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ABSTRACT

Biological samples such as tissue extracts and enzymatic assays typically have a complex composition, which can interfere with analyte ionisation and detection in
mass spectrometry (MS). Ionisation techniques such as electrospray ionisation (ESI) are often coupled online to an upfront chromatographic separation, whereas
sample preparations for techniques such as conventional matrix-assisted laser desorption/ionisation (MALDI) are performed offline and, in the case of MALDI, rely on
sample clean-up owing to different crystallisation behaviour. Liquid atmospheric pressure matrix-assisted laser desorption/ionisation (LAP-MALDI) MS is a hybrid
ionisation technique that has been previously used to analyse a wide range of biological samples at fast acquisition rates. Here we report data from a systematic
investigation of the influence of various buffer compounds, salts, surfactants, and other compounds necessary for biological sample preparation reflected in the signal
intensity of a standard peptide mixture. Tricine showed the least signal reduction from the buffer compounds tested as did octyl-p-D-glucopyranoside for the sur-
factants. It can be concluded that LAP-MALDI MS can be used to analyse biological samples directly without major sample clean-up if their content of additives is not

too high.

1. Introduction

Many compounds that are naturally present in biological samples or
are often added to such samples to provide favourable conditions for
biological processes can have a significant impact on analyte detection
in mass spectrometric analyses [1]. For example, salts are ubiquitous in
biological matrices and can be essential for protein folding [2], enzyme
activity [3,4] and cell viability [5-7]. However, their adverse effects on
mass spectrometric analysis are well known [8]. Non-volatile salts
typically contaminate the mass spectrometer’s inlet, and hence can
cause significant down-time in larger studies. They also provide
different ionisation pathways in addition to protonation, reducing the
analyte signal-to-noise ratio [1]. Beyond salts, substantial loss in analyte
ion signal due to the presence of other compounds can be the result of a
competition for charge either in the post-desorption gas phase or, for
ionisation techniques like electrospray ionisation (ESI), already in the
pre-desorption liquid phase. This competition for charge can lead to
analyte suppression and is influenced by the compounds’ spatial dis-
tribution in the pre-desorption solid or liquid phase of the sample [8] as
well as the setup-specific desorption/ablation characteristics [1], and
adds to the intrinsic differences in ionisation efficiency between
analytes.

Sample clean-up prior to analysis is therefore often needed but, due
to time and cost implications, its avoidance and mitigation strategies
involving instrumental and chemical modifications are preferred. In ESI,

substances are commonly added to the spraying solution [9] or in the gas
phase [10,11], and spraying configurations are modified to yield smaller
initial droplets [12]. Matrix-assisted laser desorption/ionisation
(MALDI) also frequently employs additives [13-17], specially tailored
matrix compounds [18,19] and specific sample preparation techniques
[20,21] to minimise ion suppression and adduct formation.

Liquid atmospheric pressure matrix-assisted laser desorption/ion-
isation (LAP-MALDI) mass spectrometry (MS) is suitable for a variety of
analytes [22-24] and complex biological matrices [25,26] even at high
analysis speeds [27]. For conventional solid-state MALDI the suitability
of screening assay buffers was investigated [28]. However, a systematic
study of the suitability of different compounds typically encountered in
biological mass spectrometry for LAP-MALDI MS is missing to date. In
this work, we show the influence of different additives on the signal
intensity of a peptide mixture which can act as a guideline for future
studies and experimental design.

2. Materials and methods
2.1. Materials

a-Cyano-4-hydroxycinnamic acid (CHCA), propylene glycol (PG),
bradykinin acetate salt (Brdk), angiotensin I human acetate salt hydrate

(Ang), leucine enkephalin acetate salt hydrate (LeuEnk), melittin from
honey bee venom and synthetic melittin (Mel), substance P acetate salt
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hydrate (SubP), bovine serum albumin (BSA), 3-((3-cholamidopropyl)
dimethylammonio)-1-propanesulfonate (CHAPS), triton™ X-100, triton
X-114, tween® 20, tristhydroxymethyl)aminomethane (tris),
amidosulfobetaine-14 (ASB-14), sodium deoxycholate (SDC), octyl-p-D-
glucopyranoside (OGP), sodium dodecyl sulphate (SDS), sodium chlo-
ride, potassium chloride, ammonium chloride, magnesium chloride
hexahydrate, magnesium acetate, 3-(N-morpholino)propanesulfonic
acid (MOPS), 2-(N-morpholino)ethanesulfonic acid (MES), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), L-serine,
ammonium tartrate dibasic, ammonium hydroxide solution, ethyl-
enediaminetetraacetic acid (EDTA), urea, and LC-MS-grade formic acid
(FA) were purchased from Sigma-Aldrich (Gillingham, UK). HPLC-grade
water, calcium chloride and phosphate buffered saline (PBS) 10X,
ammonium sulphate, LC-MS-grade trifluoroacetic acid (TFA), HPLC-
grade acetonitrile (Chromasolv™; Honeywell Riedel-de-Haén™) and
dimethyl sulfoxide (DMSO) were purchased from Fisher Scientific
(Loughborough, UK). NP-40 alternative was obtained from Calbio-
Chem® (Nottingham, UK) and ammonium acetate was bought from
BDH (Poole, UK). Sodium acetate, ammonium dihydrogenphosphate,
ammonium oxalate monohydrate and ammonium citrate dibasic were
purchased from Fluka (Dorset, UK). Tricine was bought from Acros
Organics (Geel, Belgium).

2.2. Methods

2.2.1. Sample preparation

The MALDI matrix was prepared by dissolving CHCA in acetonitrile
and water (1:1; v/v) to a concentration of 5 mg/mL. After sonication,
60% PG (v/v) was added. The analyte mixture was prepared by mixing
aqueous peptide stock solutions to give concentrations of 16 pmol/uL for
Ang, 10 pmol/pL for Brdk, 20 pmol/pL for LeuEnk, 20 pmol/pL for SubP
and 12.5 pmol/pL for Mel (see SI Table 1 for further information). The
MALDI matrix and analyte mixture were mixed in a ratio of 3:1 (v/v).
The additives (or water) were added to this matrix/analyte solution in a
ratio of 1:1 (v/v) and thoroughly mixed. Samples were prepared in
replicates and from each replicate one LAP-MALDI sample with a vol-
ume of 0.3 pL was spotted on a Waters™ 384-well MALDI sample plate
unless otherwise stated. Surfactant-containing samples were mixed and
spotted using reverse pipetting to limit foaming.

EDTA was prepared using ammonium hydroxide solution for disso-
lution. For evaluating the capability of certain compounds to reduce salt
adduct formation, additives were mixed with water or aqueous 10 mM
NaCl solutions before being mixed with the matrix/analyte solution.

2.2.2. LAP-MALDI MS

LAP-MALDI MS analysis was performed on a modified SYNAPT™
G2-Si (Waters Corp., Wilmslow, UK) Q-ToF instrument as described
before [29] using a 343-nm diode-pumped solid-state Yb:YAG laser. For
automated sample acquisition, custom WREnS (Waters Research
Enabled Software) scripts controlled the sample plate movement and
labelled mass spectral scans with the sample position for post-processing
using a modified MassLynx™ (Waters) version. Each LAP-MALDI sample
was irradiated by the laser with a pulse repetition rate of 500 Hz for 5 s
with acquisition scan times of 0.25 s and interscan delays of 10 ms.

2.2.3. Data processing

Separate data files were created for each sample’s ion signal ac-
cording to the labelled sample position on the sample plate using a
custom slicing script, similar to previously reported scripts [30]. Batch
processing of these files, including the summation of scans, smoothing,
and extracting signal intensities, was performed with specproc (https://
sourceforge.net/projects/specproc/). For analyte ion intensity values,
peaks were selected using an m/z tolerance window of + 25 ppm and the
requirement to be present in at least 2 out of 3 replicates using a Python
script. Peaks were assigned according to their m/z value. Please note
that for substance P non-oxidised potassiated and oxidised sodiated ion
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species might in some cases be undistinguishable as their mass differ-
ence is approximately 0.021 Da. Similarly, for ion signals with imperfect
peak shape, e.g. due to low signal-to-noise, the m/z assignment might in
some cases fall outside the Python script’s m/z tolerance window of +
25 ppm. On the other hand, background noise might contribute to the
ion signal if it falls within the above window.

Chemical structures were drawn with ChemDraw® 17.1 (Perkin
Elmer, Waltham, US).

3. Results and discussion
3.1. Buffers

Buffers are widely used in sample preparations for biological samples
[31] to mimic physiological conditions and allow enzyme activity. A list
of useful buffer compounds was compiled by Good et al. [32] and was
amended over time [33,34]. Here, buffers with a morpholinic ring (MES,
MOPS), piperazinic ring (HEPES) and tris-derived buffers (tris, tricine)
were tested against a still widely used phosphate-based buffer (PBS).
Structures and pK, values can be found in SI Table 2.

When mixing 100 mM tris with the matrix/analyte mixture, a colour
change from clear to bright yellow was observed, which is an indicator
of a chemical reaction occurring. The same colour change can be
observed when only the matrix is mixed with tris (see SI Fig. 1). Ac-
counts for the reactivity of the tris amine can be found in the literature
[31,35,36] and present a strong argument against the use of tris as a
buffer.

For HEPES, MES and MOPS, clusters of [nM+H]" (where M is the
buffer compound) are observed in the LAP-MALDI mass spectra.
Furthermore, MES yields similar clusters by sodiation [nM+Na]". In
contrast, tris and tricine only show intense protonated monomer mole-
cules [M+H]". Some buffer compound adducts were observed with
peptides. Singly charged SubP showed adducts with CHCA, MES, MOPS,
HEPES and tris (as well as CHCA-tris, see SI Fig. 2). Doubly protonated
Brdk was detected with HEPES as an adduct.

General trends for the influence of the buffers on peptide ion signal
intensity were similar for all peptides analysed (see Fig. 1). Although
structurally similar, tris and tricine performed differently, especially at
higher concentrations. At >5 mM, tris severely suppressed analyte ion
signal, whereas tricine led to increased protonated and overall signal
intensities at 5 mM for most of the peptides compared to all other so-
lutions at 5 mM as well as the water control. PBS showed substantial ion
suppression for concentrations of >5%, for LeuEnk even at 0.5%. MES,
MOPS and HEPES generally reduced the peptides’ ion signals at 5 mM or
more although the degree of suppression varied between analytes.
Compared to water (with the caveat of a few larger error bars for some
ion signals), all peptides showed overall higher ion signal intensities at
0.05 mM HEPES, and at 0.005 mM, 0.05 mM, and 0.5 mM concentra-
tions for MES and MOPS, apart from 0.5 mM MOPS for SubP and Mel.

For proteins, spectral degradation above 50 mM tris or 20 mM
phosphate buffer was reported for solid MALDI MS in an earlier study
[37]. In general, phosphate buffers are not recommended for solid
MALDI MS analysis owing to interfering background signals [38] and
impeded crystallisation for many MALDI matrices [39]. PBS severely
suppressed the ion signal intensity of small molecules using the
ESI-based ECHO® MS system despite large dilutions [40]. As phosphate
is not considered inert in biological systems, its use as a buffer is
inherently limited. However, as the data for LAP-MALDI MS shows, the
use of PBS of up to 0.5% or higher results in no significant analyte ion
signal loss and therefore presents a comparative advantage to solid
MALDI and ESI MS.

Another study analysing proteins with solid MALDI found that up to
50 mM tris had no impact on signal intensity but yielded broader peaks
due to a less homogeneous crystallisation [39] whereas HEPES and
MOPS gave greater signal intensities than in pure water [39]. These
detrimental effects on resolution are not expected on a Q-ToF instrument
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Fig. 1. Influence of buffer compounds on peptide ion signal
for a) leucine enkephalin, b) bradykinin, ¢) angiotensin I, d)
substance P and e) melittin. The error bars denote the standard
deviation between replicates (n=3 for additives, n=15 for
water) or the data point range for n=2 where the signal is
below the signal-to-noise threshold of 3 (see SI Table 3). Ion
signals with minor contributions to the total ion signal (<5%
of total ion signal in all samples), e.g. from rare adduct ion
formation, were omitted for clarity.
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compared to an axial-ToF instrument that was used for the above study.
For peptide analysis, 100 mM tris was successfully used in solid MALDI
MS analysis in combination with various detergents [41]. This poten-
tially higher resilience of solid MALDI against buffer compounds
compared to LAP-MALDI can be partly attributed to the crystallisation
process which can purify the sample. In contrast, the presence of buffers
can potentially impede crystallisation, which also depends on the matrix
employed [39].

ESI and nanoESI have been reported to yield protein spectra with
acceptable signal-to-noise in 100 mM tris buffer [42], although with a
signal loss of more than an order of magnitude. For the acoustic droplet
ejection (ADE) [43] as implemented on the ECHO® MS system, a re-
sidual concentration of 10 uM tris was acceptable [44].

Apart from suppressing analyte ion signal intensity, buffers can also
have an impact on operational conditions, particularly in high-
throughput screening (HTS) workflows. For example, the ECHO® MS
system requires adjustment of the ADE conditions depending on the
buffer composition [44]. The data presented here for LAP-MALDI MS,
which has been previously shown to be capable to acquire data at a
speed of up to 50-60 samples per second [29], were acquired using the
same conditions for all additives and no adjustments were required.

3.2. Metal salts

The presence of various salts in biological matrices was mimicked by
adding several concentrations of sodium, potassium, magnesium and
calcium salts to study the effect on signal intensity. As expected, the
mode of ionisation shifted from mainly protonated molecules for low
salt concentrations to sodiated and potassiated molecules for higher
sodium/potassium salt concentrations (see Fig. 2). This shift resulted in
lower signal intensity for the protonated species, and at higher salt
concentrations even the sum over all observed analyte ions is signifi-
cantly decreased. It should be noted that the presence of potassium
appears to be more detrimental than the presence of sodium. In contrast,
magnesium chloride and calcium chloride did suppress overall analyte
ion signal intensity (above a concentration of 0.05-0.5 mM) without
forming magnesium or calcium adducts. Ammonium chloride gave the
best results of all salts analysed independent of the type of peptide. Here,
it should be noted that 0.5 and 0.05 mM ammonium chloride generally
provided higher protonated and overall analyte signals than the water
control. Apart from these, some other lower (<5 mM) salt concentra-
tions showed slightly higher overall peptide ion signal intensities than
the water control.

To exclude an effect of the chloride anion, acetate salts of sodium,
magnesium and ammonium were analysed. For salts containing the
same cation, e.g. acetate and chloride salts of magnesium, the same
trend was observed. Thus, the influence of the anion on analyte signal
intensity was minor compared to the influence of the cation. For ana-
lyses in negative ion mode this might be different. However, magnesium
acetate always gave slightly more intense overall peptide ion signal in-
tensities compared to the chloride whereas ammonium chloride gave
higher intensities compared to the acetate. It is recommended not to use
sodium acetate with solid-state MALDI as its hygroscopic nature results
in wet sample surfaces [38], which is naturally not an issue for
LAP-MALDI.

The recorded analyte ion signal intensities did not vary linearly with
the salt concentration in all cases. For instance, the ion signal intensity of
leucine enkephalin decreases with increasing ammonium chloride con-
centration (lowest at 50 mM) while the highest overall ion signal of
angiotensin I for this chloride was obtained at a concentration of 50 mM.

In LAP-MALDI MS mostly multiply charged peptide ions are
observed, which were reported to form less adducts than singly pro-
tonated molecules [24]. This behaviour was also reported for nESI
where slightly less sodium adduction was observed for higher charge
states [9]. For the peptide mixture used in this study (see SI Fig. 3), the
protonated-to-sodiated molecular signal ratio was greater for higher
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charge states of angiotensin I and bradykinin than for their singly
charged ion species while this effect is absent for large parts of the data
for SubP.

Typical salt concentrations in biological samples are summarised in
SI Table 5. In biofluids, sodium is typically present in concentrations
around 5-150 mM. Potassium is present between 5 and 50 mM while
magnesium and calcium are less abundant with calcium below 5 mM
and magnesium below 1 mM. For the MS analysis of biological samples
by LAP-MALDI (as well as by other ionisation techniques), the natural
occurrence of sodium can therefore be a limiting factor for mass spectral
quality compared with the other salts investigated. Hence, strategies to
reduce the sodium concentration of biological samples are recom-
mended for LAP-MALDI MS analysis.

3.3. Salt remediation

Additives are often used in MALDI and ESI to alleviate the effects of
salts without resorting to extensive sample clean-up. The addition of
ammonium salts can decrease metal cation adducts for peptide analysis
in conventional MALDI MS [45] and liquid MALDI MS [46], and
ammonium acetate is commonly used in ESI [47-49]. The previously
used peptide mixture was mixed with a 10-mM NaCl solution, and
various ammonium salt and L-serine solutions were added to study the
effect on the protonated, sodiated and overall peptide signal intensity
(see SI Fig. 5). For some additives, like ammonium acetate (see Fig. 3),
the same trend was observed for all peptides. In contrast, for ammonium
tartrate, Ang and Brdk display a similar pattern while the other three
analytes follow a different trend. Neither analyte basicity nor molecular
size seem to be a predictor for these patterns.

Even for aqueous peptide mixture solutions without any NaCl,
several additives enhanced the protonated molecule signal intensities
(see Fig. 4). L-serine significantly increased the protonated and total ion
signal intensity for Ang and Brdk when used at high concentrations.
Most ammonium salts worked best at low concentrations but suppressed
ion signals at higher concentrations.

The use of the 10-mM NacCl solution clearly suppressed not only
protonated but also overall ion signal intensity for all analytes (see Fig. 4
and SI Fig. 5). For LeuEnk, SubP and Mel none of the additives were able
to restore the ion signal to levels obtained in pure water. For Brdk and
Ang, the peptide ion signal intensity recovered upon the addition of
some additives and even exceeded the pure-water intensities at some
additive concentrations.

Ammonium dihydrogen phosphate added to pure aqueous solutions
reduced peptide ion signals with increasing concentrations but provided
for most additive concentrations an increased Brdk and Ang ion signal
intensity compared to pure water solutions. Added to the NaCl solution,
the Brdk and Ang ion signals increased with the additive concentration
and were greater than in pure water at the three higher concentrations.
For conventional solid MALDI MS analysis of tryptic digests, the addi-
tion of around 10 mM ammonium dihydrogen phosphate increased
peptide ion signals and reduced matrix clusters [15]. Higher and lower
concentrations were found to be less effective [15]. Other studies re-
ported increased peptide signals between 5 and 20 mM [50] and 0.5 and
50 mM [16]. Similar effects were observed for tryptic digest analysis by
liquid vacuum MALDI, using concentrations between 10 and 100 mM
[46]. Thus, LAP-MALDI MS data presented here follow a similar trend of
signal enhancement. Although phosphate is not compatible with liquid
chromatography [51], it can be a valuable additive for MALDI MS
analysis.

There were no substantial ion signal-enhancing effects for ammo-
nium acetate, which was even detrimental at higher concentrations. In
nanoESI under native conditions, 7 M ammonium acetate was required
to obtain a visible reduction of sodium adducts in protein analysis and
no effect was typically obtained at 100 mM [9]. The NaCl concentration
investigated here might have been not high enough to observe a similar
effect. However, in standard-flow ESI a reduction in protein ion signal is
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Fig. 2. Influence of salts on peptide ion signal for a) leucine
enkephalin, b) bradykinin, ¢) angiotensin I, d) substance P
and e) melittin. The error bars denote the standard deviation
between replicates (n=3 for additives, n=15 for water) or
the data point range for n=2 where the signal is below the
signal-to-noise threshold of 3 (see SI Table 4). Ion signals
with minor contributions to the total ion signal (<5% of
total ion signal in all samples), e.g. from rare adduct ion
formation, were omitted for clarity.
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Fig. 3. Influence of ammonium acetate and ammonium tartrate on ion signal intensity in pure water and a 10-mM NacCl solution.

observed with increasing ammonium acetate concentration [52] which
is in line with the data presented here. Hence, an influence of the initial
droplet size created during the ablation might play a role in adduct
formation. In solid MALDI, up to 10 mM did not have significant effects
on the analyte ion signal in the analysis of small molecules [28].

The addition of ammonium citrate significantly increased protonated
signal intensity for Ang and Brdk in the presence of NaCl. Ammonium
citrate is known to reduce sodium adducts [53] and enhance signal in-
tensity [51] in solid MALDI MS analysis. Citrate was found to be more

effective than other ammonium salts [45] although a reduction in signal
was reported above 5 mM [16].

Similar to citrate, oxalate and tartrate salts were investigated as
sterically hindered ions are thought to result in less adducts than smaller
ammonium salts [17] and provide several ammonium ions per molecule
(see SI Fig. 4). Ammonium tartrate follows similar trends as citrate
whereas oxalate is slightly inferior with regard to analyte ion signal
intensities.

Finally, the addition of L-serine was analysed and a significant
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increase in protonated Brdk and Ang signals was observed at around
100 mM. This is consistent with conventional solid MALDI, for which the
addition of serine improved the signal-to-noise ratio for protonated Ang
species by a factor of 4 [14]. A similar effect was reported for DESI MS
with L-serine-enhanced protein signal [54] and reduced sodium adducts
even if used at less than stoichiometric amounts [55]. However, at
higher concentrations (mM) a decrease in signal was observed [55],
which is not in agreement with the data presented here. In ESI MS, the
addition of ten times more serine than NaCl led to a reduction of Na
adducts and an improvement in the signal-to-noise ratio for native
proteins [56]. As no effect was observed above 2 mM sodium, it was
hypothesised that the direct binding of Na to the amino acid prevents
remediation by serine [56]. In the LAP-MALDI MS data presented here,
an increase in peptide ion signal was observed for Brdk and Ang when
serine was added in excess compared to sodium. No clear effect was
visible for the other peptides analysed.

3.4. Surfactants

Surfactants are amphiphilic substances often used in biological
sample preparations to help protein solubilisation, prevent adsorption
[38] and aggregation [57] and generally assist with the analysis of hy-
drophobic peptides [58] and proteins [59]. Surfactants have a wide
range of properties [60], e.g. being denaturing or not, and hence, need to
be tailored to a specific application. Different types can be distinguished
according to their molecular structure: anionic, cationic, zwitterionic or
non-ionic. For this study, non-ionic (OGP), zwitterionic (CHAPS) and
anionic (SDC) surfactants were analysed (see SI Table 7). Commonly
used polymeric surfactants, e.g. Tween-20, triton (X-100 and 114) and
NP40 alternative, were not further investigated as they caused a wide
polymeric distribution over a large range of the mass spectrum which
interfered with analyte detection.

With increasing surfactant concentration, the surface tension of the
sample decreases and the droplet becomes unstable (see SI Fig. 6).
Samples can spread out (and completely wet the sample plate surface),
and the resulting film does not yield any analyte signal. With lower
surfactant concentrations stable droplets can be obtained. The surface
tensions for the investigated surfactants are summarised in SI Table 7. At
the critical micelle concentration, these surface tensions are similar,
although it must be noted that surface tension also depends on various
other parameters such as electrolyte concentration [61], which can
affect droplet stability in ‘real-life’ samples. Although droplet stability is
somewhat correlated with surface tension and therefore inversely with
surfactant concentration (see SI Table 8), SDS yields stable droplets even
at the highest concentration investigated. Hence, other factors might
play a role such as the affinity of the surfactant molecules to the
stainless-steel sample plate. To circumvent unstable droplets, other
sample plate surfaces were investigated, and a Bruker AnchorChip™
plate was used for analysis. Its hydrophobic surface area, surrounding
the small hydrophilic sample spot areas, effectively prevented sample
spreading and all samples (up to 10% w/v) yielded stable liquid MALDI
sample droplets (see SI Fig. 6). Results obtained from stable samples on
both plates are in good agreement apart from SDC, for which a
discrepancy was observed at 0.1% (see Fig. 5 and SI Fig. 7).

For the surfactants, the variability between replicates was higher
than for other experiments (see Fig. 5) as surfactant samples are more
difficult to handle and the plate holder was not optimised for accom-
modating large plates with a microtiter plate format. In general, the
lowest surfactant concentrations gave similar results to the water con-
trol. Samples containing 5% SDS solidified upon laser radiation, prob-
ably caused by solvent evaporation leading to a concentration of SDS
beyond its solubility. For all surfactants, intense additional peaks (see SI
Fig. 8) were observed which are not present in the water control and are
dependent on the surfactant concentration. Putative assignments of
surfactant clusters (mainly [n-M+H]" and [n-M+Na] ", where M is the
surfactant molecule) can be found in SI Table 9. For SDS, similar peaks
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have been reported for ESI, although at higher SDS concentrations [62,
63].

Regarding analyte ion signal intensities, the same trend can be
observed for all analytes for the addition of ASB, CHAPS and SDS. In
most cases, ion suppression was observed around the 0.01% level (see
Fig. 5). At this and higher concentrations ASB gave the worst results of
all surfactants investigated while CHAPS led to slightly more intense
analyte ion peaks compared to SDS. For the other surfactants, more
diverse results were obtained. With increasing SDC concentration the
signal intensity for LeuEnk, Ang and Mel decreased. For SubP, the
opposite was observed apart from the highest concentration, at which no
analyte ion signal could be obtained. As the peptides were analysed
together as a mixture, no variation in sample preparation or analysis can
account for these differences. The nature of the analytes and their
relative differences in the ionisation process are the most probable ori-
gins of this behaviour. Comparing the isoelectric points (see SI Table 1),
Brdk, SubP and Mel are significantly more basic than Ang and LeuEnk.
However, this difference was not reflected in the SDC data. OGP was the
only surfactant that provided analyte ion signals at 5%. Ang, Brdk and
LeuEnk showed the strongest ion signal at 0.01% OGP; for Melittin 1%
OGP was best.

Although detergents are widely used for biological sample prepara-
tions, most MS ionisation techniques require careful detergent removal.
In ESI MS, surface-active compounds are generally detected at higher
ion signal intensities due to their location at the droplet surface during
droplet fission [64], which can suppress non-surface-active analytes. In
conventional MALDI, the addition of surfactants can impede crystal-
lisation [65].

For solid MALDI MS, contradictory results for the influence of sur-
factants on analyte signal are reported in the literature. In one study, no
peptide or protein ion signals were obtained at 0.1% SDS or CHAPS but
at 1% SDS or CHAPS protein ion signal was detected [66]. In other
studies it was found that SDS concentrations of up to 0.1% [67] or 0.6%
[42] were tolerable but interferences were seen at 1% [67]. CHAPS was
found to be incompatible with solid MALDI MS analysis [67,68]. For
solid MALDI MS analysis of acetylcholine, up to 0.6% CHAPS showed no
significant effect on ion signal intensity [28]. Data obtained by
LAP-MALDI MS show peptide ion signals at 0.1% SDS or CHAPS, but no
signals at 1% of either for any of the peptides analysed. In an early study
using solid MALDI, it was hypothesised that at low surfactant concen-
trations protein ion pairs were formed with the surfactant while at
surfactant concentrations above the critical micelle concentration, the
protein studied was well solubilised in micelles [66]. It was also sug-
gested that higher surfactant concentrations lead to crystallisation of the
surfactant around the matrix and therefore decrease the energy transfer
to the sample [66]. In LAP-MALDI, crystallisation does not occur but
increased surfactant concentrations can still change laser absorption due
to a lower surface concentration of matrix molecules. For solid MALDI
MS analysis of OGP-containing samples, it was reported that 0.1 and 1%
OGP concentrations were suitable for peptide analysis [67] while the use
of up to 5% OGP was reported for other studies [68]. This is in good
agreement with the data reported here. Additionally, peak broadening
and a mass shift were observed for some proteins when using OGP in
solid MALDI MS [59]. This might indicate the formation of adducts.
However, for LAP-MALDI MS analysis no OGP adducts were observed.

In a comparative MS study, ESI was found to be one order of
magnitude less tolerant against surfactants than solid MALDI [68] with
the exception of CHAPS, which ESI tolerated up to 1% [68]. Other
studies showed that no protein ion signal was observed at 1% CHAPS
[63] or only weak signal at 0.6% CHAPS [42]. In another study using
proteins, SDS gave only 10% analyte ion signal compared to the water
control at a concentration of 0.01% [63] but in a different study weak
analyte ion signals were observed at 1.4% and good signal was obtained
at 0.3% [42]. LAP-MALDI MS data presented here show comparatively
good peptide ion signals at 0.001% SDS but weaker signals at 0.01-0.1%
and therefore are in the same range as the literature values for ESIL
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a) Leucine enkephalin Fig. 5. Influence of surfactants on peptide ion signal for a) leucine
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Non-ionic saccharides gave best analyte ion signal in ESI compared with
other surfactants as less background ions were generated, less Na ad-
ducts were observed and analyte ion signal suffered less suppression
[63]. This is in very good agreement with the data presented here. In
ESI, OGP still yielded analyte ion signal at 1% surfactant [63] while for
LAP-MALDI MS peptide ion signal could still be observed at 5% OGP.

In HTS assays non-ionic surfactants are generally used at 0.01-0.1%
to prevent aggregation [57]. As shown for OGP, LAP-MALDI MS does not
suffer from severe ion suppression at these concentrations and it is
assumed that this is also true for small molecules often used as screening
targets. However, a shift from traditional assay detergents like triton and
tween to surfactants more compatible with mass spectrometry is
necessary.

3.5. Other compounds

BSA is used in cell-based assays to reduce nonspecific binding but is
not advised for biochemical screens as it binds many compounds that are
viable drug leads [69]. In small concentrations (2.5 pmol/uL, app.
0.02%) only a minor suppression of analyte ion signal is observed (see
Fig. 6). This is comparable to other ionisation techniques like MALDI
[28] and IR-MALDESI [70] for which no significant impact up to 0.01%
was noticed. At higher concentrations, unresolved protein peaks domi-
nate the mass spectra. However, resolved peaks can be probably ob-
tained using different instrument settings [23].

DMSO is often used to store compound libraries, so HTS assays
contain small amounts. At 1% DMSO, no ion signal suppression is
observed for any analyte and for 5% only minor effects are noticeable.
After dilution of the target compounds in assay buffer, no adverse effects
on LAP-MALDI MS analysis are expected. In solid MALDI, DMSO is
known to help with crystallisation [71,72], although heterogeneous
crystallisation is observed at higher concentrations [73], and up to 1% is
used to enhance tissue images of drugs [74].

The addition of 0.1 mM EDTA did not adversely affect LAP-MALDI
MS analysis. At 1 mM suppression of analyte ion signal is observed,
although the extent of signal reduction depends on the analyte and at 10
mM signal can still be obtained. Solid MALDI MS analyses suggest a
reduction of analyte signal by approximately 50% at 50 mM [28], so is
more tolerant against this additive. However, a small molecule was used
as a test compound compared to peptides used in this study. In ESI MS,
the addition of EDTA led to a significant improvement of phosphopep-
tide detection but caused issues with chromatographic separation and
spray stability due to precipitation [51].

The use of acids in positive ionisation mode is thought to have a
positive impact on analyte detection owing to the increased abundance
of protons for ionisation and is therefore routinely used as an additive in
ESI [75,76]. However, in LAP-MALDI MS the signal intensity for all
analysed peptides decreased at 1% formic acid compared to water albeit
at different factors and a significant decrease for all analytes is observed
at 10%. As standard MALDI MS workflows for identification of micro-
organism recommend 35% formic acid [77], LAP-MALDI appears more
susceptible to formic acid than conventional MALDI. When using TFA,
droplets were not as stable and resulted in spread samples which
increased signal variability (see Fig. 6). Nevertheless, analyte ion signal
could be obtained for all dilutions (0.1-10% TFA on target). TFA is
widely used as a mobile phase additive in liquid chromatography of
peptides and proteins but is known to suppress protein ion signals in ESI
by forming ion pairs with basic analytes [78]. Reported suppression
factors range from 10 [76] to 250 [78] and can only be partially
mediated [78]. Hence, LAP-MALDI MS is less affected by TFA.

If 1 M urea is added to the sample, significant ion signal suppression
is observed and nearly no signal can be detected at 4 M. In solid MALDI
no protein signal can be obtained at 8 M urea [19] and for nanoESI 4 M
urea clogged the emitter [79]. However, 0.5 M was found to be
compatible with nanoESI MS analysis and severe suppression occurred
at around 2 M [79]. If urea is used in the sample preparation, sufficient

10
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dilution is necessary to allow LAP-MALDI MS analysis.

For ammonium sulphate, ion signal intensity was influenced differ-
ently for the different analytes. For Ang, no suppression was observed at
10 and 100 mM, whereas Brdk and LeuEnk showed reduced ion signals
for sodiated peaks which resulted in an overall decreased ion signal (see
Fig. 6). For SubP and Mel, severe ion signal suppression was observed
even at 10 mM. The poor performance of the 1 M sample for all analytes
was attributed to crystallisation. After the MS analysis, some samples
were found to be solidified which is thought to be caused by solvent
evaporation due to the laser irradiation and heating of the inlet tube
which increased the additive concentration beyond solubility. Ammo-
nium sulphate is commonly used for protein precipitation at concen-
trations between 800 and 3200 mM [80].

4. Conclusion

A variety of sample additive compounds were tested for compati-
bility with LAP-MALDI MS analysis. Although some differences between
the analysed peptides were observed, general trends could be deduced.

Amongst the investigated buffer compounds tricine showed the best
ion signal intensities for all analysed peptides over a concentration range
from 0.005 to 5 mM on target. Owing to the dilution with the LAP-
MALDI matrix, a higher initial concentration during sample prepara-
tion can be chosen.

In the presence of salts, the mode of ionisation is changing from
mainly protonated analyte molecules to the formation of salt adducts.
Depending on the analyte and the concentration of salts (generally <0.5
mM) the overall analyte ion signal intensity might be enhanced
compared to the signal obtained in pure water. As naturally occurring
concentrations of salts, especially NaCl, are comparably high, strategies
for salt removal are necessary to avoid lower signal-to-noise levels in
LAP-MALDI MS analysis.

One relatively inexpensive and fast method to reduce salt effects is
the addition of salt sequestering agents to the sample. Ammonium salts
and L-serine were added to the peptide mix in pure water and in 10 mM
NaCl. Signal intensity in salt-containing samples could not be
completely restored (to the level of pure water) but some improvement
was visible for most peptides. Best ion signal recovery was obtained by
ammonium citrate when used stoichiometrically or in 10-times excess of
NacCl. Addition of 0.25 mM of various additives also led to improvements
of ion signal intensities in general, i.e. even in the samples without
added NaCl. This might be due to the presence of salts in the ‘pure’
samples. The use of higher concentrations led to a decrease in analyte
ion signal intensity. Interestingly, the addition of serine at higher con-
centrations (25-250 mM) led to signal increases in both sample sets,
with and without added NaCl, in particular for the multiply charged
analyte ion species.

The direct analysis of samples containing polymeric surfactants is
unsuitable for LAP-MALDI MS. Even other types of surfactants create a
range of surfactant-related ions which might interfere with analyte
detection. In general, concentrations greater than 0.01% suppressed
analyte detection. An exception is OGP, which yielded analyte ion sig-
nals over a comparably wide concentration range and is therefore rec-
ommended for analysis by LAP-MALDI MS. For some peptides, 0.1%
SDC also resulted in good analyte ion signal intensity, although the
mode of ionisation changed from protonation to sodiation.

Last, several compounds often used in sample preparation were
tested for their suitability with LAP-MALDI MS analysis. For acids, FA
rather than TFA should be chosen as higher signal intensities were ob-
tained with the former for all peptides. DMSO often used for compound
storage is not impeding analysis at concentrations normally present after
reconstitution (<5%). BSA used as a model for protein addition lowers
analyte signal intensity but again in most laboratories only small con-
centrations are expected. For the use of urea in the sample preparation,
its concentration should be lowered before LAP-MALDI MS analysis as 1
M decreases analyte ion signal intensity by more than 50%.
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Fig. 6. Influence of compounds often used in biological sample
preparation on peptide ion signal for a) leucine enkephalin, b)
bradykinin, c) angiotensin I, d) substance P and e) melittin.
The error bars denote the standard deviation between repli-
cates (n=3 for additives, n=9 for water) or the data point range
for n=2 where the signal is below the signal-to-noise threshold
of 3 (see SI Table 11). Ion signals with minor contributions to
the total ion signal (<5% of total ion signal in all samples), e.g.
from rare adduct ion formation, were omitted for clarity.
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