units, and for QIAPGQTGK bias
improved nearly 25 percentage units in the samples spiked with the BSA digest. Such result is well
explained by the “coating effect” mentioned previously which also better the LOQ.

A substantial difference was observed between LOD and LOQ values (Table 2) which is due to
the definitions used. For the LOD, the standard deviation of 10 matrix blank samples times a k
factor of 3 divided by the calibration curve slope was employed. For the LOQ, the concentration
of the lowest standard with a bias percentage <120 % was used. Therefore, the LOD only considers
if the analyte signal is higher than the background and does not take into account trueness, which
at low concentrations (0.01 pg mL") reached 10000% bias for AIDYNYK.

Overall, the selectivity of the method is also well demonstrated by the MRM ion current desorption
profiles shown in Figure 5. As it can be seen, peaks at the LOQ of each peptide were significantly
higher than the noise from the matrix. However, quantitative analysis remains limited because of
the narrow dynamic range and the relatively high LOQ (endomorphhin-2: 0.5 pg mL,
IADYNYK: 1 ug mL!, QIAPGQTGK: 1.5 ug mL™). Appropriate LOD and LOQ levels depend
on the intended application. In the case of clinical applications for detection of viruses such as
SARS-CoV-2, based on reported median viral loads in patients obtained using Real-Time
Quantitative Reverse Transcription (RT-PCR) of throat swabs!®”), it is estimated that LOQ for
characteristic peptides such as IADYNYK and QIAPGQTGK should be ~3.5 fg mL", i.e. =108
times lower than the experimental LOQ reported here. RT-PCR methods are the gold standard for
viral analysis of clinical samples and they are able to detect as few as 1000 RNA copies per
milliliter %), For other applications, such as the detection of protein allergens in food, detection
levels as low as 1 mg of protein are desirable °°!. For example, in the case of caseins in milk LOQ
for peptides ~500-900 Da should be ~21-47 pg mL™! which are of the same order of magnitude as
the values reported here. For a detailed calculation on how the expected LOQ values were
obtained, please consult the Supporting Information.

In summary, assays showed that quantitative analysis of endomorphin-2, IADTNYK and
QIAPGQTGK in a protein digest was possible by LDTD and the main figures of merit (calibration



curve linearity, precision, and trueness) were acceptable, but LOD/LOQ values remain too high
for applications where trace amounts of proteins (< 0.1 pg mL™!) need to be quantified. However
other applications where higher levels of proteins must be detected, such as quality control or
detection of protein allergens, could be possible by LDTD.



Table 2. Quantification data of endomorphin-2, IADYNYK and QIAPGQTGK in the solvent, and parameters for tandem mass analysis

using MRM acquisition mode.

Solvent mixture

BSA spiked (20 ug mL™)

Compounds / LOQ Dynamic range . LOD LOQ Dynamic range -
o R? 1 1 Trueness* | Precision* R? 1 1 1 Trueness* | Precision*
MRM transtition (ng mL1) (ug mL1) (bias %) | (RSD %) (ng mL7) | (ug mL™) (ng mL") (bias %) | (RSD %)
Endomorphin-2
m/z 572 — m/z 4087 | 0.9976 2 2-20 -3.8%2 1.6* 0.9980 0.0004 0.5 0.5-15 -0.03° 49°
m/z 572 — m/z 245*
IADYNYK . . d d
/2462 — m/z 185 0.9815 5 5-40 -19.7 6.9 0.9791 0.02 1.5 1.5-20 8.3 18.2
QIAPGQTGK 0.9725 10 10-40 25.24 3.04 0.9910 0.1 1 1-30 0.87°¢ 114c¢
m/z 410— m/z 197

* Trueness and precision were evaluated at: * 8 pgmL™"; 2 ugmL™!; 6 pgmL! ;415 pgmL™'. " MRM transition used for quantification
in the solvent. * MRM transition used for quantification in the BSA matrix.
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Figure 5. MRM ion current desorption profiles of the quantified peptides spiked at their LOQ
levels in digested BSA matrix. Left: endomorphin-2 (m/z 572 — m/z 245, LOQ: 0.5 pg mL™),
center: IADYNYK (m/z 462 — m/z 185, LOQ: 1.5 ug mL!) and right: QIAPGQTGK (m/z 410—
m/z 197, LOQ: 1 pg mL™).

4. Conclusion

The present study demonstrated for the first time that it is possible to analyze qualitatively and
quantitatively peptides by LDTD-QqQMS. Upon rapid thermal desorption, the target peptides
were fragmented, many abundant product ions were identified and corresponded to b-, y-, c- or X-
ions and related H20 or NH3 losses. While such fragmentation does impact quantitative
applications, LDTD offers alternative structural information that cannot be obtained by collision-
induced dissociation. Trueness and precision for the quantification of endomorphin-2, TADTNYK
and QIAPGQTGK was equal or better than acceptable criteria. However, both LOQ and dynamic
range remained inadequate for trace analysis applications. Future studies should find new
approaches to improve those two figures of merit.



Many questions still remain regarding the desorption and ionization of peptides by LDTD.
Multiple in peaks in the mass spectrum were unidentified and it was not clear why some peptides
had higher and more stable signals than others. Given the advantages of LDTD for high-throughput
applications (> 15 000 samples in a single sequence and in less than 43 h), such questions should
be answered in order to develop fully functional quantitative analysis methods for peptides by
LDTD-QqQMS.
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