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Rationale: Surface-assisted laser desorption/ionization mass spectrometry (SALDI-
MS) is an approach derived from matrix-assisted laser desorption/ionization
(MALDI)-MS which overcomes the drawbacks associated with the use of organic
matrices required to co-crystallize with the analytes. Indeed, nanomaterials
commonly used in SALDI-MS as inert surfaces to promote desorption/ionization
(D/1) ensure straightforward direct deposition of samples while providing mass
spectra with ions only related to the compound of interest. The objective of this
study was to develop a novel SALDI-MS approach based on steel plates that are
surfaces very rapidly and easily tuned to perform the most efficient peptide
detection as possible. To compare the SALDI efficacy of such metal substrates, D/I
efficiency and deposit homogeneity were evaluated according to steel plate
fabrication processes.

Methods: The studied surfaces were nanostructured steel plates that were
chemically modified by perfluorosilane and textured according to different
frequencies and laser writing powers. The capacity of each tested 100 surfaces was
demonstrated by comparative analyses of a mixture of standard peptides (m/z 600-
3000) performed with a MALDI-TOF instrument enabling MALDI, SALDI and
imaging experiments.

Results: A peptide mix was used to screen the different surfaces depending on their
D/I efficiency and their ability to ensure homogeneous deposit of the samples. For
that purpose, deposition homogeneity was visualized owing to reconstructed ionic
images from all protonated or sodiated ions of the 10 peptides constituting the
standard mix.

Conclusions: Seven surfaces were then selected satisfying the required D/I
efficiency and deposit homogeneity criteria. Results obtained with these optimal
surfaces were then compared with those recorded by MALDI-MS analyses used as

references.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | INTRODUCTION

Established in the late 1960s, laser desorption/ionization mass
spectrometry (LDI-MS)*? has become a powerful analytical tool over
the years for various applications such as macromolecule or small-
molecule detection. More specifically, matrix-assisted laser
desorption/ionization (MALDI), which was introduced by Karas and
Hillenkamp in the late 1980s,® is widely used as one of the most
advanced and sensitive MS technologies.* This technique uses an
organic matrix which co-crystallizes with the analyte of interest to
enable desorption/ionization (D/1) phenomena. MALDI matrices must
absorb at the laser wavelength to be efficient. Most common ones,
regarding  peptide and protein analysis, are  a-cyano-
4-hydroxycinnamic acid (CHCA), 2,5-dihydroxybenzoic acid (DHB)
and sinapinic acid.>~® MALDI-MS is used for applications in screening
and diagnostic research or for the characterization of synthetic
polymers and biopolymers. Moreover, clinical microbiology applies
this technique for identification of toxins and microorganisms.
MALDI-MS is also used by chemical analysts and biomedical
researchers or for studying macromolecules.” ** Although MALDI
analysis offers many advantages, the addition of a small organic
compound as matrix involves several issues. The presence of the
matrix with the sample negatively impacts the analysis in the low-
mass region. Indeed, it causes a high background noise. Moreover, the
co-crystallization process leads to a lack of reproducibility due to the
presence of “hot spots” at the surface of the sample.r® Such an
occurrence can be specifically evidenced using MS imaging (MSI)
analysis. MSI then makes it possible to evaluate the spot
homogeneity.?®"1? Regarding those drawbacks, multiple MALDI
derived techniques have emerged over the years. Among them,
inorganic substrates investigated as alternative matrices led to so-
called surface-assisted laser desorption/ionization (SALDI)-MS whose
terminology was proposed in 1995 by Sunner and co-authors.2® The
first SALDI-related technology was introduced by Tanaka et al in
1988 who used ultrafine cobalt nanopowders mixed with glycerol
matrix to analyze peptides and proteins of up to 20 kDa.2* Even
though such a strategy counted on a mixed system (organic/inorganic)
to produce ions, it paved the way to the use of solely inert material to
perform efficient LDI analyses. Since then, SALDI-MS has been one
technique, among many, dedicated to analysis of small molecules and
macromolecules. For the past 20 years, multiple structured materials
have been developed for SALDI-MS analysis.???2 The substrates can
be from various origins such as metallic-based, carbon-based or
silicon-based nanostructures, as well as quantum dots or metal-
organic frameworks. Nanosubstrates need specific characteristics to
assist the LDI process, such as strong absorption in the UV range, a
low heat capacity and a large surface area per unit volume.?*
Moreover, SALDI nanosubstrates have significant advantages
compared to classic MALDI organic matrices such as low chemical
background on mass spectra and their high molecular loading
capacities.2>2¢ Although some nanomaterials are known for their
affinity for specific functional groups which can be used to specifically

27,28

analyze certain classes of analytes, one of the most important

parameters is the nanosubstrate morphology. Indeed, the type of
nanostructure, the porosity, the roughness, the size or even the pore
depth can significantly affect the efficiency of the D/I process.??-3!
For instance, the higher the porosity of the substrate, the lower the
threshold of the laser must be whereas the pore size and the
interpore spacing do not have much impact. The laser threshold
also decreases when the surface voidage is increasing and the
substrate has higher optical absorption. Many research areas have
been relying on nanosubstrates in SALDI-MS and SALDI-MSI
analysis such as pharmaceuticals research,??3%  biomedicine,®*°

molecular biology,3¢ environmental science®” and forensics.>® For
instance, SALDI-MS has been conducted to identify three
4-methylenedioxymethamphetamine impurities using a specific
nanosubstrates based on porous silicon allowing one to trace back the
origin of dope pills.3 It has also been used to detect nonsteroidal
anti-inflammatory drugs and dyes in water samples with an Au-TiO,
nanohybrid substrates.*® A novel SALDI approach was used to detect
methadone from spiked saliva and clinical urine samples.** Liu and
coworkers also proposed in 2017 new hydroxyl-group-dominated
graphite dots for biomolecule analysis. In that study, puerarin
metabolite distribution in a mouse kidney was shown with the use of
MSI experiments.*?

Even though SALDI-MS has many advantages for peptide
analysis, it is crucial to improve its detection sensitivity to a level
comparable to that of MALDI-MS. Moreover, the finding of a
universal matrix (organic or inorganic) is still ongoing. The objective
here is to develop a SALDI-MS approach based on steel plate
substrates enabling rapid, easy and highly sensitive detection of
peptides. Indeed, steel plate surfaces are straightforward to fabricate
and convenient to use as SALDI substrates. Such surfaces can thus
provide an inorganic matrix with endless possibilities of MS analyses
for a wide range of compounds. In the work reported in this article,
we aimed at designing structured steel surfaces dedicated to the
analyses of biomolecules with performances equaling that of MALDI
methodology which was taken as reference for SALDI-MS validation.
For that purpose, the efficiency of D/l was firstly optimized on a
reference peptide mix deposited onto the SALDI steel plates to select
the best ones. Secondly, deposit homogeneity was probed for a few
selected surfaces using MSI mode. Finally, selection of the best SALDI
steel substrates according to both their D/I efficiency and sample

homogeneity was made and validated with MALDI-MS results.

2 | EXPERIMENTAL

2.1 | Chemicals

MALDI matrices (CHCA, DHB), trifluoroacetic acid (TFA) as well as
acetonitrile (ACN) and water of HPLC grade were purchased from
Sigma-Aldrich (St Louis, MO). The peptides used as references in the
standard mixtures were prepared according to conventional
solid-phase protocols and purified by preparative reversed-phase
HPLC.#344
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2.2 | Steel plate fabrication

Arrays of 100 surfaces of 9 mm? each were prepared on two plates
that were differently patterned. Steel plate #1 contained 50 positions
chemically modified with perfluorosilane and subjected to a single
laser writing with a horizontal hatch pattern defined as follows:
written frequencies of 10, 50, 100, 150 and 200 kHz and laser
powers ranging from 10% to 100%. Steel plate #2 contained also
50 surfaces prepared similarly but with 10 laser passes. The writing

speed was 75 mms~!

and the writing pitch was 35 um for each
surface of the two steel plates. The steel plates were textured with an

Oxford Lasers E series (Femtosecond) at 1064 nm.

2.3 | Sample preparation

CHCA and DHB matrices were used as received without
recrystallization. CHCA and DHB matrix solutions were daily prepared
at 10 and 50 mg mL~? respectively, in H,O/ACN/TFA (30/70/0.1).
Peptide solutions were prepared at 1 mgmL™! in H,O/ACN/TFA
(30/70/0.1). For the standard peptide mix described in Table 1
(“peptide 10 reference mix™), each of the peptide solutions was mixed
and diluted to a final concentration of 83 mgL~! with the same
solvent.

24 | LDI-MS analysis

LDI mass spectra were recorded with a Rapiflex instrument (Bruker
Daltonics, Wissembourg, France). A smartbeam pulsed Nd:YAG laser
at a wavelength of 355 nm was operated at a frequency of 10 kHz
with a delayed extraction time of 160 ns. An acceleration voltage of
20 kV was applied and the reflectron mode was used. The source was
operated in the positive ion mode. Data were acquired with
FlexControl 4.0 software and processed with FlexAnalysis 4.0
software. Imaging data were processed with Flexlmaging 5.0
software. For MALDI analyses, a pre-mix solution of 10 puL of matrix

solution with 4 uL of the peptide solution was made prior to

TABLE 1 Composition of the standard peptide mix

Peptide no. Sequence

VTEFQ

LAVGIAR

FPCEAFA

GFTWGVAGY

AFAMVGKLAE

PGAHIWEAGAK
CLYEFAFISVGPLAR
CLVAHIGSWVAAWAYGIPVIHVGR
IGLAGWIVFAPIGLVWFAGLPVIAR
FHNGLIFMFAFAPLVHIWEAGAPLR

O 00O N O AWN

=
o
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deposition of 0.5 uL according to the dried droplet procedure. For
SALDI analyses, the deposition volume was restricted to 2 uL of the
sample solution directly deposited onto the steel plate surfaces. All
MALDI-MS acquisitions were performed in the “Custom” mode, with
a laser fluence set at 60% and number of shots of 1000 with five
spectra additions. All SALDI-MS acquisitions were performed in the
“MS Dried Droplet” mode, with a laser fluence set at 90% and
number of shots of 1000 with five spectra additions. Applied laser
fluences correspond to relative values of a preselected confined range
of the software. Number of shots was set at 300 instead of 1000 for
all MSI analysis. The laser acquisition pattern was optimized according
to MALDI or SALDI acquisitions as presented in Section 3. MSI
experiments were conducted with spatial resolution of 25 x 25 pm?
and of 84 x 84 um? for MALDI and SALDI technologies, respectively.

3 | RESULTS AND DISCUSSION

The reliability and ease of fabrication of steel plates make them very
attractive ready-to-use SALDI surfaces. In order to position such
SALDI substrates versus conventional MALDI-MS analyses, the latter
were first optimized to serve as reference prior to actual SALDI-MS

method development on the variety of prepared steel plates.

3.1 | MALDI-MS analysis optimization for peptide
data acquisition reference protocols

First of all, several organic matrices were tested and compared for
their comprehensive detection of a reference peptide mixture
containing 10 synthetic sequences. These peptides were selected to
present different physicochemical properties and covered a mass
range from 500 to 3000 Da as displayed in Table 1. Among all
possibilities, CHCA, which is the most-used matrix for peptide
analysis, and DHB, which is alternatively employed, were chosen.>®
Figure 1 presents the mass spectra obtained for the analysis of the
reference mixture containing 10 peptides with CHCA matrix
(Figure 1A) and DHB matrix (Figure 1B). Under optimal conditions

Monoisotopic mass (u) [M+ H]T [M + Na]*™
622.2962 623.3035 645.2855
698.4439 699.4512 721.4331
783.3262 784.3334 806.3154
956.4392 957.4465 979.4284

1035.5423 1036.5496 1058.5315

1135.5774 1136.5847 1158.5667

1684.8647 1685.8720 1707.8539

2574.3682 2575.3755 2597.3574

2635.5407 2636.5479 2658.5299

2853.4941 2854.5014 2876.4833
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FIGURE 1

(laser fluence, sample concentration, matrix-to-sample ratio, etc.), the
identification of nine out of the ten sequences was achieved with the
CHCA matrix. Surprisingly, the DHB matrix provided better results
allowing the detection of all ten peptides of the mixture with an
improved sensitivity. Indeed, after comparison between CHCA and
DHB conditions of all defined performance criteria (area, intensity and
signal-to-noise ratio as presented in Table S1 of the supporting
information), it was noticeable that the DHB matrix was by far more
efficient than CHCA. Another important fact to note is that peptides
were ionized under three predominant forms, producing hydrogen,
sodium and potassium adducts (H", Na™ and K*). While the CHCA
matrix provided all ionization states, the DHB matrix favored the
protonated ions (H' forms) that were predominant in the spectra.
Detection sensitivity was thus enhanced in such a case gathering all
peptide ions under a single signal. Nevertheless, selection of the
optimal matrix does not only rely on D/I efficiency. Indeed, one of the
major drawbacks of MALDI-MS is the inability of the matrix and the
sample to co-crystallize in a homogeneous way leading to the
peptides mostly being concentrated on “hot spots” or on the edges of
the dried droplet (“coffee stain effect”).'>1¢*>~4° Hence, MALDI-MS
imaging experiments have been realized with the studied peptides to
optimize the protocol by adapting the volume of deposit, the matrix-
to-sample ratio, the matrix concentration and the solvent. As

expected, deposits performed with DHB, which is known to co-

L B e e e e T T T
2000 2250 2500 2750 3000

MALDI-MS spectra of the reference peptide mixture performed in positive mode with (A) CHCA matrix and (B) DHB matrix

crystallize with crystal-shape needles, showed poor homogeneity
leading to no reproducible analyses, whereas CHCA behaved far
better as depicted in Figure S1 of the supporting information.
Furthermore, to overcome the “hot-spot™ issue, another experimental
parameter related to instrumental settings was also investigated.
Hence, the laser irradiation path followed during the analysis can be
optimized to hit the whole sample surface. Dealing with dried droplet
deposits or inert substrates, such issue is of particular importance to
achieve efficient analysis deserving specific attention. For that
purpose, all automated prerecorded laser acquisition patterns, already
available with FlexControl software, were tested (see Table S2 of the
supporting information). In addition, several “in-house” pathways
were also created (using Excel and Notepad-++ software). Three of
the 17 prerecorded laser acquisition patterns were firstly selected
according to their theoretical number of shots and physical movement
on the target. These selected methods (called “Hexagon,” “5” and
“Walk On Spot”) were then compared under MALDI conditions. To
do so, 23 deposits were made on a MALDI plate using two matrices
(CHCA and DHB) and three different peptide mixes. The consecutive
analyses of those 23 spots with each of the above-mentioned
methods were made (data not shown). Method 5 was the least
efficient only allowing the detection of the peptide mix in 14 spots.
On the other hand, Hexagon and Walk On Spot methods allowed the
detection of the mixtures in 22 and 21 spots, respectively. The Walk
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FIGURE 2 Optimal in-house automated laser acquisition pattern scheme and corresponding MALDI-MS spectrum of the reference peptide
mixture obtained in positive mode with CHCA matrix [Color figure can be viewed at wileyonlinelibrary.com]

On Spot method parameters cannot be changed or further optimized
with FlexControl software. For that reason, four in-house pathways
were created on the basis of the alterable Hexagon method. The left-
hand panel of Figure 2 shows the optimal in-house laser acquisition
pattern operating on a single target spot. In the right-hand panel, one
of the mass spectra recorded with this laser acquisition pattern from
the reference peptide mixture is displayed. Only one in-house laser
acquisition pattern of four showed expected and efficient results
meaning that peptides from the mix were always detected on the
target with this method. According to all described investigations,
despite the better peptide coverage and detection sensitivity
obtained with DHB, the CHCA matrix was preferred due to its greater
deposit homogeneity. For this reason, the reference MALDI spectra
were recorded with the CHCA matrix associated with the customized

Hexagon laser irradiation method.

3.2 | SALDI-MS analyses for evaluation of most
appropriate steel plate preparation protocol

Once MALDI-MS reference spectra had been selected after thorough
acquisition method optimization, spectra were then recorded with the
SALDI substrates of interest according to the previously defined
customized laser acquisition pattern. Comparison of datasets allowed
selecting the best prepared steel plates for subsequent further
refining of preparation protocols and concomitant SALDI-MS tuning.
Indeed, these nanostructured surfaces were first chemically modified

with perfluorosilane and then textured with a laser according to

various parameters governing the photon beam which included
power, direction (vertical and/or horizontal), speed of writing as well
as number of passages. Considering the 100 different studied
surfaces originating from diverse texturing conditions, three criteria
were scrutinized to probe their respective SALDI-MS behaviors: the
contact angle of the deposit related to the facility of sample
deposition; the D/I efficiency to achieve sensitive detection; and the
homogeneity of the deposits to provide insights on the quality of
substrate sample coverage. To probe these items directly linked to the
overall analysis performance, the same mixture of 10 reference
peptides used for MALDI-MS was deposited on the variety of
prepared steel plates.

321 | Contactangle

The contact angle of each surface, and therefore its hydrophobicity,
was found dependent on the laser writing parameters. The higher the
writing laser frequencies and powers were, the more difficult was the
deposition step. In the same way, surface patterns of the steel plate
with one laser passage (steel plate #1) were less hydrophobic than
those obtained after 10 passages (steel plate #2). So, optimal contact
angles that were evaluated between 120° and 150° enabled
straightforward sample deposition. Above 150°, the surfaces were
too hydrophobic to allow any deposition. Taking into account that the
reference peptide mixture was conditioned in water as sole solvent,
the peptide mixture was diluted with a solvent containing 70% of

ACN in order to overcome this issue. Adding such an organic solvent
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Peptides 6, 7 and 10

m [6+Na)*

[7+H]*
m [10+H]*

Surface Identification

Selected surfaces

(D#2)

3,0E+04
2,5E+04

2,0E+04

(u.a

~ 15E+04

Are

1,0E+04

Desorption/lonization efficiency of steel plates #2
Peptides 1,4 and 5

m [1+Na]*

m [4+Na]*
‘H | T T TP

0,0E+00

T Threshold

.. T, u\"’"”hll“\ll.lJ|‘\

Surface Identification

Selected surfaces

SALDI-MS steel plate #1 (left-hand column) and steel plate #2 (right-hand column) D/I efficiency results obtained for the

reference peptide mix analysis with MS Dried Droplet mode. (A) Areas under the peaks observed for each peptide molecular ion for the whole
mixture deposited on (A#1) steel plates #1 and (A#2) steel plates #2. (B) Areas under the peaks observed for peptides 2 and 9 molecular ions
deposited on (B#1) steel plates #1 and (B#2) steel plates #2. (C) Areas under the peaks observed for peptides 6, 7 and 10 molecular ions
deposited on (C#1) steel plates #1 and (C#2) steel plates #2. (D) Areas under the peaks observed for peptides 1, 4 and 5 molecular ions deposited
on (D#1) steel plates #1 and (D#2) steel plates #2 [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 2 Optimal writing laser powers and frequencies for each peptide group deposited on steel plate #2

Selected surfaces from two acquisition modes

WILEY-22

MS Dried Droplet mode

Custom mode

Writing laser power

Writing laser frequency

Writing laser power

Writing laser frequency

Peptide groups (%) (kHz) (%) (kHz)

No. Sequence P F P F

2 LAVGIAR 100 50 - -

9 IGLAGWIVFAPIGLVWFAGLPVIAR 100 10 100 10
- - 90 10
80 10 80 10
70 10 70 10
- - 60 10
50 10 - -
- - 40 10
- - 10 100
10 150 10 150
- - 10 200

[ PGAHIWEAGAK 100 10 100 10

A : . :
= = 80 10
70 10 70 10
= = 60 10
= = 40 10
= = 10 100
10 150 10 150

1 VTEFQ 90 50 - -

4 GFTWGVAGY 100 50 _ _

5 AFAMVGKLAE
80 10 - -
70 10 - -
- - 10 100
10 150 10 150
- - 10 200

to the peptide solution enhanced solution hydrophobicity favoring
sample deposition. Under these conditions, deposition of the peptide
mix was feasible on all the surfaces independently of their contact

angle.

3.22 | D/l efficiency

Having defined proper conditions to prepare samples for easy
deposition on any steel plate substrates, the next optimization step
was dealing with the selection of the best surfaces in terms of D/I
efficiency which was determined according to the areas, intensities
and signal-to-noise ratios for each of the singly charged peptide ion

signals recorded in the SALDI mass spectra. Those experiments were

made according two different acquisition modes (“Custom” and “MS
Dried Droplet”), each with five additions of 1000 spectra. Figure 3
shows the results obtained with the MS Dried Droplet acquisition
mode for steel plate #1 (left-hand column) and for steel plate #2
(right-hand column). Those results present the features of each of the
100 prepared surfaces as a function of the areas obtained for the
mass spectra for the ten peptides present in the reference mixture.
Figure 3A shows the results for the complete peptide mix. Figures 3B
and 3C display the results for the peptides of the mixture bearing a
lysine or an arginine at their C-terminal position (peptides 2 and
9, then peptides 6, 7 and 10) whereas Figure 3D refers to the other
peptides of the mixture (peptides 1, 4 and 5). Green highlighting on
the graphs corresponds to the surfaces showing the greatest

efficiency for each group of selected peptides. As we can see from
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the left-hand column, only three surfaces of steel plate #1 allowed
D/I of the peptide mix. Moreover, only eight of ten peptides of the
mixture were identified since peptides 3 and 8 were not detected.
Similarly, recorded intensities and signal-to-noise ratio (data not
shown) provided identical results to area measurements. Hence, the
three selected surfaces belonging to steel plate #1 corresponded to
those with the laser writing parameters of power P and frequency F
equal to P80xF100, P60xF150 and P40xF150. Although surfaces
from steel plate #2 allowed the identification of all ten peptides
present in the mix, the selection of the best ones according to the
defined performance criteria was not obvious. An additional decision
item was thus implemented by considering the signal area value
establishing a detection threshold to categorize peptides from the
most responsive against the less efficient ones. Despite the fact that
Figure 3A(#2) showed no distinctive surfaces, Figures 3B(#2) to 3D
(#2) were successfully exploited under these conditions. With those
criteria, six surfaces of interest with minimum area of 2 x 10° units
for the two most intense peptides were evidenced from Figure 3B(#2)
whereas Figures 3C(#2) and 3D(#2) led to the selection of four and
five surfaces of interest, respectively, based on signal areas of
1.75 x 10% and 5 x 10° units. Moreover, and to be certain of the
surface selection, these results were compared with those obtained
using the “Custom” acquisition mode (see Figure S2 of the supporting
information). Table 2 summarizes the selected surfaces from both
acquisition modes. Despite some discrepancies observed with
surfaces exhibiting good performances solely in one mode, consistent

1. Minimal area threshold not reached
No 2. Discrepancy between acquisition methods

Surface screening ‘ Probing D/ efficienFyaccording i

to each peptide signal area

behavior was nevertheless retrieved for each studied peptide group
for the surfaces indicated in bold in Table 2.

Consequently, three surfaces are selected for peptides 2 and
9 (P100xF10/P70xF10/P10xF150), four surfaces for peptides 6, 7
and 10 (P100xF10/P90xF10/P70xF10/P10xF150) and one surface
for peptides 1, 4 and 5 (P10xF150). Considering that each selected
surface according to the signal area was found optimal for the
detection of some peptides and totally useless for others (for
instance, P100xF10/P70xF10/P10xF150 suitable for peptides 2, 6,
7,9 and 10 and not for sequences 1, 4 and 5), further evaluation was
then made according to D/l efficiency of the whole sample
(10 peptides) as depicted in Scheme 1. To do so, the results of the
four combined graphs were considered. Three surfaces allowing the
optimal D/I of the greatest number of peptides were determined.
Theses surfaces were chosen according to the number of peptides
they allowed to desorb and ionize efficiently by combining results
from Custom and MS Dried Droplet mode. Selected surfaces from
steel plate #2 were those with the following writing laser parameters
of power P and frequency F: P100xF10 (5 peptides) and P70xF10/
P10xF150 (8 peptides).

3.2.3 | Deposition homogeneity

Nevertheless, the selection of the optimal steel plate surfaces based
on the D/I effectiveness must be complemented since this criterion

Evaluate the response for
all deposited peptides :
Adequate global signal areas ?

Desorption/lonization efficiency

Area (u.a)

Surface Identification

Yes Probing deposit homogeneity according to Yes
MSI experiments on selected surfaces

No

Yes

Possibility to create homogeneous
peptide groups according to their
physico-chemical property ?

N
} o } MSI experiments on all surfaces
Yes

v
urface selection based on depo
homogeneity and D/I efficiency

Homogeneous D/ efficient
Yes throughout the deposit
surface ?

No

No

Yes Possibility to create peptide

criteria ?

groups based on independent

No Surface selection based on homogeneity and D/I
efficiency for each single peptide

SCHEME 1
viewed at wileyonlinelibrary.com]

Hierarchical decision tree to choose the best surface according to D/I efficiency and deposit homogeneity [Color figure can be
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Steel Plate #1

Peptide 1

Peptide 1+ Na

(A) P80 x F100

Peptide 1+ Na

1 mm 1mm

(B) P60 x F150

Peptide 1+ Na

(C) P40 x F150

1mm
—_—

840
645.40 Da +/- 0.50 Da

FIGURE 4

Peptide 4

Peptide 4 + Na

Peptide 4 + Na

Peptide 4 + Na

979.94 Da +/- 1.00 Da

Rapid WILEY 9of 14

Viass Spectrometry

g

Peptide 5 + Na Peptide 6 + Na

-

Peptide 6 + Na
1mm
pmm

Peptide 5 + Na
1mm
—

Peptide 6 + Na

Peptide 5 + Na

1058.75 Da +/- 1.00 Da 1158.71 Da +/- 1.00 Da

SALDI-MSI ionic images for steel plate #1 of peptides 1, 4, 5 and 6 recorded in positive mode for surfaces (A) P80xF100;

(B) P60x F150; (C) P40xF150 [Color figure can be viewed at wileyonlinelibrary.com]

alone cannot be used on its own without taking into account that the
prepared surfaces must also enable homogeneous deposition of the
peptide mixture. As previously mentioned, one of the major
drawbacks of MALDI approaches is the recourse to organic matrices
that may lead to various sample surface heterogeneity (coffee stain
effect/hot spot) appearing upon deposit drying. When using SALDI
substrates, we could think that, without co-crystallization with an
organic matrix, this effect would be eliminated. Unfortunately, this
was not the case since the solvent evaporation process from a
deposited droplet affected analyte partitioning on the steel plates.
The contact line between droplets and some of the prepared steel
surfaces remained pinned during the drying step. The droplet then
caved in through the process leading to a constant change in contact
angle explaining the transport of particles to the edge of the droplet
that is responsible for the coffee stain effect.”°">2 Of note, the
homogeneity of the deposit is a major concern in SALDI-MS. While
in-source camera allows visual inspection of deposits in MALDI-MS
with non-homogeneous analyte/matrix repartition easily recognizable,
deposits in SALDI-MS devoid of large quantities of matrices are not
discernable with the naked eye nor with the in-source camera. In the
case of non-homogeneous deposits, finding the position of the
analyte of interest within hot spots or at the periphery (coffee stain
effect) is almost impossible on SALDI substrates. In particular, if we
do not know where to direct the laser, whatever the irradiation
pathway method, the lack of a feature signal in a recorded SALDI
mass spectrum may be due to the real absence of the analyte or to an
error on the localization of the laser impingement zone. To overcome
this issue, we designed an optimized laser acquisition pattern as

described previously, and we addressed the physicochemical

properties of the prepared steel substrates towards their ability to
lead to homogeneous deposits, the most important parameter
ensuring acquisition reliability. For that purpose, MSI analyses were
carried out on the SALDI steel plates according to two types of
experiments with the peptide mix. According to the hierarchical
decision tree depicted in Scheme 1, only the surfaces of steel plate #1
having been considered as optimal with the criterion of D/I
effectiveness (surfaces P80xF100, P60xF150 and P40xF150) were
subjected to MSI experiment (Figure 4). The results are presented for
four peptides from the mix (1, 4, 5 and 6) which are the most
representative ones producing sodiated ions ([M + Na]* selected for
MSI analyses: m/z 645.40 Da (peptide 1), m/z 979.94 Da (peptide 4),
m/z 1058.75 Da (peptide 5) and m/z 1158.71 Da (peptide 6)). Results
are presented according to a colorimetric scale for each peptide
(peptide 1 in violet, 4 in pink, 5 in green and 6 in blue). For the
P80xF100 and the P40x150 surfaces, the four peptides were
deposited homogeneously whereas the P60xF150 surface showed
non-homogeneous peptide repartition. Two areas appeared as
highlighted while the center was completely dark corresponding to
absence of the expected ions. Therefore, this surface was finally not
selected for further experiments. Other peptides from the mix
behaved the same in MSI experiments as the presented ones (data
not shown). Thus, P8BOxF100 and P40xF150 surfaces were selected
as optimal surfaces for steel plate #1 because they combined D/I
efficiency and homogeneity criteria. In contrast, 50 surfaces of steel
plate #2 were subjected to MSI experiments with the peptide mix
since the D/I performance of such substrates was difficult to evaluate
as previously discussed. To determine the best steel plate #2 surfaces

according to deposit homogeneity, a focus on MSI experiment
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Steel Plate #2 Peptide 2:

50
=]
=
=l 100
(7]
9
(%]
c
(]
>
O
g
= 150
[}
(7]
S5
200

100 90 80 70

[M+H]* 699.73 Da +/- 0.50 Da

60 50 40 30 20 10
Laser Power (%)

FIGURE 5 SALDI-MSI ionic images for steel plate #2 of peptide 2 recorded in positive mode. lonic images are presented for analysis with
laser frequencies ranging from 50 to 200 kHz and laser power ranging from 10% to 100% [Color figure can be viewed at wileyonlinelibrary.com]

(A)

Laser Frequency (kHz)
100

1158.71 Da

1mm 1mm
— — —

2854.40 Da

Peptide 6:

(B)

Laser Frequency (kHz)
200

+/-0.50 Da

1mm
—

Peptide 10:

+/-2.00 Da

Peptide 8:
2575.37 Da +/- 3.00 Da

1mm 1mm
— ] —

50 40 30 20 10
Laser Power (%)

Peptide 4:
979.94 Da +/- 0.50 Da

1mm
—i

50 40 30 20 10

Laser Power (%)

FIGURE 6 SALDI-MSI ionic images for steel plate #2 of peptides 4, 6, 8 and 10. lonic images are presented for analysis with laser frequencies
of (A) 100 kHz and (B) 200 kHz and laser power ranging from 10% to 50% [Color figure can be viewed at wileyonlinelibrary.com]

conducted on peptide 2 (M +H]™: m/z 699.73 Da) was first
undertaken (Figure 5). lonic images were acquired for 40 of the
50 surfaces of steel plate #2 since the surfaces with a writing laser

frequency of 10 kHz did not allow any signal. Figure 5 displays ionic

images of peptide 2 following a decreasing laser power ranging from
100% to 10% and for increasing laser frequencies ranging from 50 to
200 kHz shown respectively from left to right and from top to
bottom. A green colorimetric scale is used to identify the presence of
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the targeted peptide (M + H]" at m/z 699.73 Da). Only 6 of the
40 surfaces allowed a homogeneous deposition of the selected
peptide as long as the laser writing power was established at 10%
whatever the frequency settings (F50xP10; F100xP10; F150xP10;
F200xP10). For the specific laser frequency of 100 kHz, laser power
of 10% as stated but also of 20% as well as 30% were also optimal
(F100xP30; F100xP20). Those six surfaces were found also
appropriate for peptide 9 (m/z 2636.21 Da) (data not shown). To
ascertain surface selection, other peptides from the mix were
imaged. Figure 6 presents the results obtained for surfaces made
with writing laser frequencies of 100 kHz (Figure 6A) and 200 kHz
(Figure 6B) and laser powers ranging from 10% to 50%. Figure 6A
shows ionic images of m/z 1158.71 Da ([M + Na]* of peptide 6), m/z
2575.37 Da ([M + H]" of peptide 8) and m/z 2854.40 Da ([M + H]*
of peptide 10). In Figure 6B, the same peptides are represented
except for peptide 8 which is replaced by m/z 979.94 Da (M + Na]*
of peptide 4). Peptides 6 and 10 were detected and observed with
surfaces prepared with writing laser frequency of 100 kHz and
writing laser powers of 10% to 30% or with frequency of 200 kHz
and powers of 10% to 50%. Additionally, peptide 4 was only
detected with surfaces with a writing laser frequency of 200 kHz and
writing laser powers of 10-50%. Similarly, images of peptide 8 were
only obtained for surfaces with a writing laser frequency of 100 kHz
and writing laser powers of 10% to 30%. According to these results,
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steel plate #2 surfaces towards

homogeneous peptide distribution clearly depended on peptide

the performance of the

physicochemical parameters. Indeed, according to the six selected
peptides, only three surfaces (P30xF100; P20xF100; P10xF100)
enabled homogeneous depositions. But, when we moved to another
set of four peptides (4, 6, 7 and 10), different optimal writing
parameters were defined (laser power and frequencies of P40xF200
and P30xF200). Given the discrepancy of the results, only the five
surfaces, with frequencies of 100 and 200 kHz, previously presented
were finally selected as optimal considering that, despite the fact
that each steel plate surface can be more efficient for specific
sequences, they were overall quite efficient for a majority of the
peptides from the mix.

3.3 | MALDI-MS and SALDI-MS analyses for the
two most appropriate steel plates

To compare steel-plate-mediated SALDI analyses with the reference
MALDI technology within the frame of peptide detection, two of the
surfaces that had been categorized as optimal were selected: one
from plate #1 (P80xF100) and one from plate #2 (P10xF100).
Figure 7 presents the mass spectra obtained for the analysis of the
reference mixture on plate #1 P80xF100 (Figure 7A) and plate #2

S x108 .
= — [LNat (A) SALDI Analysis: Surface Plate #1 P80 x F100
¢
£ 2] |  Peptide Area (u.a) Intensity (u.a) S/N|
= e Peptide Area (u.a) Intensity (u.a)\SIN
[2+H] 1 65110 372932 63
2 51554 308585 43
[4+Na]*
154 7 3 21218 110712 18
| [5#Nal* 4 36092 173606 38
N / / 5 23913 116609 26
[3+Na]*  oross SeNal* 6 25818 107025 27
1.04 / | - - [6+Nal* 7 8480 25082 19
1056.55 115857 8 5751 13711 11
— 9 82040 112911 41
10 60476 70236 44
0.5 [7+H]*
,‘,LJ *M 1685.86
o n'*»— Aehrnnh A A ”MS Dried Droplet” mode with
3 x10 five addition of 1000 spectra
K 69944 [24H]* .
g (B) SALDI Analysis: Surface Plate #2 P10 x F100
2 3.04 ———
- Peptide Area (u.a) Intensity (u.a) S/N
1 20162 81366 28
257 2 151548 357136 242
3 1998 12198 11
20] 4 8237 23097 14
[5+Nal* 5 9168 22058 15
- 6 15706 27457 22
5] N I—L, 7 8455 8932 17
I&‘KL / 8 3264 4175 9
" \ N / 9 214664 83302 118
1+{( [B+KI* | | Ie+Nal* IBLH\L 2636.84 10 10683 4199 17
] |/
054 \ | | / \
‘ [ st [7+H]* [10+H]*
M% mﬁﬂ 1686.11 2574.67 2854.73
0.0 e e e ey et M
750 1000 1250 1500 1750 2000 2250 2500 2750
m/z
FIGURE 7 SALDI-MS spectra of the reference peptide mix recorded in positive mode with 90% laser fluence, MS Dried Droplet acquisition

mode and accumulation of 1000 spectra instead of 300 on (A) steel plate #1/surface P80OxF100 and (B) steel plate #2/surface P10xF100 [Color

figure can be viewed at wileyonlinelibrary.com]
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P10xF100 (Figure 7B). All the peptides from the mix were detected
and identified with both surfaces. Another important fact was that
peptides were present in the spectra in three predominant adduct
forms: H™, Na™ and K'. To precisely compare both surfaces, all
adducts in the spectra were considered. According to ratios between
plate #1 and plate #2 of area, ion intensity and signal-to-noise ratio
(see Table S3 of the supporting information), eight peptides seemed
to be better desorbed and ionized with surface P8BOxF100 (plate #1)
which had undergone a hatching with one passage of the writing
laser. This difference shows the increase in the efficiency of the
surfaces in terms of D/I of the peptides. Thus, fewer laser passes
allow better adsorption of compounds and increases the efficiency of
the analysis. Moreover, when comparing these results with MALDI-
MS ones, six peptides from the mix were more efficiently detected by
the developed SALDI method than by classical MALDI. Last but not
least, both SALDI surfaces allowed the identification of a
supplementary peptide (peptide 9, m/z 2636.39 Da) that optimized
MALDI-MS failed to detect demonstrating the significance of the
prepared steel plates.

4 | CONCLUSIONS

Different steel plate textured surfaces were tested and several of
them were selected as adequate according to two criteria: the
efficiency of D/l and the homogeneity of the deposits. The results
obtained showed that the use of SALDI steel plates proved more
efficient than conventional MALDI analysis for peptide analyses,
especially because the homogeneity of the deposits using
steel plate optimal surfaces was much better than with organic
matrices. The combined use of these two techniques could
improve the efficiency and repeatability of peptide analyses using
LDI-MS.
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