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Abstract

Mass spectrometry (MS) is a sensitive and specific analytical method often used for
biological samples and assays. Its widespread application for screening is restrained by
the limited sample throughput compared to traditional photometric assay readouts. In
this work, the suitability of mass spectrometry using liquid atmospheric pressure matrix-
assisted laser desorption/ionisation (LAP-MALDI) as an ionisation technique for high
speed MS analysis and screening of biochemical assays was investigated.

In a first step, a substrate and product of an enzymatic assay were detected at 5 sam-
ples/s without prior sample clean-up. More complex samples (milk) were analysed at
1 samples/s. After further improvements in hardware and software, the analysis of a
second enzymatic assay was accelerated to 16 samples/s and peptide standards were
analysed at 40 samples/s. This is faster than other MS-based methods reported in the
literature and also highly competitive with photometric readouts.

Additionally, a systematic study of various components often used in biochemical screen-
ing assays and generally biological mass spectrometry on the ion signal of a peptide
mixture was carried out. Although pronounced ion suppression was observed with some
additives, compounds such as the surfactant octyl-β-D-glucopyranoside and the buffer
tricine were found suitable with LAP-MALDI MS analysis.

In summary, LAP-MALDI allows for rapid MS sample analysis, the fast readout of
biochemical assays and shows great potential for high-throughput screening. Possible
improvements by enhanced automation are also discussed.
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1. Introduction

In the following sections, some fundamental principles required to understand the scope
of this thesis are outlined. After the introduction of mass spectrometry for the analysis
of biomolecules, in particular peptides, the mechanism of the creation of gas-phase ions
and instrumentation to analyse and fragment those are summarised. Later, the field of
high-throughput analysis and the benefits of using mass spectrometry in this area are
presented.

1.1. Mass spectrometry for the analysis of biomolecules

Mass spectrometry (MS) determines the mass-to-charge ratio of gas-phase ions. First,
liquid, solid or gas-phase samples are ionised. Then, ions are separated by their mass-
to-charge ratio and finally detected. Within the mass spectrometer, both reactions and
separations can be carried out to obtain specific information. MS is a valuable tool in a
very wide field of applications from material science,1 environmental studies2 and space
exploration3 to clinical diagnostics.4

Living organisms are mainly constituted of water, small molecules and four classes of
macromolecules: lipids, carbohydrates, oligonucleotides and peptides/proteins.5 The lat-
ter compounds and their building blocks are the main targets for biological mass spec-
trometry.

MS can be used to detect the presence of those molecules, analyse their structure, help
identify biological functions and determine their concentration in diverse biological sam-
ples. This versatility may be combined to yield temporal (metabolism) and spatial (MS
imaging)6 information about specific compounds.

Proteins account for 35% to 60% of the cells’ dry weight.7 Currently, there are about
80 peptide drugs commercialised which account for 5% of the pharmaceutical market,
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Figure 1.1.: Formation of a dipeptide from 2 amino acids. The peptide bond is highlighted.

the most prominent example being insulin.8 Peptides and proteins are built by amino
acids which are covalently linked through a peptide bond (see Figure 1.1). In contrast
to proteins, peptides consist of fewer units and a simpler structure, although the exact
boundary remains vague.9 The ionisation of peptides mainly depends on the abundance
of specific amino acids and the pH of the solution. At physiological pH of 7.4 many
naturally occurring amino acids are charged. The ones carrying a net positive charge
are readily detected in positive mode mass spectrometry. Initially, protons are located
at the most basic sites of the peptides. Activation of those ions in the gas phase can
lead to the migration of protons to different sites (mobile proton theory).10,11

1.2. Ionisation techniques

For the analysis of peptides and proteins most often ionisation techniques are chosen
which result in intact molecular ions in the source region. These ’soft’ ionisation tech-
niques yield less fragments than ’hard’ ionisation sources. The main difference between
the two is the amount of internal energy acquired by the ions.12 Internal energy is de-
fined as the total energy of an ion above its ground state. The excitation can occur as
electronic, vibrational and rotational excitation.12 The more internal energy an ion has,
the more likely fragmentation occurs. In soft ionisation techniques ions do not have high
internal energies and hence are less likely to fragment. In the following sections, the two
main soft ionisation techniques for the analysis of peptides, electrospray ionisation (ESI)
and matrix-assisted laser desorption/ionisation (MALDI) will be introduced.

1.2.1. ESI

ESI is able to ionise molecules of a wide range of molecular weight (10 Da to MDa).
This versatility combined with the lack of unintended fragmentation makes it the main



1.2. Ionisation techniques 3

ionisation mode for biological MS. ESI can be used for the direct analysis of samples or
be combined with an upfront chromatographic separation of a more complex mixture.
In brief, a conductive capillary filled with the liquid sample is placed in front of the MS
inlet and a high voltage is applied. The electric field results in the formation of a liquid
cone at the tip of the capillary and a charge separation in the solution. Depending on
the ionisation mode, cations or anions are enriched in the cone. When the forces of the
applied field exceed the surface tension of the solution, a fine jet is ejected, and the charge
repulsion of the ions in the liquid leads to the formation of droplets.13 Evaporation of
the solvent from the droplets is assisted by applying inert gases in the capillary region.
With decreasing droplet size, the charge repulsion increases. When the forces exerted by
the surface tension are exceeded by the Coulomb repulsion (Rayleigh limit), the droplet
undergoes fission. This process of evaporation and fission is repeated several times with
the respective progeny droplets (see Figure 1.2).

Ionisation occurs through the addition or loss of charge-carrying moieties if the analyte
is not intrinsically charged. The amount and position of those charge carriers within the
droplet influences the signal intensity of analyte ions. Molecular dynamics calculations
have shown that the excess charge carriers will preferentially stay at the droplet surface
if they have unpolar properties or in the inner droplet if they are small like protons and
metal ions.14 Even for those, the main charge of the droplet will reside on the surface as
the ions in the inner droplet will induce orientational polarisation through the formation
of solvation layers.14

The formation of analyte ions from charged droplets at a nanometre scale is still under
discussion but is thought to depend on the type of analyte.14 Different models have been
proposed (see Figure 1.2) and will be briefly explained.

The ion evaporation model (IEM) is mainly suited for the ionisation of low molecular
mass analytes. The electric field resulting from the charged nanodroplet ejects the an-
alyte ion while still in connection to the droplet via a solvent bridge. The Coulomb
repulsion between the analyte ion and the charged droplet favours ejection of a small
analyte-solvent cluster, which loses its solvation shell subsequent to collisions with the
background gas.14 Recently, IEM has been discussed as a special pathway for protein
ionisation if acidic solvents are used and the protein is not unfolding under these condi-
tions.15

The charge residue model (CRM) describes ionisation for globular analytes, including
folded proteins. As a first step, solvated protons and small ions are ejected from the
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Figure 1.2.: Electrospray ionisation mechanisms in positive ionisation mode according to Aliyari
and Kebarle.13,15 a) The applied potential difference between liquid and mass spec-
trometer induces charge separation and droplet formation. b) Molecular mechanisms
for the final formation of analyte ions. IEM - ion evaporation model, CRM - charge
residue model and CEM - chain ejection model.

droplet according to the IEM. The droplet, only containing one analyte molecule, sub-
sequently evaporates to dryness on a microsecond time frame, so a significant amount
of analyte will remain in a droplet when reaching the vacuum inlet. The final charge of
the analyte is hence independent of its charge state in solution,14 but is determined by
the molecular mass of the analyte.13

Naturally or artificially unfolded proteins are more likely to be ionised according to
the chain ejection model (CEM). While unfolding the hydrophobic inner part of the
molecule is turned towards the solvent, hence favouring migration to the droplet surface
and sequential ejection similar to the ion evaporation model. In conclusion, unfolded
proteins undergo another, faster ionisation process than folded proteins, yielding higher
signal intensities.14 Peptides will be ionised according to the IEM or CEM16 depending
on the initial droplet size of the spray.
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1.2.2. MALDI

Matrix-assisted laser desorption/ionisation is a soft ionisation technique used in MS
to create gas-phase analyte ions from liquid or solid samples. Franz Hillenkamp and
Michael Karas first developed this method by adding small organic matrix molecules to
help ionisation.17

The sample is mixed with a matrix and crystals are typically formed in a well-controlled
process. The resulting crystalline MALDI sample is irradiated with laser light of a wave-
length at which the matrix compound absorbs light. The MALDI sample is consequently
ablated, and gas-phase matrix and analyte ions are created (see Figure 1.3).

Material ejection

The mechanisms of material ejection and analyte ionisation are interrelated18 and still
under discussion. The laser irradiates the sample at a given wavelength, pulse duration
and pulse energy. This energy will be absorbed by chromophores of the matrix and
dissipated through several pathways including excitation, heat conduction and phase-
change.

The type and time frame of energy dissipation will influence the material ejection. In gen-
eral, three types of material ejection can be distinguished: desorption of small molecules
from the sample surface, ablation from the sample bulk in the thermal confinement and
spallation of large relatively cold clusters caused by tensile stress (acoustic confinement).
The type of occurring mechanism depends on experimental parameters, as higher fluence
initiate bulk volume processes.18 Experimental evidence for the mechanism present can
be obtained by the velocity and size of emitted particles. Larger clusters from the bulk
of the sample are usually ejected at lower velocities than small, desorbed particles from
the sample surface as matter nearer to the surface reaches higher temperature.18 Under
typical MALDI conditions several processes can occur simultaneously, as under specific
circumstances two distinct regions of particle velocities were found.18,19

The mechanism of material ejection can be deduced by the time scale of involved pro-
cesses. The energy introduced into the sample can be spatially confined within the
irradiated sample volume or dissipated into the bulk of the sample. Confinement times
for stress and thermal regimes are:20,21
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𝜏𝑠𝑡𝑟𝑒𝑠𝑠 =
𝛿

𝐶𝑠
(1.1)

𝜏𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝛿2

𝛼
= 𝛿2

𝜌𝐶𝑝

𝜆𝑡
(1.2)

𝛿 is the optical penetration depth of the laser light, 𝐶𝑠 the speed of sound in the sample
and 𝛼 the thermal diffusivity which can be calculated from the density 𝜌, the heat
capacity 𝐶𝑝 and the thermal conductivity 𝜆𝑡. The penetration depth 𝛿 is often defined
as the path length at which the intensity of the incident light beam is attenuated to
1/𝑒 and can be calculated as the inverse value of the absorption coefficient. Due to
the large excess of matrix molecules in MALDI samples, the penetration depth can be
approximated using the absorption coefficient of the matrix compound. For typical UV-
MALDI experiments the following conditions apply. At 337nm the absorption coefficient
for the matrix 𝛼-CHCA is 2.2·105 cm−1.22 Thus, most of the laser light will only penetrate
the first 40nm. The thermal diffusivity was calculated to be around 1 · 10−7m2 s−1,23

although other estimates range from 1 · 10−5m2 s−1 to 1 · 10−6m2 s−1.24 The resulting
thermal confinement time is in the low ns range. With an estimated speed of sound of
2 500ms−1,25 the stress confinement time is in the low ps range. Hence, for laser pulse
durations 𝜏𝑃 of low nanoseconds, 𝜏𝑡ℎ𝑒𝑟𝑚𝑎𝑙 ' 𝜏𝑃 > 𝜏𝑠𝑡𝑟𝑒𝑠𝑠. This means that the energy
brought into the sample by a single laser pulse cannot be dissipated quick enough by heat
transfer (thermal confinement)26 while stress-induced spallation is unlikely. As a result
the sample overheats beyond surface evaporation and a phase explosion occurs.25

Material ejection processes are essential for the further development of the MALDI plume
and the likelihood of reactions occurring within the plume. Imaging studies showed that
MALDI ablation occurs at a nanosecond scale27,28 and depends on the experimental
conditions,29 which is in good agreement with the theoretical finding described above.
The initial plume expansion is influenced by the inertia of the ejected material as well
as the energy brought into the sample. In the emerging plume, huge temperature and
pressure gradients cause a redistribution of energy away from the centre of the plume.18

Ionisation mechanism

Apart from the release of particles from the bulk MALDI sample, the creation of molec-
ular analyte ions is still under discussion. Several models for the underlying ionisation
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mechanism have been proposed. The two most popular models are the lucky survivor
model (LS), assuming that ions exist before ablation and energy input is required to re-
lease them, and the coupled chemical and physical dynamics model (CPCD), assuming
ion formation in the gas-phase.30 The LS proposes that analytes preserve their charge
from being in solution, even after the analyte-matrix crystals have formed. The laser
irradiation leads to charge separation in the sample and charged clusters are formed. An
excess of charged matrix molecules in the cluster neutralises analyte counterions, leading
to singly protonated or deprotonated analyte ions,31 which can be detected in the mass
spectrometer.
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Figure 1.3.: Matrix-assisted laser desorption/ionisation mechanism in the positive ionisation
mode. The laser penetrates the sample and a dense plume of material is ejected.
Subsequent in-plume reactions create analyte ions which are detected by mass spec-
trometry. a) In the lucky survivor model analyte ions are ejected from the sample and
ions not neutralised by gas-phase reactions are detected. b) In the coupled chemical
and physical dynamics model neutral analyte molecules are ejected and ionised by
in-plume reactions with charged matrix ions.

In contrast, the CPCD assumes a gas-phase ionisation in a two-step process. First,
matrix molecules are ionised by the laser irradiation and in a second step, ion-molecule
interactions form analyte ions.30 However, the formation of matrix ions is not occurring
through direct photo-ionisation by the laser as the photon energy is not sufficient.

In UV-MALDI, often employing a nitrogen laser of 337 nm, an energy of 5.89 · 10−19 J
per photon is released (355 kJmol−1). 𝛼-CHCA has an ionisation energy of 1.36 · 10−18

J (820 kJmol−1).32 Therefore, multiple photons, in this case three, would be required
to photoionise the matrix compound. Hence, the energy of a single photon is not suffi-



1.2. Ionisation techniques 8

cient.30

A widely accepted theory of accumulating the photon energies is the creation of many
excited matrix molecules25 due to photon absorption. Their density favours subsequent
energy pooling (see Figure 1.4). Matrix molecules reach the first electronic excited state
due to photon absorption. Then two excited states pool, so that one falls back into the
ground state whereas the other reaches a higher excited state. When an electron in the
higher excited state is then pooled with another one in the first electronic excited state,
enough energy is provided to abstract one electron and ionise the molecule.30

Figure 1.4.: Energy concentration in matrix-assisted laser desorption/ionisation according to
Knochenmuss.30 First, several matrix molecules (M1, M2, M3) are excited by the
laser irradiation. Then, energy pooling brings one matrix molecule into a higher ex-
cited state and finally primary ionisation of the matrix molecule occurs after a second
pooling with another excited molecule.

After creating matrix ions, the CPCD model predicts charge transfer reactions as a
second step to ionise analyte molecules. Directly after phase transition, the plume is
still dense, so reactions between ions as well as between ions and neutrals are likely.
After electron transfer, proton transfer can occur in the positive ion mode.30 This is
especially likely for matrices with acidic functional groups and low proton affinities.30

For some matrices more complex secondary reactions have been proposed.30

Studies have been carried out to elucidate which of the ionisation mechanisms actually
take place. Jaskolla and Karas used deuterated matrices to differentiate between pre-
formed ions (Lucky Survivor model) and ions formed in the gas phase (CPCD model).31

Analyte ions which existed before mixing with the matrix (LS) will be protonated, as
special precautions have been taken to minimise exchange with deuterium, and ions cre-
ated through interactions with matrix (CPCD) will be deuterated. For medium basic
analytes, deuterated and protonated ions were confirmed. This is in accordance with
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the fact that only some analyte molecules are charged before mixing with matrix. Fur-
thermore, this indicates the simultaneous existence of both ionisation pathways.31 The
prevalence of either mechanism depends on several parameters, including protonated-
to-neutral analyte ratio, and proton affinity of matrix and analyte. With higher laser
fluence, both pathways are enhanced, as more preformed ions get ablated, and more
matrix ions are created that can react with neutral analyte molecules. Nevertheless, the
signal enhancement is more pronounced for ions created in the gas-phase.31 The effi-
ciency of the LS ionisation mechanism depends on the ability of charge stabilisation of
the preformed analyte ions, as better stabilised ions have a higher probability to survive.
Therefore, especially large and basic analytes preferentially undergo Lucky Survivor ioni-
sation.31 In contrast, deprotonated analyte ions are most probably not created according
to the Lucky Survivor mechanism.31

1.2.3. LAP-MALDI

Liquid matrix-assisted laser desorption/ionisation

Originally, MALDI was developed for use with solid matrices, where analyte and ma-
trix co-crystallise. In solid MALDI, the analyte distribution is generally heterogeneous
among and within matrix crystals.33 Chemically different domains can be found, yield-
ing different analyte ions explaining the often encountered ‘hot-spot’ phenomenon.34

Although progress was made by developing new solid MALDI matrices and sample
preparation procedures, the main disadvantages such as short sample lifetime and low
reproducibility, both in terms of sample-to-sample and laser shot-to-shot, remained as
a result of the process of co-crystallisation.35 Furthermore, not all analytes are suited
for solid-state deposition, as they might impede crystallisation or degrade. For instance,
unpurified protein digests are less suitable for solid-state MALDI36 and labile protein
complexes are thought to be altered due to the phase transition.37

To overcome these drawbacks, liquid sample preparation techniques were developed.
Liquid samples show a more even distribution across the sample and is more similar
for different analytes.38 The challenge of reproducibility is addressed by liquid MALDI
sample droplets as they offer a self-renewing surface.35,39 Liquid MALDI samples are
especially suited for pH-sensitive analytes and those impeding the crystallisation of solid
MALDI samples.36
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Three main types of liquid matrices have been developed: ionic liquids,38 liquid support
matrices (LSMs)40 and particle suspensions.41,42 LSMs offer multiple advantages38 and
will be used throughout this project. They typically consist of a solvent to solubilise
analyte and chromophore,35 a viscous support to increase sample lifetime and help sol-
ubilisation as well as a chromophore for laser energy absorption.39 Many substances for
all three components as well as different mixing ratios have been tested throughout the
years40,43 and need to be chosen according to the analyte class of interest. Apart from
the matrix preparation, the performance of the method depends on the chosen target
plate (metallic support), namely the surface roughness.38

Atmospheric pressure matrix-assisted laser desorption/ionisation

Traditionally, MALDI is used under vacuum conditions, but medium or atmospheric
pressure sources have been developed.44–47 Although the sensitivity at atmospheric pres-
sure (AP) is generally lower compared to vacuum conditions,48 several advantages coun-
terbalance and outweigh this drawback. Firstly, atmospheric pressure matrix-assisted
laser desorption/ionisation (AP-MALDI) can result in complementary information,6 pre-
sumably due the increased collisional cooling under AP. Secondly, AP-MALDI is cost-
effective and the sample-throughput can be increased as no pumping of the sample
chamber is required. In terms of operating conditions, AP-MALDI differs slightly from
MALDI under vacuum conditions, as for instance the laser threshold energy is found
to be higher compared to low-pressure MALDI.47 Moskovets et al. suggested, that the
enhanced collisional cooling prevents cluster dissociation and hence limits the release of
analyte ions. Therefore, an enforced heating of the plume is needed.47

Liquid atmospheric pressure matrix-assisted laser desorption/ionisation

LAP-MALDI was born when predominantly multiply charged analyte ions were ob-
tained.49 This is especially advantageous as most mass analysers are not able to effi-
ciently transmit ions with a high mass-to-charge ratio and multiply charged ions are often
a prerequisite for carrying out fragmentation experiments. The ionisation mechanism
for liquid AP-MALDI differs from the conventional solid and in-vacuo type. Although
low intensity doubly and triply charges peptides were recently shown with solid state
MALDI,50 in liquid AP-MALDI multiply charged ions are preferentially created49 when
used with a heated transfer tube. In one study, the best yields for multiply charged ions
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were accomplished at wavelengths different from the maximum absorption of the ma-
trix and good yields were achieved without chromophores.51 Therefore, it was suggested
that the laser only ejects sample material whereas the ionisation takes place in a heated
capillary through an ESI-like evaporative process.51

1.3. QToF instrumentation

1.3.1. The quadrupole

Quadrupoles are ion guides which can also be used as mass filters to select ions according
to their m/z ratio. This is achieved by guiding selected ions through the device into the
next section of the mass spectrometer, while ions with other properties (m/z ratio) will
not be transmitted.

The simplest design of a quadrupole consists of 4 parallel cylinders. An electric field is
created by applying a direct current (DC) and radio frequency (RF). Opposite rods are
electrically connected, so neighbouring electrodes are on opposite potential (see Figure
1.5). The potential applied to the electrodes 𝜑0 at a given time 𝑡 is derived from the
potential of the DC 𝑈 and the amplitude 𝑉 and frequency 𝜈 of the RF (see Equation
1.3).52 For every m/z ratio, transmission is achieved for a set of DC and RF values.52

𝜑0 = ±(𝑈 − 𝑉 𝑐𝑜𝑠(2𝜋𝜈𝑡)) (1.3)

Figure 1.5.: Schematic representation of the quadrupole. a) Opposite rods are connected. Neigh-
bouring rods exhibit opposite potential 𝜑0. b) Ions are filtered according to their m/z
value.

Three main operational modes for a quadrupole can be distinguished: broadband trans-
mission, scanning and fixed ion selection. In broadband transmission, the quadrupole
is used as an ion guide to transmit and focus ions. This is achieved by disabling the
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DC and setting a fixed RF value. The lower the RF amplitude the lower the minimal
transmitted m/z. Theoretically, all ions with higher m/z ratios will have stable trajec-
tories through the quadrupole. In practice, ions with a considerably higher m/z ratio
will not be transmitted efficiently. This is due to a lack of focussing into the centre of
the ion guide. To get a good transmission for a wide range of ions, RF settings need to
be changed during the experiment.52

In scanning mode, the DC and RF settings are changed throughout the experiment
to stabilise the trajectories of different m/z values one after each other. Ions will be
filtered efficiently. However, the sensitivity is lower compared to the RF-only mode as
ions of a higher or lower m/z ratio than the selected filter window will be lost during
the scanning.

The last main mode of operation is setting the quadrupole to transmit only one specific
m/z value. This allows very good sensitivity (signal-to-noise ratio) for the ion of interest
and enables subsequent fragmentation experiments.52

Quadrupoles are often combined with other mass analysers in high-performing mass
spectrometers. Combining three quadrupoles in series, so called triple quadrupole in-
struments, allows for versatile fragmentation experiments often used in small molecule
quantitation. The second common tandem instrument is a QToF where the quadrupole
is coupled with a time-of-flight (ToF) analyser. This hybrid instrument is used in this
work and will be described in the next sections.

1.3.2. Time-of-Flight

In the ToF mass analyser, ions are accelerated in an electric field and then enter a field-
free region. Ions with a higher velocity will reach the detector first. The acceleration of
ions in the electric field depends on the applied potential difference 𝑈 and their charge 𝑧
(see Equation 1.4). This potential energy 𝐸𝑝𝑜𝑡 is converted into kinetic energy 𝐸𝑘𝑖𝑛. The
ion velocity 𝑣 in the field-free analyser region is constant and can be derived from the
length of the flight tube 𝑑 and the time 𝑡 needed to traverse the analyser (see Equation
1.5). Hence, the arrival time of the ions at the detector is dependent on the mass and
charge (see Equation 1.6). Longer flight paths will lead to higher mass resolution, but
come at an expense of sensitivity, as more ions will be lost on their way.



1.3. QToF instrumentation 13

𝐸𝑝𝑜𝑡 = 𝐸𝑘𝑖𝑛

𝑧𝑈 =
1

2
𝑚𝑣2 (1.4)

𝑣 =
𝑑

𝑡
(1.5)

𝑡 =
𝑑√
2𝑈

√︂
𝑚

𝑧
(1.6)

The dependency of mass resolution on the flight time highlights an issue with ToF
analysers. The flight time depends on the kinetic energy of the ion which is mainly
acquired from the potential difference used for acceleration. However, ions having the
same m/z ratio might not have the same kinetic energy if their initial energies (for
example from the source region) are different.52 In this case they will arrive at the
detector at different times. To counterbalance this effect, reflectron instruments were
invented (see Figure 1.6). By placing a series of electrodes between the entrance to the
flight tube and the detector, the motion of ions is reversed. This ion mirror is typically
built of a series of grid electrodes although newer instruments use grid-less electrodes.
Ions with higher kinetic energies will move deeper into the reflectron, while those with
less kinetic energy are deflected earlier. As a result, the differences in flight time due to
the initial kinetic energy distribution of the ions is minimised. A beneficial side effect
of reflectron instruments is the possibility to build small footprint flight tubes with long
flight paths, allowing for higher mass resolution.

ToF instruments are designed in two main configurations depending on the ionisation
source. In the axial design, ions originating from the source of the mass spectrometer
enter the ToF flight tube directly, staying on their axis. In orthogonal designs (see Figure
1.6), the flight tube is at 90° to the ion beam path. A pusher is used to deflect ions into
the flight tube. This design allows the use of ToF analysers with continuous beam ion
sources, such as ESI52 and circumvents peak broadening caused by the initial velocity
distribution of ions from the source region.

1.3.3. Tandem mass spectrometry

Tandem mass spectrometry uses several stages of mass analysis or filtering/separation
combined with a reaction of the ion.52 A wide range of reactions and mass analyses
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Figure 1.6.: Schematic representation of an orthogonal time-of-flight with reflectron. Flight paths
for two ions with the same m/z ratio and different kinetic energies are shown (adapted
from Hoffmann and Stroobant52).

exist which provide access to different types of information. In QToF instruments, the
quadrupole acts as the first mass analyser, selecting a specific m/z ion or scanning over a
range of values. The ToF analyser separates all transmitted ions as described above. In
between the two mass analysers, different reactions can occur. Here, only the collision-
induced dissociation (CID) relevant for this work will be described.

If ions are created using ’soft’ ionisation techniques, ideally only a few low abundant frag-
ments will be formed. To obtain structural information about the analyte, fragmentation
can be induced by increasing the internal energy of the ion after the source region (sec-
ondary excitation).12 In CID, ions are accelerated in an electric field and collide with a
neutral gas.12 A fraction of the kinetic energy of the collision partners can be transformed
into internal energy of the analyte ion and hence induce fragmentation. The efficiency of
this conversion depends on the mass of the gas and the analyte, so that higher efficiencies
are reached for high-mass inert gases like Ar and lower mass analytes.53 Fragmentation
occurs if the internal energy is higher than the threshold dissociation energy54 and occurs
within the time-scale of the mass spectrometric experiment.



1.4. High-throughput analysis in drug discovery 15

1.4. High-throughput analysis in drug discovery

Two main application areas of high-throughput analysis have emerged in drug discovery:
optimising chemical synthesis55–59 (high throughput experimentation) and identifying
potent drug candidates (high throughput screening).60–64 The latter will be described in
more detail below.

1.4.1. Drug discovery

The discovery and development of new therapeutic drugs is a long and costly process
with no guarantee of success. Different strategies are used to identify chemical struc-
tures, so called leads, which show enough promising properties to advance into medicinal
optimisation and eventually into preclinical and clinical trials.65 HTS is the main lead
generation technique if the drug candidate is not derived from a known structure66.65

It has been successfully used for a variety of drug targets (e.g. enzymes, receptors, ion
channels) and therapeutic areas (including oncology, immunology, infectious diseases,
neuroscience).65

A typical workflow of an HTS-based drug discovery campaign is shown in Figure 1.7.
First, a target for a given disease must be identified and assays to test drug candidates
are developed and validated. Then, large compound libraries are screened against the
target to detect active compounds. These hits are further analysed and the identified lead
compounds are modified to optimise their properties. After preclinical trials, the drug
development starts with a series of clinical trials and if successful, the regulatory approval
and marketing. Typically, this process starts with over 100.000 potential compounds
from which if it all only a couple reach clinical trials67 and approximately 1 out of 10
clinical trials are completed successfully.67 Due to the resources needed, care is taken to
identify or dismiss drug candidates as soon as possible in the process.

HTS is based on two main types of assays: biochemical and cell-based assays. Bio-
chemical assays are direct assays of the isolated and purified drug target. Hits will
be identified through their direct interaction with the target and hence are specific.68

Biochemical assays only contain compounds necessary for the direct interaction of drug
candidate and target. On one hand, these assays are less representative to mimic the
complex physiological environment of the later application, and the identified hits are
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Figure 1.7.: Drug discovery and development steps (adapted from Blass67). High-throughput
screening is employed in hit discovery.

likely to prove unsuitable at later stages of the process. On the other hand, these assays
are easier to perform and miniaturise68 and cause less interference.

If the molecular target of a disease is not known, not accessible in biochemical assays
or only exists under physiological conditions,69 assays involving whole cells (cell-based
assays) are needed. Their representation of the drug environment is more realistic but
due to the complex matrix the assay readout is not necessarily target-specific. Cell-
based assays probe the modifications of complex pathways.68 As a result, one assay can
identify different modes of action of drugs and may explore new targets and drugs which
would not have been identified using targeted assays. Cell-based assays not only screen
for activity but also whether a drug candidate is able to penetrate the cell membrane
or is toxic. These additional criteria facilitate downstream drug development but might
exclude potential drugs which are highly active and could be optimised by medicinal
chemists. Although cell-based assays have gained increasing interest70 both assay types
are nearly equally employed70,71 or are used simultaneously.

Assay development and validation are critical for the identification of active drug can-
didates. Their performance can be described by various parameters72 of which most
rely on control samples. Special care needs to be taken to choose these controls so they
reflect the sample behaviour. Insufficient number, positioning or treatment73 of controls
can lead to a wrong estimation of assay performance and hence impede all downstream
analyses.

Biochemical assays for HTS probe a variety of targets.74 With 28.5%, enzymes are
the second largest class of human drug targets after receptors.74 As enzymes accelerate
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biochemical reactions, they are ubiquitous in cellular processes. HTS assays often analyse
enzymatic activity by measuring the precursor (substrate) or product of the catalysed
reaction or the bound enzyme complex.75

1.4.2. Screening techniques for biochemical assays

Modern compound libraries consist of more than one million substances (see Table 1.1)
and special care is taken to curate them.76 These libraries are unique with similarities
between different companies of less than or close to 5%.77–79 As a result, pharmaceutical
companies started to share their compound libraries80 to increase success rates which
leads to even larger numbers of samples.

Due to the size of screening campaigns, readout methods need to produce results within a
reasonable time frame. However, the more accurate this initial step is, the less secondary
tests are necessary which speeds up the process and reduces costs. HTS techniques need
to be found with a compromise between data quality and time of analysis (see Figure
1.8).

The definition of high throughput is vague but can be described as allowing the analysis
of 10 000 s to 100 000 s of samples per day.72,85 To further differentiate within this broad
term, ultra-high-throughput screening (uHTS) was introduced to describe the analysis
of more than 100,000 samples per day typically using miniaturised setups.86

Among the multitude of assay readout techniques available, photometric methods are
widely employed and provide high throughput. Besides absorbance measurements, most
photometric readouts rely on the emission of light (luminescence), which is caused by

Table 1.1.: Size of small molecule compound libraries for HTS.
Company/Entity Number of compounds Reference
European Lead Factory 500,000 81

Novartis 1,500,000 76

Bayer Schering Pharma AG 3,000,000 78

Bayer Pharma AG 2,750,000 79

AstraZeneca 1,410,000 79

Pfizer 3,320,680 82

Roche/Genentech 2,000,000 65

GSK > 2,000,000 83



1.4. High-throughput analysis in drug discovery 18

Figure 1.8.: ”Magic triangle” of high-throughput screening.84 A successful method provides a good
compromise between analysis speed, quality of results and resources needed.

Figure 1.9.: High-throughput screening assays should be optimised for their sensitivity, repro-
ducibility, meaningfulness of controls and costs.72

(bio)chemical reactions, radioactivity or irradiation with light (see Figure 1.10). Photo-
metric techniques can be used to directly detect a change in the assay75 either with or
without using labels or indirectly by coupling the target reaction with a secondary one
which is used for detection. Due to the lack of natural chromophores and interference,
direct readouts are rare and coupling reactions or labels are most often used.72

Label-based readouts and indirect methods using coupling reactions are more prone to
produce false positive or negative results. Assay interferences can lead to a huge number
of false positive screening results, meaning the number of hits is large but the number
of compounds actually active against the target is small (0.01-0.1% of library).87 False
results can be caused by interference with the detection (for example by fluorescence-
quenching compounds), the biology of the target (by non-specific binding or aggregation)
or the coupling reaction.87 Certain molecular classes frequently lead to false positive
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results and have been banned from compound libraries to minimise those.88 In contrast,
missed hits may exclude potent drug candidates from early on in the discovery process.
The false-negative rate of a screening campaign can be between 15% and 25%.89 Due
to the number and types of possible interferences with the assay and detection, careful
consideration of the setup is necessary.90 After identification of hits in the primary screen
orthogonal assays are carried out to reduce the number of false positives and reduce the
number of compounds transferred to the next stage of drug development.

HTS techniques
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Photoluminescence
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Resonance Energy Transfer

Time-resolved Fluorescence

PolarizationIntensity

Radioluminescence

Scintillation Proximity Assay

Chemiluminescence

AlphaScreen™
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Figure 1.10.: Classification of typical optical readout methods used in high-throughput screening
of biochemical assays.

MS-based techniques

HTS using MS has been developed to overcome some of the drawbacks of optical de-
tection methods.64 MS is seen as a sensitive and specific method allowing the direct de-
tection of several important drug targets.64 Photometric and MS-based assay readouts
show similar robustness.91 However, the correlation of results between the two readouts
is acceptable (𝑅2 = 0.5492 and 𝑅2 = 0.4493), with some hits only being identified with
either method. It should also be noted that the inter-day reproducibility in the first
study was only at 𝑅2 = 0.64.92 In another comparative study, only 20% of hits were
detected with both methods and each readout detected unique hits which included true
and false positives.94 Hits identified by both methods were generally more potent.94 Ad-
ditionally, MS-based detection methods can reduce the costs of consumables and specific
reagents (such as antibodies).92

As a result of to its label-free nature, MS-based methods avoid time- and resource-
consuming use of radioactive or fluorescent labels and also assay interference from these
labels. Common causes of assay interference in optical and mass spectrometric readouts
are presented in table 1.2. Interferences caused by the biological assay itself are present in
both types of detection. However, false readouts arising from the optical properties of the
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Table 1.2.: Common causes of interference in optical and mass spectrometric HTS assays.64 Causes
for which remediation strategies are commonly employed are denoted in brackets.

Interference Mass Spectrometry Optical Methods
Compounds which are light-scattering
/fluorescent/absorbent/fluorescent-
quenching

X

Inhibition of coupled reaction X
Altered behaviour due to label X
Detergent-like compounds X X
Aggregation (X) (X)
Redox cycling compounds X X
Isobaric compounds X
Ion suppression (X)

screened compounds are also avoided in mass spectrometric techniques. In contrast, mass
spectrometry is susceptible to ion suppression and the possible presence of compounds
with the same m/z (isobaric). Isobaric compounds can lead to false-positive and false-
negative results if they are interfering with the precursor, internal standard or product.
For a screening campaign with over 1 million compounds isobaric interference with the
internal standard appeared at 0.5% of the hits.95 To counterbalance, a different internal
standard can be chosen or the samples are analysed using tandem mass spectrometry
as fragments will be different.95 Isobaric interference with the product was estimated
to yield additional 4 hits without using tandem MS.95 Different ionisation efficiencies
can impact qualitative and quantitative results by reducing or enhancing a specific ion
signal. This effect can be counterbalanced by the use of an internal standard92 that is
in many cases an isotopologue of or otherwise physico-chemically close to the readout
compound.

Historically, MS techniques were used to confirm hits found by photometric primary
screens96 as they did not provide the required throughput. Some progress has been
made using ESI by multiplexing97 and introducing the RapidFire system which allows
the analysis of 0.4 samples per s.98 However the statement still holds true, especially with
upfront chromatographic separation. As a result, other ionisation techniques with mini-
mal sample preparation have been put forward for HTS. The main ionisation techniques
used for HTS of enzymatic reactions in biochemical assays are infrared matrix-assisted
laser desorption electrospray ionisation (IR-MALDESI), MALDI, desorption electro-
spray ionisation (DESI), acoustic mist ionisation (AMI) and acoustic droplet ejection
(ADE), which will be briefly described below.
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Laser-based techniques offer contact-less sampling. They can be used for sample desorp-
tion and combined with a variety of ionisation methods.99 Laser diode thermal desorption
atmospheric pressure chemical ionisation (LDTP-APCI) uses an infrared laser to desorb
analytes and a corona discharge for ionisation. With less than 0.5 samples/s for enzy-
matic assays100 the throughput is below the often cited threshold of 1 sample/s. Simi-
larly, IR-MALDESI employs a pulsed infrared laser to desorb (mainly neutral) particles
from a liquid sample. The neutrals are caught by an orthogonally mounted electrospray
and charged particles are transported into an extended heated inlet tube of the mass
spectrometer63 (see Figure 1.11). No additional matrix is needed as the laser excites the
vibrational modes of the O-H bond in water.101,102 Compared to UV lasers, wavelengths
in the IR have a deeper penetration depth into the sample (see section 1.2.2) and lead
to the desorption of larger amounts of material.101 Samples can be directly analysed
from 384-microtiter plates (MTPs).103 Biochemical assays using lipids, metabolites and
small peptides were shown at 0.5 samples/s.63 More recently, 5 samples/s were shown for
a large-scale screening campaign and 22 samples/s103 for standards which is the highest
throughput reported so far for any MS-based method (see Table 1.3) – apart from the
LAP-MALDI method reported here. Furthermore, IR-MALDESI can be used for direct
kinetic measurements of enzymatic assays due to its non-destructive nature,63 meaning
that the same sample can be analysed several times while the enzyme remains active.

Conventional MALDI is one of only a few commercially available techniques for MS-based
HTS. MALDI has been successfully used to analyse a wide range of enzymatic assays64

at 0.5-0.8 samples/s using 1536-well MTP.104 MALDI signals are affected by commonly
used buffers105,106 and MALDI-compatible assays need to be developed. Boehringer-
Ingelheim recently showed a fully automated sample preparation and analysis system
for biochemical assays using 1536-well MTP for analysis.92 This allows analysis times of
2.5 samples/s. However, the preparation of the target plates and an on-target washing
step took another 0.7 s per sample but significantly improved data quality and eventu-
ally allowed the analysis using certain buffer compounds. MALDI has been used for
large-scale screening campaigns with over 1 million compounds. Data quality remained
acceptable without the need for intermediate cleaning of the MS inlet.92 The coeffi-
cient of variation (CV) between control wells remained below 4% throughout the 20-day
campaign.95 One apparent drawback of conventional MALDI is the use of vacuum ion
sources. The exchange of MALDI sample plates requires about 5min107 additional time
to reinstate the vacuum for analysis. MALDI has been shown with even greater minia-
turisation compared to other ionisation techniques as 6144-well formats were used which
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required only 25nL per sample.107 Smaller volumes resulted in lower assay quality due
to the liquid dispensing.107 Hence, the improvements in liquid handling will likely fur-
ther improve speed and quality. Running costs are estimated to be around 0.02 - 0.03
GBP/well.107

In DESI an electrospray is directed at the liquid sample and analyte ions are desorbed
and transported to the MS inlet115(see Figure 1.11). Comparable to ESI, DESI is widely
used in biological MS.116 Recently, a fully automated system from sample preparation
to data processing has been developed.57 Inter-day repeatability studies revealed that
6% of monitored reactions showed inconsistent results which were mainly attributed
to sample preparation/spotting and solvent delivery.57 Semi-automated MS/MS data
acquisition is possible from duplicate samples for which three different collision energies
are analysed in 18 s per sample.57

In AMI a high voltage is applied just above the liquid sample which induces charge sep-
aration. An acoustic wave applied from below the sample well ejects charged droplets
which are desolvated in a heated inlet tube that extends from the MS inlet.112 Compa-
rable to MALDI, AMI cannot directly run conventional HTS assays due to ionisation
suppression but buffers need to be optimised.94 Kinetic studies carried out using AMI
are comparable to ESI and photometric readouts (scintillation).94 Within a 44,000 com-
pound screening campaign 6% of the samples were rejected due to unsatisfying quality.94

AMI costs about 0.009 USD/well with the possibility to reduce costs to 0.0045 USD/well
by reducing assay volumes and even further if using a 1536-well MTP. To compare, a
similar scintillation assay costs 0.029 USD/well.94 AMI was used to perform a screen
with more than 2,750,000 samples, analysing 100,000 samples per day.113 Only minimal
cleaning (wiping the high voltage cone used to charge the liquid) every 2-3 days was
necessary.113

ADE uses acoustic waves to create sample droplets similar to AMI. Two major differ-
ences should be noted. Firstly, the droplets ejected in ADE are in the nL range, whereas
for AMI fL droplets are created.117 Secondly, no high voltage is used in the desorp-
tion stage so that mainly neutrals are ejected from the sample. After acoustic ejection,
sample droplets reach the open-port interface which consists of two concentric capil-
laries.118 Solvent is injected through the outer one and mixed with the ejected sample
droplets. This diluted sample is aspirated into the inner capillary and subjected to a
conventional electrospray process119 (see Figure 1.11). For standard substances a speed
of 6 samples/s was achieved, although some overlap between neighbouring peaks was
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Table 1.3.: Summary of HTS techniques for biochemical enzyme assays using MS with a sample
throughput of more than 1 sample/s.

Method Instrument Throughput in
samples/s

Plate
format Kinetic studies

IR-
MALDESI

FT-ICR,101

Orbitrap,63

QToF108

5 (assay),
22 (standards)103 384103 continuous63

MALDI ToF 2.592 1536,95

6144107 discontinuous*

DESI QToF,109

Orbitrap57 1109,110 1536,110

6144109 discontinuous*+109,111

AMI Q,112

QToF94 1,94 2-3113 38494 continuous94

ADE QQQ,60

ToF114 0.74,601.262 153660 continuous114

* Discontinuous sampling by preparing one sample per timepoint and quenching the reaction.
+ Continuous analysis is possible but not at high speed.

observed.120 Good reproducibility was shown as the relative standard deviation of peak
areas for two low molecular weight analytes was below 10% from a 384-well MTP.120

The acoustic sample ejection failed in 0.3%120 and 0.1%62 of the samples and standards
were added to detect these events. Although it is claimed that the dilution of the sample
by a factor of 200 to 1000 by the sampling method reduces buffer effects,117 significant
impact of the signal was observed for several buffer components.60,120 Furthermore, the
conditions for the acoustic ejection and the solvent system need to be optimised for
peak shape.60,62,120 Recently, large-scale screening involving 32,000 compounds was per-
formed at 0.74 samples/s.60 Direct comparison with a parallel MALDI readout showed
85% common hits.62 Besides MALDI, ADE is the second commercially available HTS
platform using MS. Based on this, an automated system from assay preparation to MS
readout was established.62 For larger screening campaigns, a washing step of the inlet
was necessary to maintain performance over 65,000 consecutive samples. This additional
step did not lower throughput as it is performed during plate handling times.62 To ex-
tend the field of application, it has been shown that samples can be directly analysed
from phase-separated extraction plates at 0.3 samples/s with a CV of <6%.61
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Figure 1.11.: Schematic representation of the main ionisation sources used for mass spectrometry-
based high-throughput screening: a) electrospray ionisation, b) infrared matrix-
assisted laser desorption electrospray ionisation, c) matrix-assisted laser desorp-
tion/ionisation, d) desorption electrospray ionisation e) acoustic mist ionisation and
f) acoustic droplet ejection. Conventional MALDI stands out as it analyses solid
samples under vacuum conditions whereas the other sources operate under atmo-
spheric pressure using liquid samples. Note, the final stage of ion formation is
enlarged.
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1.5. Project description

LAP-MALDI is an ambient ionisation technique which offers a good signal stability and
the capability of generating multiply charged ions. In conjunction with a quadrupole
time-of-flight (QToF) mass spectrometer, the technique was used to explore its applica-
bility for HTS.

In the following sections, two peer-reviewed research articles are presented which were
produced during the course of this PhD project. The first article describes the proof-of-
principle of LAP-MALDI MS used for HTS. Based upon this, the second article presents
an improved setup to further increase the analysis speed (see section 2.3). More insights
into these changes are given in subsections 2.3.1 to 2.3.4.

To facilitate the future usage of LAP-MALDI for (large scale) analysis of biological
samples, the influence of compounds often encountered in biochemical assays was sys-
tematically investigated and the corresponding manuscript is included in section 2.4.

Finally, an overall discussion and points for future research are presented.
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2. Results and Discussion

2.1. Context of articles

The following sections highlight the results obtained throughout the course of this work
and the resulting peer-reviewed articles. During the course of this PhD, the field of
HTS using mass spectrometry evolved quickly. The timeline in Figure 2.1 puts the work
presented here in the temporal context with similar techniques.

2.5 SAMPLES/S (MALDI)

2-3 SAMPLES/S (AMI)

5 SAMPLES/S (LAP -MALDI)

1 SAMPLE/S (DESI)

6 SAMPLES/S (ADE)

1 SAMPLE/S (AMI)

0.52 SAMPLES/S (IR -MALDESI)

1.2 SAMPLES/S (ADE)

0.74 SAMPLES/S (ADE)

40 SAMPLES/S (LAP -MALDI)

22 SAMPLES/S 
(5 SAMPLES/S) 

(IR-MALDESI)

10 Jul 10 Oct 10 Jan 10 Apr 10 Jul 10 Oct 10 Jan 10 Apr 10 Jul 10 Oct 10 Jan 10 Apr 10 Jul 10 Oct 10 Jan

2018 2019 2020 20222021

Figure 2.1.: Timeline of articles published on HTS of biochemical assays using MS. Work presented
as part of this dissertation is highlighted in red.

2.2. High-speed sample analysis using LAP-MALDI MS
(Article 1)

The following technical note presents for the first time the use of LAP-MALDI for fast
analysis of biomolecules. In less than 1 s standard substances and milk extracts were
analysed with the goal to accelerate (veterinary) diagnostics.



Advancing Liquid Atmospheric Pressure Matrix-Assisted Laser
Desorption/Ionization Mass Spectrometry Toward Ultrahigh-
Throughput Analysis
Henriette Krenkel, Evita Hartmane, Cristian Piras, Jeffery Brown, Michael Morris, and Rainer Cramer*

Cite This: Anal. Chem. 2020, 92, 2931−2936 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Label-free high-throughput screening using mass
spectrometry has the potential to provide rapid large-scale sample
analysis at a speed of more than one sample per second. Such
speed is important for compound library, assay and future clinical
screening of millions of samples within a reasonable time frame.
Herein, we present a liquid atmospheric pressure matrix-assisted
laser desorption/ionization (AP-MALDI) setup for high-through-
put large-scale sample analysis (>5 samples per second) for three
substance classes (peptides, antibiotics, and lipids). Liquid support
matrices (LSM) were used for the analysis of standard substances
as well as complex biological fluids (milk). Throughput and
analytical robustness were mainly dependent on the complexity of
the sample composition and the current limitations of the commercial hardware. However, the ultimate limits of liquid AP-MALDI
in sample throughput can be conservatively estimated to be beyond 10−20 samples per second. This level of analytical speed is
highly competitive compared with other label-free MS methods, including electrospray ionization and solid state MALDI, as well as
MS methods using multiplexing by labeling, which in principle can also be used in combination with liquid AP-MALDI MS.

Label-free high-throughput screening (HTS) of large
sample sets using mass spectrometry (MS) has gained

increased attention in recent years.1−5 Especially, the reduced
numbers of false positive or negative results is a particular
advantage in contrast to the non-MS label-based screening
approaches such as fluorescence-based assays.6,7 The latter also
require elaborate sample preparations using costly labels such
as dyes.
So far the main focus for mass spectrometric HTS has been

on electrospray ionization (ESI)8 and solid-state matrix-
assisted laser desorption/ionization (MALDI)9 as ionization
techniques, and a critical review has been published recently.10

ESI is a versatile and well-studied platform for the ionization
of a broad range of pharmaceutically interesting com-
pounds.11−16 However, a major drawback of ESI is a lack of
speed in the supply of samples, which is a prerequisite for HTS
applications. The fastest commercially available system using
ESI is the Agilent RapidFire for which a maximum throughput
of 2.5 s per sample was reported without using the supplied
solid-phase extraction.17

Solid-state MALDI achieved an analytical speed of up to 2.5
samples per second (0.4 s per sample) for certain analytes
using the Bruker RapifleX Pharma Pulse.9 However, the time
for spotting and the actual biochemical assay were considerably
longer. Acoustic Mist Ionization (AMI) and Desorption

Electrospray Ionization (DESI) yielded comparable through-
put with 0.45 s18 and 0.4 s19 per sample, respectively.
For the different MS ionization methods, biochemical

matrices or necessary assay components can be challenging
due to their imparted ion signal suppression,18 impeding
crystallization in the case of MALDI or being generally
incompatible with the necessary requirements regarding the
sample environment or mass spectrometry (nonvolatile salts).
However, the suitability of commonly used buffers for MS
analysis was investigated20 and it was shown that label-based
non-MS assays can be readily adapted for MALDI MS
analysis.2 The implementation of an additional MALDI spot
washing step offers the possibility to reduce buffer concen-
trations and hence make more assays accessible for analysis
with MALDI MS.9

Liquid atmospheric pressure (AP) MALDI combines the
advantages of both the analysis speed of conventional solid-
state MALDI under AP and the versatility of ESI. Different
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types of biomolecules21−23 can be analyzed over a wide range
of pH values24 and in a complex biological matrix,25 illustrating
the general suitability of liquid AP-MALDI for biochemical
screening assays. Additionally, the predominant formation of
multiply charged analyte ions offers the possibility for further
target characterization by highly informative MS/MS.26

■ EXPERIMENTAL SECTION
AP-MALDI MS. A detailed description of the in-house

developed AP-MALDI setup can be found in a previous
publication.27 Briefly, a heated transfer tube (1 mm internal
diameter, 6 cm length) was placed at the inlet of a Synapt G2-
Si HDMS instrument (Waters, Wilmslow, U.K.). Ions were
generated using a pulsed 337 nm nitrogen laser (3 ns pulse
duration; 30 Hz pulse repetition rate) and extracted from a
target plate across a gap of approximately 3 mm to the ion
transfer tube with a potential difference of 3.5 kV. A counter
N2 gas flow of 180 L/h was applied to the ion transfer tube.
Target plate movement was achieved using a Waters Research
Enabled Software (WREnS)-controlled xy-stage and its start
was synchronized with the start of the MS data acquisition.
Data acquisition was set to TOF, sensitivity and positive ion
mode with an m/z range of 100−2000. Manual calibration was
performed by AP-LDI using sodium iodide and an acquisition
time of 3 min with an m/z range of 100−2000 using Intellistart
(MassLynx; Waters).
Materials. Ethylene glycol, propylene glycol, glycerol,

water, tris base (trizma), acetonitrile (MeCN), trifluoroactic
acid (TFA), bradykinin, α-cyano-4-hydroxycinnamic acid
(CHCA), 2,5-dihydroxybenzoic acid (DHB), ampicillin
sodium salt (AMP), and penicillinase from Bacillus cereus
were purchased from Sigma-Aldrich (Gillingham, U.K.).
Solid MALDI Sample Preparation. Solid MALDI

samples were prepared by mixing matrix solution with analyte
solution at a ratio of 1:1 (v/v), spotting 1 μL of the mixture
onto the target plate and leaving it to dry at room temperature.
The CHCA matrix solution was prepared by dissolving CHCA
in 0.1% TFA/MeCN (50:50; v/v) to yield a final
concentration of 10 mg/mL. Similarly, a 20 mg/mL DHB
matrix solution was prepared in 0.1% TFA/MeCN (70:30; v/
v).
Liquid MALDI Sample Preparation. Liquid MALDI

samples were prepared by mixing a liquid support matrix
(LSM) with analyte solution at a ratio of 1:1 (v/v). The LSM
consisted of a CHCA solution (5−30 mg/mL, 50:50 or 70:30
H2O/MeCN; v/v) with ethylene or propylene glycol added
equal to 60−70% of the solution volume. For milk lipid
extracts glycerol-based LSM was used to enhance droplet
stability.
For the lactamase assay, an aqueous solution of AMP was

prepared at a concentration of 50 μg/mL. The penicillinase
was dissolved in 0.1 M tris buffer around pH 8 to a final
concentration of 1800−3600 units/mL. Tris buffer or enzyme
solution were respectively added to AMP and incubated in a
block heater for 2 h at 35 °C.
Milk for lipid analysis was obtained from the dairy cow herd

at the Centre for Dairy Research (CEDAR) at the University
of Reading (UoR). A total of 100 milk samples were collected
from 100 healthy cows through a Dairymaster 50 rotary parlor
(Dairymaster Ltd., Bromsgrove, U.K.). All milk samples were
pooled and stored in 2 mL cryotubes at −80 °C.
Prior to the analysis, one cryotube of milk was defrosted at

room temperature for 5 min and 50 μL of pooled milk was

aliquoted in 1.5 mL tubes. The aliquots (50 μL) were mixed
with 450 μL of hexane/isopropanol (3:2; v/v) and vortexed for
5 s. No centrifugation was required, and the supernatant (lipids
fraction) was directly used as analyte solution for analysis.

■ RESULTS AND DISCUSSION
Subsecond sample analyses require data acquisition with
significantly faster scan rates in order to obtain an adequate
number of sampling points. This is critical for accurate
recording of each sample’s ion signal as well as the separation
of individual subsequent samples in high-throughput applica-
tions. Thus, using the liquid AP-MALDI source, analyses were
carried out in TOF mode without ion mobility measurement.
The MS scan time was set between 0.1 and 0.03 s and the
interscan delay time to its shortest value (0.01 s), which
resulted in an actual interscan delay time of 50 ms due to data
transfer restrictions and automated software-driven delay time
adjustment.
Bradykinin was selected as a peptidic analyte standard for

the proof of principle of high-throughput analysis using liquid
AP-MALDI MS. A commercial 96-well MALDI sample plate
(Waters) was manually spotted with a mixture of the LSM and
analyte. Figure 1 shows the results that can be obtained by

moving the plate at a speed of approximately 5 mm/s. At this
speed 96 samples spotted in 8 rows were analyzed in
approximately 76 s, that is, 1.3 samples per second. As the
plate moved at a constant speed across each row, the MALDI
samples were irradiated by the laser only for a fraction of the
time. In addition, as the laser pulse repetition rate was not
synchronized with the sample presentation rate, the laser
randomly irradiated different areas of the sample droplets,
arguably leading to some fluctuation in sample-to-sample ion
signal intensities due to the dome shape of the sample droplets
and the laser beam’s angle of incidence on the MALDI sample

Figure 1. (a) Liquid AP-MALDI extracted ion chromatogram (m/z
530.79) of 96 sample wells with bradykinin as analyte (1 μL total
sample volume spotted, 25 pmol analyte on target) at 5 mm/s stage
movement speed. (b) Mass spectrum of all scans acquired for the first
sample. (c) Mass spectrum of all scans acquired for the last sample.
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plate of approximately 60°. Additionally, the effect of
deceleration and acceleration of the stage at the turning points
caused some peak broadening at these positions. Yet, all
sample spots yielded intense analyte ion signals with low
sample-to-sample variation and subsequent samples were easily
distinguished. It should be noted here that liquid MALDI can
produce “ESI-like” multiply charged ions and therefore the
base peak in the MALDI sample spectra is in all cases the
doubly protonated bradykinin ion signal (see Figure 1b,c).
As the next step, a slightly faster stage for the MALDI plate

was installed and a simple biochemical assay to detect
lactamase activity was chosen to demonstrate the potential of
liquid AP-MALDI MS for screening assays. The β-lactam
antibiotic ampicillin was incubated for 2 h with penicillinase in
the appropriate buffer as well as with buffer only (control). A
target plate was then spotted with MALDI samples consisting

of LSM with water as analyte solution (blank), LSM with
ampicillin in buffer only (control), and LSM with lactamase-
treated ampicillin in buffer. Because of the geometrical
constraints of the setup with the new stage (due to the larger
footprint of the new stage and space restrictions of the current
setup), only 11 of the 12 columns could be used and a total of
88 MALDI samples were spotted and irradiated. Figure 2
displays the total ion chromatogram (TIC) and selected
extracted ion chromatograms (XICs) obtained from analyzing
all 88 samples with a stage movement speed of 26 mm/s.
The XIC for CHCA (m/z 190.05; Figure 2b) shows 11

peaks at higher intensity for the spots where matrix was only
spotted with water (blank). The sodiated ampicillin ion signal
at m/z 372.1 was only detected when the MALDI samples with
ampicillin but without lactamase were irradiated (Figure 2c).
Strong ion signals at m/z 346 were only detected from the

Figure 2. Liquid AP-MALDI MS ion chromatograms of 88 samples consisting of LSM with water only (“blank”), LSM with ampicillin incubated
with penicillinase (64.1 amol on target; “enzyme”) and without penicillinase (“control”) acquired at 0.18 s/sample (26 mm/s) speed. Some of the
“enzyme” and “control” samples were alternatingly spotted in the two middle rows of the sample plate (“alternate”). (a) Total ion chromatogram
and extracted ion chromatogram of (b) protonated CHCA, (c) sodiated intact ampicillin, and (d) sodiated decarboxylated hydrolyzed ampicillin.
(e) Mass spectra of all scans for each respective sample as indicated in the chromatograms (m/z 190.04 protonated CHCA, m/z 346.12 sodiated
decarboxylated hydrolyzed ampicillin, m/z 372.10 sodiated intact ampicillin).
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samples with the penicillinase-incubated ampicillin (Figure
2d). These ion signals can be assigned to the sodium adduct
ions of the decarboxylated hydrolyzed ampicillin, a typical
product of lactamase treatment. As seen in Figure 2,
unambiguous identification of treated and untreated ampicillin
samples can be made. Virtually no carryover between the
samples was observed.
Importantly, the analytical speed demonstrated by the

analysis of these assay samples is >5.5 samples per second,
which is twice as fast as the latest published data for HTS
analysis of large sample sets by mass spectrometry.9,18

However, the current maximum laser pulse repetition rate
and the instrument’s scan and interscan delay times arguably
result in some limitations with respect to the ion signal
intensity and stability, explaining some of the ion signal
fluctuations in Figure 2. At a laser pulse repetition rate of 30
Hz and a stage speed of 26 mm/s each sample will be
irradiated by only three laser shots, since the sample diameter
is ∼2.5 mm. Thus, as indicated earlier some samples will be
irradiated with two laser shots hitting the laser beam-facing
side of the dome-shaped sample droplet and one laser shot
hitting the shadow side of the droplet while others will have
the opposite irradiation pattern as there is no synchronization
between laser pulse repetition rate and sample presentation
rate. Thus, higher laser pulse repetition rates (1 kHz or more)

and a reduction of the instrument’s scan and interscan delay
times should allow for analytical speeds well beyond 10
samples per second with much-improved ion signal abundance
and stability.
With the above-mentioned restrictions of the faster stage

and speed, 88 samples of bradykinin were also analyzed using
this new stage. For further comparison, both liquid and solid
AP-MALDI MS data were acquired. As expected, the liquid
AP-MALDI MS data of this experiment (see Figure 3a) show a
similar ion signal stability compared to the penicillinase assay
data but a slightly worse ion signal stability compared to the
earlier bradykinin data due to the lower number of laser shots
(≤3 vs approximately 15) and scans per sample and their
associated limitations on ion signal stability as discussed above.
However, the comparison to the solid AP-MALDI MS data
(see Figure 3) clearly shows that the predominant analyte ion
signal in solid AP-MALDI MS is the singly, not doubly,
charged protonated bradykinin ion (see Figure 3c−e), and
more importantly, that the ion signal intensity and stability is
significantly worse with many samples (scans), showing only
poor or no analyte ion signal (see Figure 3b).
Finally, this method was applied to the analysis of

heterogeneous biofluid. Bovine milk was collected at the
University of Reading’s research farm at CEDAR, and after a
short, one-pot sample preparation, samples were spotted as

Figure 3. (a) Liquid AP-MALDI extracted ion chromatogram of 88 sample wells (1 μL total sample volume spotted, 25 pmol analyte on target) at
26 mm/s stage movement speed for doubly charged bradykinin. (b) Solid AP-MALDI extracted ion chromatogram of 88 sample wells (1 μL total
sample volume spotted, 25 pmol analyte on target) at 26 mm/s stage movement speed for singly charged bradykinin using DHB as matrix. (c)
Mass spectrum obtained under the above high-throughput screening conditions from all (3) scans of one liquid AP-MALDI sample. (d) Mass
spectrum obtained under the above high-throughput screening conditions from all (3) scans of one solid AP-MALDI sample prepared with DHB.
(e) Mass spectrum obtained from one solid AP-MALDI sample prepared with CHCA but manually acquired over 100 scans (>100 laser shots). For
solid AP-MALDI samples prepared with CHCA, bradykinin was not detected under the above automated high-throughput screening conditions
using similar laser energies needed for DHB to produce bradykinin ion signals.
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described before. To achieve a good signal-to-noise ratio for
analyte detection, somewhat longer acquisition times, that is,
approximately 1 s per sample, were chosen with the stage
moving fast from sample to sample while spending more time
on each sample.
For all sample spots, mass spectra with good signal-to-noise

ratios were obtained (see Figure 4), highlighting the suitability

of liquid AP-MALDI for the fast analysis of complex biological
samples. As the stage resides longer on each sample and more
importantly on a specific similar spot on each sample, the ion
signal for each spot becomes more rectangularly shaped, again
indicating that similarly well-defined ion signals should be
obtained with higher laser pulse repetition rates at faster stage
movement (and faster scan times and less interscan delay). For
selected peaks MS/MS data were acquired and characteristic
fragment peaks at m/z 184.07 were found, indicating the loss
of the headgroup of glycerophospholipids. Similar peaks for
bovine milk were reported earlier.28

■ CONCLUSION
The data presented demonstrate that liquid AP-MALDI is
suitable for high-throughput sample screening with a speed of
greater than 5 samples per second for the analysis of peptides,
lipids, and antibiotics. A simple biochemical assay was
conducted and a clear distinction between converted and
nonconverted substrate for each sample was achieved. The
technique was successfully applied to complex raw milk
extracts, although a somewhat lower analysis speed was chosen
to obtain quality spectra with a multitude of lipid species. The
sample throughput obtained with liquid AP-MALDI is higher
compared to those recently reported for the RapifleX and
RapidFire techniques. For the more complex milk samples,

currently lower speeds are applied, which are still highly
competitive with ESI-based systems.
Further advancement toward higher throughput can be

achieved using MALDI sample plate formats with smaller
volumes and sample spacing. Preliminary experiments with
384-well plates using 0.4 μL sample volume have shown the
importance of spotting reproducibility and the use of higher
laser pulse repetition rates. For the 96-well plate (2.5 mm
sample diameter) in this study, up to three laser pulses are used
for one sample at 30 Hz laser pulse repetition rate and 26 mm/
s sample movement speed. Thus, TIC variations may be due to
only two laser shots hitting the sample and different laser
fluences caused by the angle of the sample droplet. For lower
volume plates, these effects will become even more
pronounced. Hence, higher laser pulse repetition rates
combined with less interscan delay and faster scan times
should further enhance performance of the technique,
especially regarding reproducibility.
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2.3. Ultra-high-speed sample analysis using modified SONAR
(Article 2)

Foremost, sample analysis speed depends on the creation of enough ions from a sample
to obtain a signal-to-noise ratio that will allow reproducible identification of the ion of
interest. If the time required for the analysis of one sample is in this context satisfac-
tory, additional challenges for fast analysis of subsequent samples arise. Those include
the sample introduction (change between samples) and data acquisition, transfer and
processing.

2.3.1. Laser pulse repetition rate

For the experiments described in article 2, higher laser pulse repetition frequencies
(PRFs) were used compared to the setup used previously (see article 1). Using LAP-
MALDI on a similar setup, an increase in analyte ion signal intensity was previously
observed with increasing laser pulse repetition rates of up to 1 000Hz.121 However, sig-
nal stability at higher pulse repetition rates was decreased and the samples did not last
for long.121 These results are consistent with data obtained during this work (see Figure
2.2). The influence of the laser pulse repetition rate for higher PRFs remains ambiguous.
Between 1 000Hz and 5 000Hz the increase in signal intensity was less pronounced and
especially between 2 000Hz and 5 000Hz nearly no increase was observed121 on a similar
setup whereas a nearly linear increase in signal intensity was observed until 5 000Hz in
this study. Two main experimental differences can contribute to this different behaviour.
Firstly, samples in the previous study were irradiated for significantly longer (approxi-
mately 25 s instead of 3 s used here). The prolonged laser irradiation time might cause
sample depletion effects which reduce the ion signal intensity. Although no ion signal
reduction with time was observed, local effects might play a role.

Secondly, a different matrix was used (2,5-dihydroxybenzoic acid (2,5-DHB) instead of
𝛼-CHCA as used here). For conventional solid-state MALDI, pronounced differences
between these two matrix compounds were noted for increased laser pulse repetition
rates.122 The influence of the laser pulse repetition rate on ion yields and ablation char-
acteristics depend on the matrix, the laser beam profile, laser pulse energies as well as
the raster speed.122 It was argued that for typical thermal diffusivity values of the solid
matrix, the energy of laser pulses is dissipated and heats the location where the next



2.3. Ultra-high-speed sample analysis using modified SONAR (Article 2) 34

Figure 2.2.: Influence of laser pulse repetition frequency on a 𝛼-CHCA sample of bradykinin. (a)
Influence of laser pulse repetition rate on ion signal intensity. (b) Influence of laser
pulse repetition rate on sample droplet lifetime.

laser pulse hits the sample at elevated raster speeds.122 For LAP-MALDI the situation
is more complex as besides thermal conduction also convection contributes to heat dissi-
pation. Coarse estimates can be carried out for a circular heat dissipation with radius 𝑟
(and area 𝐴) using the thermal diffusivity 𝛼 of ethylene glycol (see Appendix A.1) and
the time between successive laser pulses 𝑡.

𝑟 =

√︂
𝐴

𝜋
=

√︂
𝛼𝑡

𝜋
=

√︂
9.2 · 10−8m2/s 1 · 10−3 s

𝜋
= 5.4µm (2.1)

Accordingly, at a laser pulse repetition rate of 1 000Hz the heat would have travelled
approximately 5µm during the time between laser pulses. This means that above a
sample stage speed of 5mm/s successive laser pulses will not contribute to the ablation
induced by the previous laser pulse.

When using lasers with high PRF samples need to be moved faster to avoid sample deple-
tion. For imaging experiments using solid-state MALDI the phenomenon of oversampling
is discussed to yield low data quality.123 Other studies do not report decreasing image
quality with increasing speed.124 PRF, laser pulse energy and sample movement speed
are interrelated parameters and need to be optimised together to get maximum analyte
signal intensity.125 Higher PRF are beneficial at higher sample movement speeds.125 At
low pulse energies, the PRF does not impact analyte signal intensity significantly.125 Dif-
ferent combinations of sample movement speed and PRF which yield the same number of
laser pulses per sample were found to have an influence on the ratio of ions detected.125

At slower speeds (and hence lower PRFs) more protonated and at higher speeds (and
higher PRFs) more sodiated analyte was detected.125 At higher laser energies, more sodi-
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ated ions were observed.125 The optimal PRF (highest analyte signal intensity) depends
on the laser energy, the velocity of sample movement and the analyte.125 In imaging
experiments the total number of ions decreased by 30% when the analysis speed in-
creased by a factor of app. 5 (same number of laser pulses per area).124 The relative ion
intensities are not significantly affected by analysis speed (but the mass resolution on an
orbitrap).124

The trend towards higher PRF laser is also evident in commercial instrumentation
(see Bruker Rapidflex Tissuetyper 10 kHz, Shimadzu MALDI-7090 2 kHz, Waters MRT
2.5 kHz).

2.3.2. Number of emitted and detected ions

The ion transmission 𝑦𝑡𝑜𝑡 on the Synapt G2-Si can be estimated using the following
equation:122

𝑦𝑡𝑜𝑡 = 𝑦𝑜𝑝𝑡𝑖𝑐𝑠 * 𝑦𝑑𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 * 𝑦𝑇𝑜𝐹 (2.2)

The transfer efficiency of the ion optics 𝑦𝑜𝑝𝑡𝑖𝑐𝑠 was estimated to be around 0.3.122 It
should be noted that this value was given for the in-built MALDI source. Hence, the
first ion optics are different compared to the setup used in this work. Namely, a hexapole
was used instead of the ion block mounted when using the modified ESI inlet. Ion
transmission of atmospheric pressure sources is generally lower compared to vacuum or
intermediate-vacuum sources. Hence, the transmission efficiency of transfer optics on
the LAP-MALDI source is assumed to be below 0.3.

The duty cycle 𝑦𝑑𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 of the orthogonal ToF depends on the selected mass range
and the mass of the analyte (see Equation 2.3122). For an m/z range up to 2000, the
ion transfer efficiencies due to the duty cycle for N-Hippuryl-His-Leu, bradykinin and
angiotensin I as used in section 2.3.5 are between 10 and 17%. Taking into account
the transmission efficiency of the ToF 𝑦𝑇𝑜𝐹 in resolution mode of 43%,122 the overall
transmission for the investigated analytes is around 1%.

𝑦𝑑𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 = 0.225 *

√︃
(𝑚𝑧 )𝑖

(𝑚𝑧 )𝑚𝑎𝑥

(2.3)
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The number of transmitted ions can be estimated from the ion intensity 𝐼, the ion trans-
mission 𝑦 and a conversion factor called single ion intensity 𝑆𝐼 (see Equation 2.4122∗).
The single ion intensities are determined in ESI experiments and are m/z dependent.
As variations between analytes are negligible,122 values from the regularly performed
detector setup can be used which are stored in the meta data for each acquired data
file.

𝑛𝑖 =
1

𝑦𝑖
* 𝐼𝑖
𝑆𝐼𝑖

𝑛𝑖 =
1

0.01
* 1.3𝑒5

36

𝑛𝑖 = 361100

(2.4)

Normally, most ToF instruments use an analog-to-digital converter (ADC) which samples
the output from the detector at given time intervals and stores a digital signal depending
on the original signal intensity.126 Modern mass spectrometers use 10-bit-ADCs127 to
accurately represent the dynamic range of mass spectral peaks.

In contrast, when using a time-to-digital converter (TDC) the amplified detector signal
is passed by a discriminator to evaluate whether the signal is above a set threshold. If
so, the TDC registers the exact time difference between the signal arrival and the flight
start time. The arrival time distributions per flight experiment (per pusher signal) are
saved in memory and summed over the scan time.126

In section 2.3, Figure S6, a TDC was used for the analysis. The ion signal width for one
sample of bradykinin was approximately 80ms and around 1012 doubly-charged analyte
ions were registered per sample (see table 2.1). A PRF of 2 000Hz was used which
means that one laser shot is emitted every 0.5ms. So, within 80ms approximately 160
laser shots were emitted. Taking into account an estimated ion transmission of 1%
(see equation 2.2), approximately 630 doubly-charged bradykinin ions enter the mass
spectrometer per laser shot. Summing the signal obtained for the [M+H]+, [M+Na]+,
[M+2H]2+ and [M+H+Na]2+, approximately 2400 ions are detected. Thus, around
1500 analyte-related ions enter the mass spectrometer per laser shot. For conventional
solid MALDI using a home-built mass spectrometer, around 5000 peptide ions were
reported to having been created per laser shot.128 The different collection efficiencies of
the generated plume in vacuum and atmospheric pressure probably play a mayor role

∗the inverse of the transmission is used in contrast to the cited reference
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in the observed discrepancies. Although no such efficiency is reported for LAP-MALDI,
studies using ESI report transfer efficiencies of 2 to 18%.129

Table 2.1.: Number of bradykinin ions per sample peak from section 2.3, supplementary figure 6.
Peaks are automatically picked using MassLynx algorithm. The intensities for the first
3 isotopologues are summed.
1 2 3 4 5 6 7 8 9 10

[M+2H]2+ 1020 1111 1015 1043 1005 1018 1018 1052 919 919
mean 1012 standard deviation 34

A crucial aspect for determining the number of ions is to ensure the detector was not
saturated. In the case of the TDC, only one ion is registered at a time and the following
dead-time. One way to test for detector saturation is to check the isotopic distribution
for distortions130.128

For bradykinin, the theoretical distribution of isotopologues for the [M+2H]2+ is 100%
: 61% : 20% : 5% (see chemcalc.org). However, the apparent distributions from 10
example peaks deviate from the theoretical distribution (see table 2.2). It can be con-
cluded that the detector was saturated as the main isotopologue appears underestimated.
Hence, the overall ion count is expected to be higher than estimated above. Taking into
account the underestimation of the number of ions due to the detector saturation and
the uncertainty of ion transmission, the estimated value for LAP-MALDI might be of
the same order of magnitude than for conventional solid-state MALDI. The apparent
total ion count (TIC) in LAP-MALDI is several orders of magnitude lower than what is
normally observed in ESI. However, due to the ultra-fast ion generation these numbers
of ions might still be challenging for the detection system.

Table 2.2.: Isotopic distribution of doubly-protonated bradykinin for 10 samples from section 2.3,
supplementary figure 6. Ratio of centred peak intensities are compared to the first
isotopologue.

the-
ory

1 2 3 4 5 6 7 8 9 10

2nd 61% 79% 82% 85% 89% 87% 84% 86% 83% 88% 86%
3rd 20% 49% 51% 54% 51% 55% 51% 47% 47% 46% 48%
4th 5% 18% 21% 20% 21% 27% 18% 19% 19% 20% 19%
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2.3.3. Sample introduction

The analysis of subsequent samples without manual intervention requires several steps.
Firstly, samples need to be introduced. In MALDI, tens, hundreds or even thousands of
samples are typically spotted onto one target plate and can easily be analysed by moving
the target plate thanks to the contactless, laser-based desorption. The motorised, trans-
lational stages used in the setup, allow a software-controlled movement of the mounted
target plate. The new generation of stages used for this experiment allow a faster move-
ment with higher accelerations and faster communication compared to previously used
ones. To control these, a script in python was written (see Appendix A.3) and different
movement patterns were tested (see Figure 2.3).

Sample position

a b c

Figure 2.3.: Different stage movement patterns: a) All rows are analysed in the same direction,
b) subsequent rows are measured in alternating direction, c) as b) but horizontal
movement goes slightly further than the last sample.

A simple uni-directional pattern (a) is disadvantageous compared to one where back-
and forward movement is used for sample analysis (b) due to prolonged sample analysis
times caused by the time lost by moving to the start of the row. Although b) is the
fastest pattern tested, it produced irregular ion signal shapes for some samples, as the last
positions on each row have longer residency times due to the deceleration of the stage. To
circumvent this behaviour, the horizontal movement was extended over the last sample
position in each row (c), which resulted in slightly slower overall speeds (approximately
-15%), but more homogeneous data. Hence, the last pattern was adopted for further
analysis.

Interestingly, in previously published MALDI imaging experiments raster type a) was
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found to yield higher quality data than type b) due to a difference in ion intensity as
a function of the direction of movement.123 It was hypothesised that this is caused by
the deposition of ablated material from the preceding sample or a heterogeneity of the
laser beam.131 This was not observed for the LAP-MALDI analyses. Similar to imaging
experiments, continuous movement of the sample (imaging terminology: continuous vs.
spot mode124) is beneficial for analysis speed in LAP-MALDI as mechanical constrains
due to the stage acceleration and deceleration are avoided.

In recent commercial MALDI instrumentation (e.g. Bruker Rapiflex Tissuetyper), a
combination of sample and laser movement is used to efficiently direct the laser beam
to different sample locations.132 This approach enhances the analysis speed and causes
less problems with translational sample movement.131 This required advanced hardware
modifications and is thought unnecessary for LAP-MALDI analysis due to the inherently
more homogeneous samples.38

Besides the mode of movement, the stage acceleration and velocity were optimised. For
the acceleration an upper limit of 4m/s was defined above which the setup became
mechanically instable. The velocity of the stage was adapted for each project according
to the data quality obtained. The velocity of sample stage 𝑣𝑠𝑡𝑎𝑔𝑒 and the diameter of
the sample 𝑑𝑠𝑎𝑚𝑝𝑙𝑒 determine the number of laser shots per sample (see Equation 2.5)
for a given PRF.

𝑛𝑙𝑎𝑠𝑒𝑟 𝑠ℎ𝑜𝑡𝑠 𝑝𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑃𝑅𝐹 𝑑𝑠𝑎𝑚𝑝𝑙𝑒

𝑣𝑠𝑡𝑎𝑔𝑒
(2.5)

As a result, for slower sample movement, the PRF might need to be lowered to avoid
sample depletion.

In a commercial instrument sample movement, laser movement and data acquisition are
synchronised to allow fast analysis and automatic connection of mass spectrometry data
with the sample location.132 Here, two approaches were taken to connect the sample
location with the mass spectrometry data. As described in 2.3, the start and end of each
row were marked by a sample with known analyte and the sample positions in-between
were calculated. In contrast, for 2.4, each mass spectral scan was labelled with the
sample location as the data acquisition was coupled to the translational stage using a
custom script developed in previous projects.
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2.3.4. Scan rate considerations

The mass spectrometer’s ability to produce and save spectral information at a very
fast pace is crucial for high-speed analyses and also important for imaging experiments
to reduce the acquisition time of high-resolution images.123 In practice, the instrument
control software allows to set the so-called scan time, the time for which ToF spectra
are accumulated. After each scan the detector is reset and data are transferred. During
this inter-scan delay (ISD) no mass spectral information is acquired. The ISD is 15ms
by default and can be set to 10ms. The estimated width of analyte ions created by one
laser shot is around 5ms133 and thus can be completely lost, if arriving at the detector
during an ISD. The optimal scan time is a compromise between the temporal sampling
resolution of samples, with a minimum around seven data points per sample, and the
increased data loss due to an increased number of ISDs. Hence, scan times are adjusted
for a given sample movement speed.

To alleviate the loss of sample information due to ISDs, the instrument manufacturer
developed a modified acquisition software. Based on the data-independent acquisition
(DIA)-mode SONAR,134 the software was adapted for the Synapt G2-Si. An option
to disable the quadrupole scanning was integrated and the instrument was used in ion
mobility mode to enable the splitting of one scan in 200 bins (see Figure 2.4b) with
disabled mobility separation. As a result, a fine temporal resolution of mass spectra
was achieved while lowering the relative number of ISDs per data point compared to the
normal scan mode.

Time in ms

(a) Standard scan mode: 1 scan yields 1 mass spec-
trum

Time in ms

200 spectra 200 spectra 200

(b) SONAR scan mode: 1 scan yields 200 mass
spectra

Figure 2.4.: Schematic representation of different MS scan modes for scan time = 30ms, inter-scan
delay = 15ms.
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At fast sample movement speeds, the times required for spectrum acquisition and data
processing/storage become significant contributors to the overall analysis time.131 Spec-
trum acquisition times largely depend on the type of mass spectrometer used. Instru-
ments based on Fourier transformation, like Orbitrap instruments, require trapping times
to record transients. In contrast, ToF instruments can almost continuously detect ions.
In both cases, the analysis time depends on the desired mass resolution, as longer de-
tection times in the trap give better resolution, and longer flight paths require longer
intervals between ion injection. However, the time duration of mass analysis is generally
much smaller on a ToF compared to trapping instruments. On trapping instruments,
transients are typically around 500ms. The ToF analysis time depend on the hardware
setup (e.g. length of the flight path) and the m/z range. The flight time can be esti-
mated by using Equation 1.6: for a flight path of 2m, an ion of m/z 1000 and a potential
difference of 10 000V, the flight time is around 45µs. For example, the pusher of the
Synapt G2-Si deflects ions into the flight tube every 69µs for an m/z range of 100 to
2000. A simple spectrum can this be acquired within less than 70µs, although multiple
spectra are summed over a set scan time.

At short scan times, the data transfer time also becomes an important factor to take into
account. When moving from the data acquisition workflow used in section 2.2 to higher
analysis speeds, issues of inconsistent scan times over analysis time were noted. With
the help of the instrument manufacturer, it was noted that the ISD was automatically
extended after an initial period. This was due to a slow data transfer rate between
the mass spectrometer and the instrument control computer (pc). After eliminating the
network switch between the instrument and the pc the issue occurred less frequently.
Initially, the scan times and ISD were monitored using an oscilloscope on the scan-in-
progress signal output at the rear of the instrument. Later, the network connection
between the (internal) embedded computer of the instrument (epc) and the pc was used
via a software solution to query the epc for the scan time and ISD. ISDs were extended
when using sensitivity mode but not when using resolution mode. The difference between
the two modes is an additional radial clipping of the ion beam before entering the ToF.
As a result, less ions with a narrower spatial distribution enter the flight tube and reach
the detector which results in a lower sensitivity but higher resolution. As a precaution,
ISDs were monitored and logged for each experiment but no extension was apparent
when using resolution mode. A similar effect was obtained when using the DRE-lens to
deflect part of the ion beam. These observations are in good agreement with the signs
of detector saturation when operating in TDC mode (see section 2.3.2).

2.3.5. Article
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ABSTRACT: Mass spectrometry (MS) allows for automated analysis of complex samples at high resolution without the need for
labeling/derivatization. Liquid atmospheric pressure matrix-assisted laser desorption/ionization (LAP-MALDI) enables rapid sample
preparation and MS analysis using microtiter-plate formats and high-performing mass spectrometers. We present a step change in
high-speed, large-scale MS sample analysis of peptides at 20 samples/s and an enzymatic assay at 40 samples/s, i.e., an order of
magnitude faster than current MS platforms. LAP-MALDI requires only low amounts of sample volume (<2 μL), of which only a
fraction (<1%) is typically consumed, and allows for multiplexing and high-speed MS/MS analysis, demonstrated at ∼10 samples/s.
Its high ion signal stability and similarity to electrospray ionization enables CVs below 10% and the analysis of multiply charged
peptide ions at these extreme speeds. LAP-MALDI MS fulfills the speed requirements for large-scale population diagnostics and
compound screening with the potential of analyzing >1 million samples per day.

Label-free, high-throughput MS analysis has recently
pushed the limits of sample throughput for compound

library screening and inhibitor studies. Especially ambient
ionization techniques such as AMI (Acoustic Mist Ionization)1

(2−3 samples/s), MAI (Matrix-Assisted Ionization)2 (1
sample/s), DESI (Desorption ElectroSpray Ionization)3 (2.7
samples/s), ESI (ElectroSpray Ionization)4 (0.4 samples/s),
and ADE (Acoustic Droplet Ejection)5 (0.45 samples/s), as
well as conventional MALDI (Matrix-Assisted Laser Desorp-
tion/Ionization)6 (2.5 samples/s) or hybrid techniques7 (0.5−
1.3 samples/s for IR-MALDESI (Infrared Matrix-Assisted
Laser Desorption Electrospray Ionization)) have produced
encouraging results with respect to analytical speed. Although
having clear advantages over the routinely used label-based
photometric readouts, MS-based fast analysis applications are
still not widely employed.
However, ADE,8 as well as LAP-MALDI MS,9 recently

demonstrated new speeds of up to 6 samples/s, reliably
producing stable ion signals that are well-separated from each
other. The latter of these two approaches is a new addition to
the high-speed MS analysis tools with the inherent speed
advantage of laser-based techniques. Additional advantages of

LAP-MALDI are high ion signal stability,10,11 which is crucial
for fast sample scanning, and the production of multiply
charged analyte ions,12 thus allowing the employment of high-
performing mass analyzers such as orbitraps and modern Q-
TOF instruments. In combination with its low matrix
background, LAP-MALDI facilitates the simultaneous detec-
tion of low-molecular weight (metabolites, lipids) and high-
molecular weight (peptides, proteins) analytes,13 outperform-
ing conventional solid MALDI on axial TOF instruments.
LAP-MALDI MS and its associated (offline) upfront sample
preparation support large-scale analyses, by using microtiter-
plate format and multiple robotic preparation platforms to feed
one LAP-MALDI mass spectrometer.
Importantly, LAP-MALDI is inherently fast. On a

commercial Q-TOF instrument, recorded ion packets from
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individual desorption events are <5 ms wide,14 allowing an
acquisition rate of up to 200 desorption events per second.
Thus, we further developed LAP-MALDI with Q-TOF
instrumentation by optimizing instrumental bottlenecks such
as spectral scan rates, laser repetition rate, sample plate
movement, and sample number per plate (see additional
experimental details in the Supporting Information), in order
to push the speed limits toward tens and ultimately hundreds
of samples per second.

■ EXPERIMENTAL SECTION

LAP-MALDI and MS Setup. The general LAP-MALDI
setup can be found elsewhere.9 For this work, a diode-pumped
solid-state (DPSS) laser was used with a wavelength of 343 nm
and a pulse repetition rate of 2000 Hz (Flare NX 343-0.2-2,
Coherent, Santa Clara, USA). MALDI sample plates were
rastered as described in the Supporting Information. The
acquisition mode SONAR15 (Waters) was used with the
quadrupole scanning being disabled and in RF-only mode. Ion
mobility gases were turned off. Each of the SONAR TOF
‘scans’ were stored in 200 consecutive spectra or ‘bins’,
allowing the acquisition and storage of up to 1000 spectra/s,
while the temporal resolution increased up to 0.93 ms per
spectrum/bin.
Matrix Preparation and Sample Spotting. CHCA was

dissolved in acetonitrile and water (1:1; v/v) to a
concentration of 5 mg/mL. After short sonication, propylene
glycol (PG) was added at 60% by volume. The matrix was
mixed with a sample at a ratio of 1:1 (v/v), and 1 or 0.3 μL of
the mixture was spotted onto the stainless-steel sample plate
using a 384- or 1536-well format, respectively.
Peptide Analysis. A total of 10 pmol of peptide was used

for each LAP-MALDI sample. The MALDI samples were
analyzed in each row by moving the sample plate at a constant

speed of 50−200 mm/s. To ease postacquisition data
processing, the start and end of each sample row was marked
with a sample using the analyte standard Angiotensin I (Ang I)
(40 pmol) and N-Hippuryl-His-Leu hydrate (HHL) (10
pmol), respectively.

Enzyme Assay. Angiotensin-converting enzyme (ACE)
was dissolved in 50 mM Tris buffer at pH 8.5 to yield 0.1 U/
mL and mixed with the substrate 1:1 (v/v, 320 pmol/μL Ang I
or 100 pmol/μL HHL). The mixture was incubated at 37.5 °C
for several hours.
Additional experimental details can be found in the

Supporting Information.

■ RESULTS AND DISCUSSION

For initial testing, a 384-well microtiter-format sample plate
was prepared by alternatingly spotting two peptides:
bradykinin (Brdk) and [Lys-des-Arg9]-bradykinin (Lys-Brdk).
The sample plate was automatically rastered with an analysis
speed of >20 samples/s per row. The overall speed for the
sample plate was slightly reduced to 17 samples/s, as
additional time was needed to move from the last sample in
each row to the first sample in the next row due to restrictions
in the sample stage movement and data processing software
(see additional experimental details in Supporting Informa-
tion). The total data acquisition time for an entire sample plate
based on the microtiter-plate format was less than 23 s. Figure
S1 shows a diagrammatic scheme of the LAP-MALDI source
as used in this study.
The data obtained from this initial analysis clearly show well-

separated ion signals for all samples without any analyte
carryover (see Figure 1a−d). As previously reported,
predominantly doubly charged peptide ions are observed.12

Mass spectrometer scan rates were adjusted to yield at least 10
data acquisitions across each sample, keeping the detection

Figure 1. LAP-MALDI MS analysis of a 384-well plate with alternating Brdk and Lys-Brdk samples and different standards at the start and end of
each sample row at 20 samples/s for each row (average of 17 samples/s for the entire plate). a) From top to bottom: extracted ion chromatogram
(XIC) of [HHL+H]+ (m/z 430.21, start marker), [Ang+2H]2+ (m/z 648.84, end marker), [Brdk+2H]2+ (m/z 530.78), [Lys-Brdk+2H]2+ (m/z
516.78), and total ion chromatogram (TIC). Mass spectra of first (b) (Brdk) and last (c) (Lys-Brdk) peptide sample of the plate. Singly (*) and
doubly (**) charged analyte ions are labeled. d) Enlargement of one row of analyte ion signals. From top to bottom: XIC of [Brdk+2H]2+ (m/z
530.78), [Lys-Brdk+2H]2+ (m/z 516.78), and total ion chromatogram (TIC). Analyte ion signal intensities for Brdk (e) and Lys-Brdk (f) using a
30% threshold.
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deadtime (interscan delays; ISDs) to a minimum. This is
important as data acquisition gaps caused by ISDs lead to the
loss of some or all ion signals from a sample.
Heatmaps for both peptides using simple ion signal intensity

thresholds (see Figure 1e,f) reveal a detection (classification)
accuracy of >95% over multiple analyses (n = 3, see Figure S2).
Greater accuracy is achieved at slightly lower throughput
(∼99% at 10 samples/s, n = 3, see Figure S3). Sample position
effects, e.g., edge effects, are not evident (see Figure S4). The
few failures in the correct sample assignment are currently
mostly due to sample spotting, which is envisaged to be
improved by adequate robotic liquid handlers capable of
handling small volumes of liquid (<1 μL) for MALDI sample
preparation. To further automate the entire workflow, plate-
changing robotics can be used, which can achieve sample plate-
swapping in around 5 s.16 Overall high-throughput analysis
time could therefore be around 30 s per plate, allowing 120
plates to be analyzed per hour with an adequate multistage
robotic feeding system. In 24 h, more than a million samples
could be screened, in principle.
This level of sample throughput is desirable for compound

and assay screening in pharmaceutics. Consequently, the
platform’s applicability to enzyme assays was also tested by
monitoring the conversion of an enzyme substrate and its
product’s appearance simultaneously (see Figure 2). ACE
showed full transformation of its natural substrate Ang I and
HHL, commonly used in fluorescence experiments. The
substrate ion signal intensity substantially decreased after
enzyme treatment, and new ion signals at m/z 269.1589 and
m/z 1046.5422 appeared, which can be attributed to cleaved
protonated His-Leu and converted Angiotensin II (Ang II)
with a mass measurement accuracy of 7 and 4 ppm,
respectively. Although some ion suppression due to the buffer
can be observed (data not shown), reproducible and visibly
time-resolved peaks were observed at the same acquisition
speed as used for the peptide standards (see Figure 2). With
increasing mass (mainly above 1000 Da), we observe the
appearance of additional (temporally delayed) low-intensity
analyte ion peaks at these high-speed acquisitions. These are
most likely due to the complex ion path within the employed
Q-TOF/ion mobility instrument and are currently under
investigation.
To further increase sample throughput, two other bottle-

necks were addressed. First, the speed of the translational stage
for sample plate movement was increased by a factor of up to 4
(from 50 to 200 mm/s). Second, the sample plate layout was
changed to the 1536-well format. Samples were spotted closer
to each other and made smaller as actual sample consumption
per desorption event is minimal (less than 1‰12).
Tighter sample spotting and a stage speed of 200 mm/s were

first tested with the ACE assay (see Figure 3). These changes
led to well-resolved peaks at >40 samples/s. With faster sample
movement (≥200 mm/s), acceleration and deceleration of the
translational stage clearly show a broadening effect for the first
and last samples in each row. In addition, the above-mentioned
double-peaking for higher masses and the reduced number of
sampling points per sample currently limit the maximum
analysis speed to 40 samples/s for analytes with a mass >1000
Da. Interestingly, the analysis of the lower-mass substrates (m/
z 430.21) and products (m/z 269.15) clearly shows baseline-
resolved analyte ion signals between the alternating samples at
a speed of 40 samples/s (Figure 3a).

Next, extreme sample throughput levels were tested by
analyzing HHL (see Figure 4). While the first and last samples
in each row are only slightly broadened due to stage
acceleration/deceleration at a speed around 40 samples/s,
peak broadening worsens and expands to other samples at even
higher speeds. Nonetheless, samples can still be separated in
their TICs (total ion chromatograms) and XICs (extracted ion
chromatograms) at 60 samples/s (see Figure S5a,b). By
analyzing several samples of Brdk multiple times, coefficients of
variation (CVs) below 10% (<5% for [HHL+H]+) were
achieved at conditions corresponding to a speed of 9 samples/s
(see Figure S6). Other MS-based techniques result in similar
variability but at significantly lower sample throughput.17,18

Currently, higher speeds result in higher CVs, e.g., 15% at 20
samples/s.
Finally, ultrahigh-throughput LAP-MALDI tandem mass

spectrometry (MS/MS) was demonstrated by analyzing Brdk

Figure 2. LAP-MALDI MS analysis of an angiotensin-converting
enzyme assay with alternating enzyme-treated and untreated samples
for Angiotensin I (Ang I, first row) and N-Hippuryl-His-Leu hydrate
(HHL, second row). a) From top to bottom: XIC of [HHL+H]+ (m/
z 430.21, substrate), [Ang I + 2H]2+ (m/z 648.84, substrate), His-Leu
(m/z 269.15, product), and Angiotensin II [Ang II + H]+ (m/z
1046.54, product). b) Overlay of chromatograms shown in a. Average
data acquisition speed was 16 samples/s using a stage speed of 100
mm/s.
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and its collision-induced dissociation (CID) fragment ions
using a fixed window quadrupole. Typical CID peptide
fragment ions such as y- and b-type ions were detected at a
speed of 12 samples/s per row (see Figure S7). This initial data
shows the potential of LAP-MALDI for high-speed SRM/
MRM applications.

■ CONCLUSION

In summary, we have shown a step change in the speed for
analyzing individual samples by mass spectrometry. So far, up
to 60 samples per second can be well separated at the fwhm
level by their analyte ion signal. These significant speed
increases by an order of magnitude or more compared to
previously published reports were achieved by overcoming
several bottlenecks such as data acquisition speed (adjusted for
ISD deadtimes), laser pulse repetition rate (increased to 2,000
Hz), and sample plate stage speed (increased to 200 mm/s) as
well as tighter sample spotting and the use of liquid matrices
with their high MALDI ion signal stability. Without the latter,
the practical analysis speed would be severely compromised
due to the fluctuating ion signal, typically observed with
MALDI, thus impeding automated data processing. As used in
LAP-MALDI MS, liquid matrices also allow for the generation
of multiply charged ions, and together with an atmospheric ion
source, high-performing mass spectrometers and superior MS/
MS analyses can be employed; in addition, sample plates can
be exchanged significantly more quickly in AP-MALDI than in
vacuum MALDI sources. MS/MS analysis at these extreme
speeds will take screening of large sample sets to an even
higher level, in particular with respect to specificity and
multiplexing using SRM/MRM approaches.
The method described here can be applied to a vast set of

analytes, and the demonstrated analysis speed is even greater
than the speed reported for MALDI imaging on commercial
instrumentation,19 which currently achieves around 20 pixels/s
(without gaps between samples). Future modifications of the
mass spectrometry acquisition software should allow data
acquisition without data loss between scans (due to ISD).
Lower scan times and thus higher temporal resolution will
provide an additional boost to speed. In general, the theoretical
speed limit of the method is determined by the temporal width
of the ion plume formed during desorption. Further advance-
ments can be made by using adequate robotics for tighter
sample positioning (e.g., 6144-well microtiter-plate format)
and employing sample stages with even higher speed as well as
acceleration/deceleration. In contrast to other techniques like
ADE,18 sample volumes can be <1 μL, and tighter sample

Figure 3. LAP-MALDI MS analysis of an angiotensin-converting enzyme assay alternating enzyme-treated and untreated samples for Angiotensin I
using a 1536-well plate layout. a) 40 samples/s (stage movement speed of 100 mm/s); b) 60 samples/s (stage movement speed of 200 mm/s); c)
overlay of XICs shown in a; d) overlay of XICs shown in b. TIC: total ion chromatogram; XIC: extracted ion chromatogram.

Figure 4. LAP-MALDI MS analysis of HHL using a 1536-well plate
layout. a) TIC and b) XIC of [HHL+H]+ at 41 samples/s. TIC: total
ion chromatogram; XIC: extracted ion chromatogram.
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layouts do not result in increased analysis times but lead to a
significant throughput improvement.
Potential application areas for LAP-MALDI MS are in large-

scale (multiplex) population diagnostics and in screening of
compound libraries within the pharmaceutical industry, where
a throughput of 1 million samples per day or more is highly
desirable.
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Materials.  Angiotensin I (Ang I) was bought from Enzo Life Sciences (Farmingdale, USA). α-
Cyano-4-hydroxycinnamic acid (CHCA), propylene glycol (PG), Angiotensin Converting Enzyme 
from rabbit lung (ACE), N-Hippuryl-His-Leu hydrate (HHL), Bradykinin (Brdk) and [Lys-des-
Arg9]-Bradykinin (Lys-Brdk) were bought from Merck (Darmstadt, Germany). Tris Plus One was 
purchased from Amersham Biosciences. HPLC-grade water was purchased from Fisher 
Scientific (Loughborough, UK). Acetonitrile (Chromasolve, HPLC grade) was bought from 
Honeywell Riedel-de-Haën (Charlotte, USA). 

LAP-MALDI and MS setup.  The general LAP-MALDI setup can be found elsewhere1. Briefly, a 
Synapt G2-Si (Waters, Wilmslow, UK) was modified with a home-built LAP-MALDI ion source 
using a heated ion transfer tube. The control and acquisition software used was MassLynx 
4.2 (Waters). 

Two hardware improvements were necessary to allow higher sample throughput. Firstly, 
instead of a 30-Hz nitrogen laser, a diode-pumped solid-state (DPSS) laser at 343 nm with a 
pulse repetition rate of 2000 Hz (Flare NX 343-0.2-2, Coherent, Santa Clara, USA) was used to 
increase the number of laser shots per sample while decreasing the residence time on each 
sample spot. Secondly, the target plate speed was increased by using a faster linear actuator 
(X-LSQ, Zaber, Vancouver, Canada), featuring an encoder for precise position readback. 

In general, MALDI sample plates were continuously rastered row-wise by starting the next row 
with the sample closest to the sample analysed last in the previous row. To achieve the same 
data acquisition time for each sample, and thus facilitating post-acquisition data processing, 
the sample raster was adapted to move slightly beyond the end of each row before moving to 
the next, thus avoiding prolonged residence time on the last sample due to the deceleration 
needed for turning to the next row. As additional time was therefore needed to move from 
the last sample in each row to the first sample in the next row, there was a slightly reduced 
overall speed for the analysis of an entire plate. 

A 384-well MALDI target plate in the microtiter plate-format was used to allow easy 
interfacing with standard robotics and sample preparation. Therefore, a 3d-printed holder 
was designed to allow the use of standard and non-standard target plates.  

Due to data acquisition rate limitations, the commercial instrument software does not provide 
a readout for every single ToF spectrum (as the oaTOF is pushing ion packets at tens of kHz). 
Instead, an appropriate accumulation of ToF spectra is obtained for each spectral “scan”. For 
the Synapt, the MassLynx 4.2 ToF spectral accumulation time has a minimum setting of 16 ms 
per scan and an InterScan Delay (ISD) of at least 10 ms between every scan. This does not 
allow sufficient temporal resolution for ultrafast throughput analysis. Hence, the recently 
developed acquisition mode SONAR2 (Waters) was used in an adapted way. The quadrupole 
scanning was disabled and used in RF-only mode and ion mobility gases were turned off, while 
TRAP TWAVES were optimised to guide ion packages through at maximum speed. Each of the 
SONAR ToF “scans” were stored in 200 consecutive spectra or “bins”. Thus, ISDs occur after 
each scan but not after each spectrum/bin. As a consequence, if the scan time was set at 0.2 
seconds (for example), individual consecutive spectra could be acquired and stored at 
approximately 1000 spectra/s and the temporal resolution increased to 0.93 ms per 
spectrum/bin.  
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Data processing.  Raw files recorded in the adapted SONAR format were converted to 
MassLynx-readable files using a custom-made software (for software access contact K.R.). Ion 
signals for each sample were automatically detected and spatially labelled by custom-made 
data processing software (for software access contact E.H.) by detecting marker ion signals at 
the start and end samples for each row and evenly distributing the number of scans between 
into the specified number of samples with the help of MassLynx SDK. Separate files were 
created for each sample’s ion signals, allowing further standard data post-processing. Data 
were smoothed using Savitzky-Golay algorithm. Ion intensities for heatmaps were extracted 
using specproc (https://sourceforge.net/projects/specproc/). 

Matrix preparation and sample spotting.  CHCA was dissolved in acetonitrile and water (1:1; 
v/v) to a concentration of 5 mg/mL. After short sonication, 60 % PG was added by volume. The 
matrix was mixed with sample at a ratio of 1:1 (v/v), and 1 µL or 0.3 µL of the mixture was 
spotted onto the stainless-steel target plate using a 384- or 1536-well format, respectively.  

Peptide analysis.  A total of 10 pmol of peptide was used for each LAP-MALDI sample. The 
MALDI samples were analysed in each row by moving the sample plate at a constant speed of 
50-200 mm/s. To ease post-acquisition data processing, the start and end of each sample row 
was marked with a sample using the analyte standard Ang I (40 pmol) and HHL (10 pmol), 
respectively.  

Enzyme assay.  ACE was dissolved in 50-mM tris buffer at pH 8.5 to yield 0.1 U/mL and mixed 
with substrate 1:1 (v/v, 320 pmol/µL Ang I or 100 pmol/µL HHL). The mixture was incubated 
at 37.5°C for several hours. 

Coefficient of Variation (CV) measurements.  Four samples of Brdk were spotted on the target 
plate in rows of two. HHL and Ang I were used for marking each row as described above. The 
translational stage was set to cycle trough the samples to measure Brdk 96 times. The detector 
mode was set to time-to-digital-converter (TDC). Peak detection was performed in MassLynx 
(Savitzky-Golay smooth, peak separation 30 %, peak threshold 10 % relative height). 

Tandem mass spectrometry.  Twelve samples of Brdk (20 pmol each on target) were analysed 
with a fixed quadrupole window around m/z 530.78. A collisional voltage in the trap cell of 
25 V was applied. 
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Figures 

 

 

Figure S1: General LAP-MALDI setup: 1) UV laser, 2) liquid sample at atmospheric pressure, 
3) sample plate, 4) sample plate holder, 5) 2-dimensional translational stage, 6) inlet tube 
heated by resistance wire and 7) Q-TOF mass spectrometer 
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Figure S2: LAP-MALDI MS analysis of a 384-well plate with alternating Brdk and Lys-Brdk 
samples and different standards at the start and end of each sample row at 20 samples/s for 
each row (average of 17 sample/s for the entire plate). Analyte ion signal intensities for Brdk 
(top) and Lys-Brdk (bottom) for three runs using a 30 % threshold. 

 

 

 

 

Figure S3: LAP-MALDI MS analysis of a 384-well plate with alternating Brdk and Lys-Brdk 
samples and different standards at the start and end of each sample row at 10 samples/s for 
each row (average of 9 sample/s for the entire plate). Analyte ion signal intensities for Brdk 
(top) and Lys-Brdk (bottom) for three runs using a 25 % threshold. 
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Figure S4: Graphical analysis of analytical performance and variability. LAP-MALDI MS 
analysis of a 384-well plate with alternating Brdk and Lys-Brdk samples and different 
standards at the start and end of each sample row at 20 samples/s for each row (average of 
17 sample/s for the entire plate). Mean and standard deviation over each column (a,b) and 
each row (c,d) for Brdk and Lys-Brdk. Heatmaps for absolute ion intensity for Brdk (e) and 
Lys-Brdk (f). 
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Figure S5: LAP-MALDI MS analysis of HHL using a 1536-well plate layout. a) total ion 
chromatogram, and b) extracted ion chromatogram at 60 samples/s. 
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Figure S6: Variability of peptide analysis in TDC mode. 48 consecutive LAP-MALDI analyses of 
2x2 sample spots of Brdk and different standards at start and end at 50 mm/s stage speed. 
Enlargement on right side. 

 
Figure S7: Tandem mass spectrometry at 50 mm/s. 12 samples of Brdk with quadrupole 
filtering around m/z 530.78 and trap collisional voltage at 25 V. a) Extracted ion 
chromatogram of two fragment ions; b) Mass spectrum of first sample; c) Mass spectrum of 
last sample. 
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2.4. LAP-MALDI MS tolerance against additives (Article 3)

LAP-MALDI has been shown to be suitable for HTS. During the analysis of the enzy-
matic assay used in section 2.3, significant ion suppression due to the addition of tris
buffer was observed. The promotion or suppression of ionisation as well as the formation
of different types of ions is of importance when establishing new assays or transferring
existing assays to LAP-MALDI. To facilitate this development, a systematic study of
the influence of compounds commonly used in biochemical assays on ion signal intensity
and adduct formation was carried out.
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The use of salts, buffers and surfactants in LAP-MALDI MS 
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A B S T R A C T   

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-β-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 

α-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, tris(hydroxymethyl)aminomethane (tris), 
amidosulfobetaine-14 (ASB-14), sodium deoxycholate (SDC), octyl-β-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-Haën™) 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/μL for 
Ang, 10 pmol/μL for Brdk, 20 pmol/μL for LeuEnk, 20 pmol/μL for SubP 
and 12.5 pmol/μL 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 μL 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 

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 pKa 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, c) 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 μM 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 

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 NaCl 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, c) 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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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 

Fig. 3. Influence of ammonium acetate and ammonium tartrate on ion signal intensity in pure water and a 10-mM NaCl solution.  
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Fig. 4. Influence of the addition of ammonium salts and L-serine on ion signal intensity of peptides in a 10-mM NaCl solution and pure water, respectively, for a) 
leucine enkephalin, b) bradykinin and c) substance P. The error bars denote the standard deviation between replicates (n=3 for additives, n=15 for water with NaCl, 
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 6). 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. 

H. Krenkel et al.                                                                                                                                                                                                                                

2.4. LAP-MALDI MS tolerance against additives (Article 3) 63



International Journal of Mass Spectrometry 493 (2023) 117134

8

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 

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 ESI. 
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Fig. 5. Influence of surfactants 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 
replicates (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 10). 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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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/μL, 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 

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 
NaCl. 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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Table 1: Properties of analysed peptides 

Peptide Amino 
acid 
seq. 

Empirical 
formula 

Monoisoto
pic mass 

pI* Conc. of stock 
solution in 
pmol/ µL 

Conc. on 
target in 
pmol/µL 

Moles on 
target in 
mol 

Leucine 
enkephaline 

YGGFL C
28

H
37

N
5
O

7
 555.2693 5.97 100 1.7 0.5 

Bradykinin 
RPPGFS

PFR 
C

50
H

73
N

15
O

11
 1059.5614 12.49 500 3.3 1 

Angiotensin I 
DRVYIH

PFHL 
C

62
H

89
N

17
O

14
 1295.6775 7.95 320 2.7 0.8 

Substance P 
RPKPQQ
FFGLM 

C
63

H
98

N
18

O
13

S 1346.7282 11.56^ 100 3.3 1 

Melittin 

GIGAVL
KVLTTG
LPALIS

WIKRKR
QQ 

C
131

H
229

N
39

O
31

 2844.7542 12.59^ 500 2.1 0.625 

*- calculated using https://www.bachem.com/knowledge-center/peptide-calculator/ 
^- calculated without terminal modification 

Table 2: Structures of buffer compounds 

Buffer compound Structure pKa1 

MES 

 

6.270 

MOPS 

 

7.184 

Tris 

 

8.072 

Tricine 

 

8.135 

HEPES 

 

7.564 
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Table 3: Overview of detected ions with less replicates than n=3 for samples and n=15 for the water control for the buffer 
additives. 

Analyte 
m/z Additive Dilution 

Number of 
replicates Type of ion 

Leucine 
enkephalin 

556.277 MES 0.5 mM 2 [M+H]+ 

578.258 MES 0.5 mM 2 [M+Na]+ 

594.232 MES 0.5 mM 2 [M+K]+ 

600.24 MES 0.5 mM 2 [M-H+2Na]+ 

Bradykinin 530.788 MES 0.5 mM 2 [M+2H]2+ 

541.779 MES 0.5 mM 2 [M+H+Na]2+ 

1060.569 MES 0.5 mM 2 [M+H]+ 

1060.569 MOPS 5 mM 2 [M+H]+ 

Angiotensin I 432.9 MES 0.5 mM 2 [M+3H]3+ 

648.846 MES 0.5 mM 2 [M+2H]2+ 

659.837 MES 0.5 mM 2 [M+H+Na]2+ 

670.828 Tris 5 mM 2 [M+2Na]2+ 

1296.685 MES 0.5 mM 2 [M+H]+ 

1296.685 MOPS 5 mM 2 [M+H]+ 

1318.667 MES 0.5 mM 2 [M+Na]+ 

1318.667 MES 5 mM 2 [M+Na]+ 

1318.667 Tris 5 mM 2 [M+Na]+ 

Substance P 674.371 MES 0.5 mM 2 [M+2H]2+ 

685.362 MES 0.5 mM 2 [M+H+Na]2+ 

693.349 MES 0.5 mM 2 [M+H+K]2+ 

696.353 MES 0.5 mM 2 [M+2Na]2+ 

1347.735 MES 0.5 mM 2 [M+H]+ 

1363.71 MES 0.5 mM 2 [Mox+H]+ 

1369.717 MES 0.5 mM 2 [M+Na]+ 

1558.76 MES 0.5 mM 2 [M+CHCA+Na]+ 

Melittin 712.196 MES 0.5 mM 2 [M+4H]4+ 

949.259 MES 0.5 mM 2 [M+3H]3+ 

956.586 MES 0.5 mM 2 [M+2H+Na]3+ 

956.586 MOPS 5 mM 2 [M+2H+Na]3+ 

961.911 MES 0.5 mM 2 [M+2H+K]3+ 

963.913 MES 0.5 mM 2 [M+H+2Na]3+ 

969.238 MES 0.5 mM 2 [M+H+Na+K]3+ 

969.238 MOPS 5 mM 2 [M+H+Na+K]3+ 

974.563 MES 0.5 mM 2 [M+H+2K]3+ 

974.563 Tris 5 mM 2 [M+H+2K]3+ 

1423.384 MES 0.5 mM 2 [M+2H]2+ 

1423.384 MES 5 mM 2 [M+2H]2+ 
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Figure 1: Colour change when mixing tris and the CHCA-based liquid support matrix. 

 

 

 

Figure 2: Adduct formation of singly charged substance P (a) with buffer compounds (b). All buffers are at a final 
concentration of 50 mM unless otherwise stated. Peak assignments are putative and based on monoisotopic m/z values. 
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Table 4: Overview of detected ions with less replicates than n=3 for samples and n=21 for the water control for the salts 
additives. 

Analyte 
m/z Additive Dilution 

Number of 
replicates Type of ion 

Leucine 
enkephalin 

578.258 MgCl2 5 mM 2 [M+Na]+ 

600.24 MgCl2 5 mM 2 [M-H+2Na]+ 

600.24 MgCl2 50 mM 2 [M-H+2Na]+ 

Bradykinin 552.77 MgAc 50 mM 2 [M+2Na]2+ 

1060.569 CaCl2 5 mM 2 [M+H]+ 

1060.569 CaCl2 50 mM 2 [M+H]+ 

1082.551 CaCl2 5 mM 2 [M+Na]+ 

1082.551 MgAc 0.5 mM 2 [M+Na]+ 

1098.525 NaCl 50 mM 2 [M+K]+ 

Angiotensin I 667.824 CaCl2 5 mM 2 [M+H+K]2+ 

667.824 MgAc 0.5 mM 2 [M+H+K]2+ 

667.824 MgAc 5 mM 2 [M+H+K]2+ 

670.828 CaCl2 0.05 mM 2 [M+2Na]2+ 

670.828 CaCl2 5 mM 2 [M+2Na]2+ 

670.828 MgAc 5 mM 2 [M+2Na]2+ 

Substance P 693.349 CaCl2 50 mM 2 [M+H+K]2+ 

696.353 MgCl2 50 mM 2 [M+2Na]2+ 

1363.71 MgCl2 50 mM 2 [Mox+H]+ 

1385.691 MgCl2 0.5 mM 2 [M+K]+ 

1385.691 MgCl2 5 mM 2 [M+K]+ 

Melittin 569.958 Water - 19 [M+5H]5+ 

712.196 CaCl2 5 mM 2 [M+4H]4+ 

712.196 NaCl 0.05 mM 2 [M+4H]4+ 

717.691 NH4Cl 50 mM 2 [M+3H+Na]4+ 

717.691 NaAc 5 mM 2 [M+3H+Na]4+ 

1434.375 KCl 5 mM 2 [M+H+Na]2+ 

1434.375 MgAc 5 mM 2 [M+H+Na]2+ 

1434.375 NH4Cl 50 mM 2 [M+H+Na]2+ 

1453.353 CaCl2 50 mM 2 [M+Na+K]2+ 

1453.353 KCl 50 mM 2 [M+Na+K]2+ 

1453.353 MgCl2 50 mM 2 [M+Na+K]2+ 

1453.353 NaAc 5 mM 2 [M+Na+K]2+ 

1453.353 NaCl 0.05 mM 2 [M+Na+K]2+ 

 

2.4. LAP-MALDI MS tolerance against additives (Article 3) 75



7 

 

 

 

 

0

2

4

6

8

10

12

14

16

18

C
aC

l2
0

.0
5

0
.5 5

5
0

K
C

l
0

.0
5

0
.5 5

5
0

M
gA

c
0

.0
5

0
.5 5

5
0

M
gC

l2
0

.0
5

0
.5 5

5
0

N
aA

c
0

.0
5

0
.5 5

5
0

N
aC

l
0

.0
5

0
.5 5

5
0

N
H

4
A

c
0

.0
5

0
.5 5

5
0

N
H

4
C

l
0

.0
5

0
.5 5

5
0

W
at

er

P
ro

to
n

at
ed

/s
o

d
ia

te
d

 io
n

 s
ig

n
al

Bradykinin

+1 +2

0

5

10

15

20

25

C
aC

l2
0

.0
5

0
.5 5

5
0

K
C

l
0

.0
5

0
.5 5

5
0

M
gA

c
0

.0
5

0
.5 5

5
0

M
gC

l2
0

.0
5

0
.5 5

5
0

N
aA

c
0

.0
5

0
.5 5

5
0

N
aC

l
0

.0
5

0
.5 5

5
0

N
H

4
A

c
0

.0
5

0
.5 5

5
0

N
H

4
C

l
0

.0
5

0
.5 5

5
0

W
at

er

P
ro

to
n

at
ed

/s
o

d
ia

te
d

 io
n

 s
ig

n
al

Angiotensin I

+1 +2

0

10

20

30

40

50

60

70

C
aC

l2
0

.0
5

0
.5 5

5
0

K
C

l
0

.0
5

0
.5 5

5
0

M
gA

c
0

.0
5

0
.5 5

5
0

M
gC

l2
0

.0
5

0
.5 5

5
0

N
aA

c
0

.0
5

0
.5 5

5
0

N
aC

l
0

.0
5

0
.5 5

5
0

N
H

4
A

c
0

.0
5

0
.5 5

5
0

N
H

4
C

l
0

.0
5

0
.5 5

5
0

W
at

er

P
ro

to
n

at
ed

/s
o

d
ia

te
d

 io
n

 s
ig

n
al

Substance P

+1 +2

2.4. LAP-MALDI MS tolerance against additives (Article 3) 76



8 

 

Figure 3: Comparison of adduct formation between charge states, displaying the ratio of protonated ion signal intensity to 
singly sodiated ion signal intensity per charge state. Blue rectangle: singly charged, orange triangle: doubly charged, grey 
cross: triply charged, black circle: quadruply charged. 
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Table 5: Salt concentrations in biological fluids in mM 

 Na K Mg Ca Cl 

Urine 41.82, 833 25.62, 333 0.062, 0.35014,2.63 0.362, 0.66874, 4.43 67.72, 773 

Saliva 7.875 9.575 0.20034 1.175, 1.89874 5-206 

Plasma 136-1456 3.4-4.56 0.85564 2.51504 98-1076 

Serum 1427 4.17 0.66-1.046 1.16-1.326 98-1076 

Cerebrospinal 
fluid 

136-1506 2.5-3.26 0.88854 0.96064 118-1326 

Sweat 336 4.4-15.66 0.26984 1.41224 5-356 

Minimal 
essential 
medium 

140.98 5.48 18 1.8 or 08 1278 

 

 

 

 

 

Figure 4: Structures of additives used as salt remediators. 
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Figure 5: Influence of additives on ion signal intensities of peptides in pure water and a 10-mM NaCl solution. 
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Table 6: Overview of detected ions with less replicates than n=3 for samples, n=9 for water controls or n=15 for the water 
with NaCl control for ‘salt remediation’ additives. 

Analyte 
m/z Additive Dilution 

Number of 
replicates Type of ion 

Bradykinin 1082.551 Water_NH4Tar 250 mM 2 [M+Na]+ 

Substance P 1369.717 Water_NH4Cit 250 mM 2 [M+Na]+ 

1558.76 NaCl_NH4Ac 250 mM 2 [M+CHCA+Na]+ 

1558.76 NaCl_NH4Cit 25 mM 2 [M+CHCA+Na]+ 

1558.76 Water_NH4Tar 250 mM 2 [M+CHCA+Na]+ 

Melittin 723.187 NaCl_L-serine 0.25 mM 2 [M+2H+2Na]4+ 

723.187 NaCl_NH4Ox 0.25 mM 2 [M+2H+2Na]4+ 

961.911 Water_NH4Cit 25 mM 2 [M+2H+K]3+ 

963.913 NaCl_NH4H2PO4 250 mM 2 [M+H+2Na]3+ 

723.187 NaCl_Water - 13 [M+2H+2Na]4+ 
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Table 7: Properties of surfactants 

Surfactant Structure CAS 
number 

Type* Critical 
micelle 
concentration 
(CMC) in mM 

Surface 
tension 
at CMC 
in mN/m 

Tween-20 

 

9005-
64-5 

NI 0.01699 359 

Triton-X 
(n=9-10 X-
100, n=7-8 
X-114) 

 

9036-
19-5 

NI 0.310 2811 

NP40-
alternative 

 

9016-
45-9 

NI 0.05-0.312  

ASB-14 

 

216667-
08-2 

ZW 0.11913 4213 

CHAPS 

 

75621-
03-3 

ZW 1.410 45.214 

OGP 

  

29836-
26-8 

NI 2310 4115 

SDC 

 

302-95-
4 

AI 510 4516 

SDS 

 

151-21-
3 

AI 817 38.514 

*ZW – zwitterionic, NI – non-ionic, AI – anionic  
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Table 8: Concentration of studied surfactant dilutions in mM. Values above the CMC in water are highlighted in orange. 

On-target concentration in % (w/v) ASB CHAPS OGP SDS SDC 

10 23.01 16.26 34.20 NA NA 

5 11.50 8.13 17.10 17.34 NA 

1 2.30 1.63 3.42 3.47 2.41 

0.1 0.23 0.16 0.34 0.35 0.24 

0.01 0.02 0.02 0.03 0.03 0.02 

0.001 0.00 0.00 0.00 0.00 0.00 

 

 

Figure 6: Surfactant samples on Waters™ standard target plate (a, b), and AnchorChip™ target plate (c,d). Samples on the 
standard target plate were prepared once and spotted three times. 

 

 

Figure 7: LAP-MALDI MS analysis of bradykinin with various surfactants at different concentrations using a Waters MALDI 
sample plate. All samples were prepared once and spotted 3 times. For higher concentrations, no signal could be generated 
due to droplet instability. 
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Figure 8: Mass spectra of peptide mix with surfactants and putatively identified signals originating from the surfactants. a) 
34 mM OGP, b) 23 mM ASB, c) 16 mM CHAPS, d) 2.4 mM SDC, e) 3.5 mM SDS. 
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Table 9: Most abundant surfactant-related peaks observed in the mass spectra of the peptide mix. Theoretical values are 
calculated with chemcalc.org. Peaks denoted with * are also present in the control sample. 

Surfactant Type of ion Theoretical 
m/z 

Detected 
m/z 

Mass error 
in ppm 

ASB 
C22H46N2O4S 

[M+H]+ 435.32511 435.3229* 5.08 

[2M+H]+ 869.64293 869.6343* 9.92 

[3M+H]+ 1303.96076 1303.9445 12.47 

[M+Na]+ 457.30705 457.3055* 3.39 

[2M+Na]+ 891.62488 891.6134* 12.88 

[3M+Na]+ 1325.94271 1325.9293* 10.11 

[4M+Na]+ 1760.26054 1760.2238 20.87 

[M-(CH2CH2CH2SO3)+H]+ 313.32134 313.3181* 10.34 

[M-(NCH3CH3CH2CH2CH2SO3)]+ 268.26349 268.2616* 7.05 

CHAPS 
C32H58N2O7S 

[M+H]+ 615.40375 615.4005 5.28 

[2M+H]+ 1229.80022 1229.7896 8.64 

[3M+H]+ 1844.19670 1844.1808 8.62 

[M+Na]+ 637.38569 637.3834 3.59 

[2M+Na]+ 1251.78217 1251.7723 7.88 

[3M+Na]+ 1866.17864 1866.1588 10.63 

[M-(CH2CH2CH2SO3)+H]+ 493.39998 493.3981* 3.81 

[2M-(CH2CH2CH2SO3)+H]+ 1107.79646 1107.7833 11.88 

[3M-(CH2CH2CH2SO3)+H]+ 1722.19293 1722.1769 9.31 

[3M-(NCH3CH3CH2CH2CH2SO3)]+ 1677.13508 1677.1226 7.44 

[2M-(NCH3CH3CH2CH2CH2SO3)]+ 1062.73861 1062.7328 5.47 

[M-(NCH3CH3CH2CH2CH2SO3)]+ 448.34214 448.3417* 0.98 

OGP 
C14H28O6 

[M+Na]+ 315.17781 315.1767* 3.52 

[2M+Na]+ 607.36640 607.3624 6.59 

SDS 
CH3(CH2)11OSO3Na 

[M+Na]+ 311.12635 311.1244 6.27 

[2M+Na]+ 599.26347 599.2592 7.13 

[3M+Na]+ 887.40059 887.3923 9.34 

[4M+Na]+ 1175.53772 1175.5256 10.31 

[5M+Na]+ 1463.67484 1463.6611 9.39 

[6M+Na]+ 1751.81197 1751.7950 9.69 

SDC 
C24H39NaO4 

[M+Na]+ 437.26382 437.2612 5.99 

[2M+Na]+ 851.53843 851.5314 8.26 

[3M+Na]+ 1265.81303 1265.8038 7.29 

[4M+Na]+ 1680.08764 1680.0741 8.06 
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Table 10: Overview of detected ions with less replicates than n=3 for samples and n=18 for the water control for ‘surfactant’ 
additives. 

Analyte m/z Additive Dilution Number of 
replicates 

Type of ion 

Angiotensin I 1318.667 ASB-14 0.10% 2 [M+Na]+ 

1318.667 Water - 17 [M+Na]+ 

Substance P 685.362 CHAPS 0.10% 2 [M+H+Na]2+ 

1558.76 Water - 16 [M+CHCA+Na]+ 

Melittin 1434.375 CHAPS 0.10% 2 [M+H+Na]2+ 

1434.375 SDS 0.10% 2 [M+H+Na]2+ 

1434.375 Water - 17 [M+H+Na]2+ 
 

Table 11: Overview of detected ions with less replicates than n=3 for samples and n=9 for the water control for ‘other’ 
additives. 

Analyte m/z Additive Dilution Number of 
replicates 

Type of ion 

Melittin 721.685 Urea 4 M 2 [M+3H+K]4+ 
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3. Conclusion and future work

First and above all, the general applicability of LAP-MALDI for high sample throughput
was shown. Standards were analysed at 5 samples/s and even for extracts from complex
biological samples, analysis speeds of 1 sample per second were achieved. From there,
substantial changes to the hardware used in the ionisation source were made. The
upgrade to a laser with a higher laser pulse repetition frequency allowed the creation of
more ions per time unit and hence the increase of analysis speed (NB: more stringent
health and safety regulations had to be met as those lasers are often classified as type
4 lasers). Next, sample plate manipulation was improved by installing a more powerful
translational stage, which additionally allowed the movement of larger objects due to
an increased range of movement. This was used to replace the manufacturer-specific
target plates (1/4 MTP-format) with standardised MTP-format targets which allows
a more automated sample preparation. To accommodate both types of target plates,
the software for sample movement was adjusted and a new holder was designed and
manufactured (see Appendix A.2).

In this work, LAP-MALDI was used with a commercially available QToF instrument.
The chosen mass spectrometer proved to be well suited for high-speed analyses. Although
ions are not continuously detected in orthogonal ToF instruments, duty cycles have
increased significantly with time. The advantage of ToF detection over Fourier-transform
instruments is the independence of mass resolution from the speed of analysis (for time
dependence of FT see Muller et al.). Besides the influence of the transient time in
trapping instruments, the coupling with the ionisation source is more difficult due to the
necessity to synchronise the arrival of ions with trapping.63 Although QToF instruments
are in general well suited for fast analyses, the instrument software needed to be adapted
to get a more temporally resolved read-out with less dead-time (ISD). Faster electronics
and improved data processing were sought to further increase the data quality for high-
speed analyses.
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Here, an analysis speed of over 40 samples per second was demonstrated. Most other
MS-based techniques report speeds lower than 5 samples/s, with the exception of IR-
MALDESI with 22 samples/s. ESI and ESI-derived techniques suffer from the rate-
limiting sample introduction, while non-contact sampling as found in AMI or MALDI-
derived methods is inherently faster. Additionally, lower sample volumes are required
and the risk of cross-contamination is reduced. From those non-contact based techniques,
LAP-MALDI was shown to offer the highest sample throughput compared to any other
mass spectrometric method presented in the literature (see Table 1.3). Further im-
provements might be possible by increasing the density of sample spots as discussed in
section 2.3. The theoretical limitation of the analysis speed is given by the width of each
ion signal per desorption/ionisation event (for example measured as full width at half
maximum (FWHM)). For LAP-MALDI a FWHM of around 3ms was reported.133 In
contrast, for ADE 105ms were described.120

Besides analysis speed, the signal stability is important to consider when analysing large
sample sets. Here, CVs of < 10%, for one analyte < 5% were reported at 9 samples/s
(see section 2.3). For higher speeds, higher CVs were obtained. A similar behaviour was
described for IR-MALDESI, for which values between 6 and 25 % were obtained at 0.53
and 0.8 samples/s.63 For slower techniques like the ESI-based RapidFire better CVs of
1.7 %135 were reported. In a direct comparison between MALDI and ESI screens, higher
CVs were reported for the faster MALDI assay.136 Hence, the stability of the method
needs to be carefully evaluated, especially for very high acquisition speeds. Hardware
modifications as described below might help to achieve low CVs at high analysis speeds
although some applications might still require to lower the speed in order to increase the
reproducibility.

When choosing between the available techniques for a mass spectrometry-based screen,
factors other than the speed of acquisition, such as ease-of-use, costs of acquisition and
operation, versatility and availability need to be considered. Many of the presented
ionisation techniques for HTS are commercialised in a vendor-specific way (ESI: Rapid-
Fire from Agilent, DESI: DESI-XS from Waters, MALDI: PharmaPulse from Bruker,
ADE: ECHO from Sciex). In contrast, IR-MALDESI and LAP-MALDI are not com-
mercialised yet. The operation of the LAP-MALDI source is largely manual and requires
skilled workforce as well as special safety precautions due to the open-beam laser. These
drawbacks can be addressed in the future through a more automated and re-designed
setup as found in the commercial products. The example of MALDI has shown that
laser-based methods can be applied in a variety of environments other than research
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and the required level of training can be lowered to a cost-effective level by automation
(e.g. ”sweet-spot hunting” is alleviated by rastering algorithms and intensity checks). In
a similar way, LAP-MALDI can be further developed to facilitate its use and enhance
reproducibility.

Here, software changes were made to enable the acquisition of several samples in one data
file and subsequent data slicing (see sections 2.3 and 2.4). To further facilitate the use
of LAP-MALDI, an easier workflow from laser alignment and focussing (see statement
about optical setup below) to the actual data acquisition would be desirable. First steps
into this direction were taken by integrating the laser control, sample introduction and
data acquisition into a one-button control software (see Appendix A.3). This Arduino
script can not only control the laser but can also be used within a sample list (to analyse
a set of samples). In contrast, the use of Waters Research Enabling Software (WREnS)
(see section 2.4) allows labelling of scans with the sample position, which facilitates
data processing. A future possibility would be to integrate the Arduino script into the
WREnS script. This would allow the use of advanced features like the labelling of scans
with the sample position while controlling external components such as the laser. For
future experiments, this setup could be used to easily analyse large sample sets or, in
conjunction with the features of WREnS, screen for the best analysis conditions by
varying the source conditions. Additionally, when using the acquisition from the sample
list, each sample set could be analysed in full scan mode first and subsequently, one or
multiple fragmentation experiments could be carried out. A similar approach has been
demonstrated for the screening of chemical reactions.56

HTS is a special application of high-speed analyses as normally no replicates are mea-
sured. To improve inter-day reproducibility of LAP-MALDI, in particular for HTS ap-
plications, three main points should be addressed. Firstly, the robustness of the optical
setup could be improved. Namely, the incidence angle (in respect to the inlet tube and in
respect to the x axis) probably has an effect on the generated ion signal (also see131) and
should be precisely controlled. If choosing a very small angle combined with a short focal
length, the use of a lens with a central bore137 around the inlet tube might be beneficial.
To facilitate the laser focussing, a motorised lens mount could be implemented.

Secondly, the use of disposable target plates will eliminate the risk of contamination of
individual sample locations. The presence of residual compounds, including salts, can
significantly change the obtained mass spectra as shown in section 2.4. Many MALDI
manufacturers like Bruker and Shimadzu already offer disposable substrates.
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Thirdly, the distance between the target plate and inlet tube as well the positioning
of the sample in front of the inlet tube needs to be constant across the whole plate to
ensure an equal electric field and laser focus. With the holder designed in this work
(see Appendix A.2), a fine angle adjustment is not possible, hence, the CVs of below 10
% presented in section 2.3 were only achieved over a small range of sample locations.
To overcome this limitation, a re-design of the holder, for example by incorporating a
gimbal-mount, would be beneficial. Also, a spring to fix non-ferromagnetic plates as
those from Bruker should be integrated. With the perspective of an automated plate-
loading system using robotic translocation, an easier sliding-in of the target plate would
be desirable.

The versatility of the different HTS methods in terms of accessible analytes certainly
depends on the underlying mechanism of ionisation. In the proof-of-principle work pre-
sented here, HTS using LAP-MALDI was shown for complex biological matrices (milk),
small molecules, enzymatic assays and peptides. Thanks to the creation of multiply
charged ions, the screening of collisionally-induced peptide fragments was shown as well.
This is a clear advantage over conventional MALDI for which mainly singly charged ions
are created which are inherently more difficult to fragment. The analysis of enzymatic
assays using LAP-MALDI is only possible offline, as enzymatic reactions are quenched
when mixing with matrix. This ”discontinuous” mode of analysis is also true for con-
ventional MALDI and DESI (see Table 1.3). During an initial screen this endpoint
evaluation of an enzymatic reaction is sufficient. However, non-interfering techniques,
such as IR-MALDESI, ADE and AMI offer the additional possibility to study the en-
zyme kinetics. Although this is might not be possible by LAP-MALDI, a similar method
without need for the matrix138 could be used.

When studying enzymatic activity, the appearance and disappearance of small molecule
substrate or products are monitored. However, for some assays such as binding studies,
the monitoring of large molecules or complexes is required. The fast analysis of such large
molecular weight analytes has been a main advantage of conventional MALDI over most
ambient ionisation techniques. Recently, the fast analysis of proteins and antibodies was
shown for ADE (1 sample/s)139 and IR-MALDESI (22 samples/s).140 For LAP-MALDI
this remains to be shown. The analysis of medium-sized proteins using LAP-MALDI is
possible40 and should be further evaluated in the context of HTS. Especially, the growing
interest in biologics141,142 has led to an increased demand in fast and specific analytical
tools to ensure their high quality production143 and efficient use in treatment.
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Most of the ionisation techniques used for HTS do not require an extensive sample prepa-
ration as this would limit the throughput. However, compounds present in these assays
might interfere with the detection of analyte signal. Although some general guidance
on ”mass spectrometry-friendly” reagents exist, the susceptibility of different ionisation
techniques to various additives will vary as their exact mechanism of ionisation is differ-
ent. As shown in section 2.4, LAP-MALDI analysis is influenced by many compounds
frequently present in biochemical assays. The results obtained from this systematic
study will guide future assay development.

One mayor challenge for high-speed analysis is the fast preparation of samples. Ideally,
these should be analysed without the need for time-consuming steps. In contrast to ESI,
an additional step for mixing with the matrix is necessary. For future applications, an
automated sample preparation would be beneficial. The development of LSM without
glycerol comes handy in less viscous liquids are easier to handle. For mixing the sample
with matrix and spotting it onto target plates, liquid handlers with multiple channels
are most suitable. They are very time-efficient as the channels (for example 96 or 384)
are used simultaneously. As only less than 1µL of sample is needed (see section 2.3)
for analysis, devices which can reproducibly deliver small volumes are required (see
Appendix A.4). Most systems operate using a relatively narrow volume range which
limits the field of application and exhibit lower precision for small volumes which are
of interest for LAP-MALDI. For instance the CV for dispensing 0.5µL using the CyBio
Well Vario is 10% (see Appendix A.4). A system specialised on sub-µL liquid handling
is the Mosquito from SPTLabTech. A spool with positive displacement tips is used to
deliver 8 or 12 samples at a time. So, a 384-MTP can be spotted in 3min. The Mosquito
is reported to give 3% accuracy even at the lowest volume (25nL).

In principle, two modes of mixing the sample and matrix exist. Both liquids can be
delivered to the target and mixed on target or the liquids can be mixed in larger volumes
prior to spotting. The latter is more accurate as larger volumes are used and is required
if a direct analysis from MTP is desired. As the required volume of matrix increases,
the reagent costs for the matrix would be slightly higher. For example, the analysis of
1 million compounds in 1536-well MTP with a working volume of 10µL would require
approximately 652 plates and 5L of matrix. The current prices (merck.com, 13.02.2023)
for LC-MS water (2.5L, 28£, cat. no. 1.15333), acetonitrile (2.5L, 173£, cat. no.
1.00029) and 𝛼-CHCA (5 g, 327£, cat. no. 70990) would mean that for one sample
around 0.01 pence needs to be spent for the matrix. For 384-well MTPs with a working
volume of 20µL around 10L of matrix are required, i.e. 0.02 pence/sample. In contrast,
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the costs for one pipette tip (eppendorf.com, cat. number 0030076044, 13.02.2023) are
around 11 pence. This highlights on one hand that additional liquid handling steps
should be avoided, as even when re-using tips time and reagents for the washing are
required. On the other hand it shows that miniaturisation of the sample preparation
can significantly reduce the reagent costs.

Due to the number of samples typically encountered in HTS, the direct analysis from
MTP in which the assays are prepared is beneficial and has been shown for IR-MALDESI103

and ADE.62 For DESI,144 LAP-MALDI and conventional MALDI92 an additional trans-
fer to the substrate is necessary. For future applications, a direct analysis from MTP
would be desirable. This would reduce the required steps (only mixing, which is possi-
ble with normal liquid handling already routinely used in industry), avoid the need for
specialised liquid handlers and potentially reduce costs.

In general, requirements for a suitable LAP-MALDI substrate are chemical resistance,
low-cost, a non-contaminating composition (polymeric structures), a suitable surface-
structure to hold droplets (also see surfactant section in section 2.4) and electrical con-
ductivity. For the use of MTP as substrates the most challenging requirement to fulfil
is the conductivity to allow charge separation (see section 1.2 and Appendix A.1). This
can be achieved by using coated MTPs or ones produced from electrically-conductive
plastic. LazWell™plates normally used for LDTP-APCI have a continuous end-to-end
conductive bottom which could facilitate electrical connectivity. In general, these special
MTPs are expensive but the decreased costs from reduced liquid handling steps could
still outweigh the investment. A possibility to avoid the need for a conductive plate
material is to use a floating voltage as for example used in AMI.

To use MTP for LAP-MALDI analysis routinely, some adjustments to the mechanical
and optical setup would be necessary. A schematic drawing is given in Appendix Figure
A.7. The positioning of the laser optics, namely the last mirror becomes more difficult as
only a narrow range of incidence angles 𝛼 allows the laser beam to irradiate the sample
without hitting the inlet tube or the walls of the MTP.

Another challenge arises from the z-positioning of the MTP. The current analysis from
stainless-steel substrates uses a distance between target plate and inlet tube of around
3mm. When using MTPs the distance between the surface of the sample and the inlet
tube might vary due to different fill levels. A constant distance could be achieved by
adjusting the translational stage in z-axis to ensure optimal laser focussing. Similar chal-
lenges are known from MALDI imaging experiments using samples of varying thickness.
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To circumvent this, a confocal distance sensor has been mounted in line with the laser
beam to determine and adjust the distance of the sample.145 A similar approach was
used by the Spengler group to correct AP-MALDI sample height by laser triangulation
using a visible light diode.146 A low-cost alternative is the determination of the plate
position along the z-axis for different fill levels for a set of MTPs as a set calibration.
Between the liquid dispensing and the LAP-MALDI analysis an optical fill level deter-
mination147 can be carried out. This method might not be sensitive enough to detect
small volume changes between wells but is able to find failed liquid transfers.

When adjusting the z-positioning of the plate, this could mean that the inlet tube
protrudes into the cavities of the plate. Firstly, this would result in electrical arcing as
the distance between the, supposedly electrically conducting, plate and the inlet tube
is reduced. Secondly, conditions of the developing plume probably change dramatically
due to the space restrictions and changes in gas flow.

In summary, the current work presents LAP-MALDI as a high-speed ionisation technique
for mass spectrometry. Highly competitive acquisition times were obtained and ideas to
further develop the technique were given.
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A. Appendix

A.1. Estimation of the optical penetration depth

Equation A.1 states how the electric field at the inlet tube 𝐸𝐶 can be calculated from
the applied potential 𝑉𝐶 , the outer radius of the inlet tube 𝑟𝑐 and the distance between
the target plate and the inlet tube 𝑑.13 The electric field in LAP-MALDI is of the same
order of magnitude as in ESI, which is typically 10 · 106V/m.13 Thus, charge separation
in the liquid sample will likely occur.

𝐸𝑐 =
2𝑉𝐶

𝑟𝑐𝑙𝑛(
4𝑑
𝑟𝑐
)
=

2 * 3 500V
1.587 5 · 10−3m * 𝑙𝑛( 4*3mm

1.587 5mm)
= 2.2 · 106Vm−1 (A.1)

The material ejection can be described by analogy with conventional MALDI using equa-
tions 1.1 and 1.2. In contrast to conventional solid-state MALDI, the optical penetration
depth in LAP-MALDI needs to take into account the dilution of the matrix compound
(see Equation A.2). As anticipated the penetration depth is significantly longer as the
matrix compound is more diluted. This estimation does not take into account any sur-
face accumulation effects but assumes homogeneous distribution of the compounds in
the droplet.

𝐴 = 𝑙𝑜𝑔10(
𝐼0
𝐼
) = 𝜖𝑐𝑙

𝐼𝛿 = 𝐼0
1

𝑒

from the absorbance measurement we know: 𝐴𝑐 = 𝜖𝑐𝑙

at the penetration depth: 𝐴𝛿 = 𝑙𝑜𝑔10(𝑒) = 𝜖𝛿𝑐

using 𝜖c from above: 𝛿 =
𝑙𝑜𝑔10(𝑒)𝑙

𝐴𝑐

𝛿 =
𝑙𝑜𝑔10(𝑒)1 cm

0.99
= 0.44 cm

(A.2)
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The measured absorbance can be compared to the calculated value assuming uniform
attenuation:

𝐴 =
𝑁∑︁
𝑖=1

𝐴𝑖 = 𝑙
𝑁∑︁
𝑖=1

𝜖𝑖𝑐𝑖

𝐴

𝑙
= 𝑐𝑤𝑎𝑡𝑒𝑟𝜖𝑤𝑎𝑡𝑒𝑟 + 𝑐𝑀𝑒𝐶𝑁 𝜖𝑀𝑒𝐶𝑁 + 𝑐𝐶𝐻𝐶𝐴𝜖𝐶𝐻𝐶𝐴 + 𝑐𝑃𝐺𝜖𝑃𝐺

𝐴

𝑙
= 17.342𝑀 + 5.984𝑀 + 0.017𝑀 * ((18, 300 + 17, 100)𝐿𝑐𝑚−1𝑚𝑜𝑙−1

2
) + 5.106𝑀

(A.3)

The pH of the matrix preparation is close to the pkA of 𝛼-CHCA. Hence, it can be
assumed that the neutral and singly deprotonated species are present at similar propor-
tions (see Figure A.1). At 337nm, the molar absorption coefficients are 18.300Lcm−1𝑚𝑜𝑙

for the neutral and 17.100Lcm−1𝑚𝑜𝑙 for the singly deprotonated species.148

Using 𝛼 of 9.2 ·10−8m2/s149 for ethylene glycol and the speed of sound in liquid glycerol
of 1 850ms−1,150 stress and thermal confinement times can be estimated (see Equations
A.4 and A.5).

Thermal and stress confinement times are several orders of magnitude longer than the
laser pulse duration. The energy deposited into the liquid sample by the laser radiation
is estimated to lead to the spallation-like ejection of material from the sample.

𝜏𝑠𝑡𝑟𝑒𝑠𝑠 =
𝛿

𝐶𝑠
=

0.44 · 10−2m
1 850ms−1

= 2.4 · 10−6 s (A.4)

𝜏𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝛿2

𝛼
=

(0.44 · 10−2m)2

9.2 · 10−8m2/s
= 210 s (A.5)

It can be assumed that large clusters of charge-separated liquid are ejected from the
sample. Under atmospheric conditions, evaporation of the solvent and collision of parti-
cles with themselves and ambient air will likely lead to the formation of smaller droplets.
The ionisation of the analyte within the droplet is thought to occur according to similar
processes as in ESI.
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Figure A.1.: Influence of pH on 𝛼-CHCA protonation. Calculated with MarvinSketch 22.13.
Molecular structures of most common species are overlaid.
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A.2. Design of the target plate holder

The existing holder for the sample plates is shown in Figure A.2. With increasing
numbers of samples, the wish for a more automated sample preparation grew and the
idea of using MTPs was developed.

Figure A.2.: Original target plate holder

In conjunction with the new translational stages offering an extended travel range, a
CAD design was developed. The printed part is shown in Figure A.3a. With increasing
analysis speed and acceleration of the new stages, the high voltage connection proofed
unstable. Hence, an aluminium strip was incorporated into the design (see Figure A.3b).
The part was equally printed on a 3d-printer and the threads for attaching the strip were
subsequently made.

A redesign of version 2 was necessary as its surface was not completely flat. Additionally,
standard MTP could not be fitted as there was not enough space in z direction (between
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(a) Target holder V1 (b) Target holder V2

Figure A.3.: Target holder designs, version 1 und 2.

the translational stage and the inlet tube). The new design is thinner albeit the edges
were designed slightly higher, so that thicker target plates from Bruker can be mount
more easily. Furthermore, an angle correction was integrated by using set screws at the
outer positions to control the distance between the base plate and the plastic holder.
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(a) Aluminium baseplate (b) 3d-printed plate holder

(c) Front view (d) Back view

Figure A.4.: Third version of the target plate holder. The xy position can be slightly adapted by
using the countersunk nylon screws. M3 set screws can be used to tilt the plate.
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A.3. Synchronisation

The python code used for automated sample movement used in section 2.3 is presented
below. In contrast to code used with the previous translational stages, the new ones
allow usage of ascii instead of binary code which facilitates coding. The scripts allows
a flexible movement of the translational stage including rastering different plate sizes or
repeatably analysing selected samples as used when collecting data on CVs.

Code A.1: Python code for automated sample movement

# -*- coding: utf-8 -*-
"""
Created on Tue Oct 27 09:11:54 2021
@author: Henriette
"""

from zaber_motion import Library, LogOutputMode
from zaber_motion.ascii import Connection,SettingConstants,Stream
from zaber_motion import Units
import time

Library.enable_device_db_store() #downloads device information and makes it
available for later offline use

def homing(axis):
#only necessary after being powered off
axis.home()
return

def go_to_start(x,y):
axis_x.move_absolute(x)
axis_y.move_absolute(y)
axis_x.move_relative(-2,Units.LENGTH_MILLIMETRES)
time.sleep(3)

def snake_nostop():
for x in range(7):

axis_x.move_relative(23*4.5,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(-4.5,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(-23*4.5,Units.LENGTH_MILLIMETRES)
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axis_y.move_relative(-4.5,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(23*4.5,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(-4.5,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(-23*4.5,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(-2,Units.LENGTH_MILLIMETRES)
return

def snake_extend():
for x in range(7):

axis_x.move_relative(23*4.5+4,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(-4.5,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(-23*4.5-4,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(-4.5,Units.LENGTH_MILLIMETRES)

axis_x.move_relative(23*4.5+4,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(-4.5,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(-23*4.5-4,Units.LENGTH_MILLIMETRES)
return

def big384_plus_labels(x,y):
axis_x.move_absolute(x)
axis_y.move_absolute(y)
axis_x.move_relative(-4.3,Units.LENGTH_MILLIMETRES)
time.sleep(2)
for x in range(7):

axis_x.move_relative(25*4.5,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(-4.5,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(-25*4.5,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(-4.5,Units.LENGTH_MILLIMETRES)

axis_x.move_relative(25*4.5,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(-4.5,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(-25*4.5,Units.LENGTH_MILLIMETRES)
return

def snake_withstops():
wait_time = 0.03
for y in range(8):

for x in range(24):
axis_x.move_relative(4.5,Units.LENGTH_MILLIMETRES)
time.sleep(wait_time)

axis_y.move_relative(-4.5, Units.LENGTH_MILLIMETRES)
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time.sleep(wait_time)
for x in range(24):

axis_x.move_relative(-4.5,Units.LENGTH_MILLIMETRES)
time.sleep(wait_time)

axis_y.move_relative(-4.5, Units.LENGTH_MILLIMETRES)
time.sleep(wait_time)

return

def rows():
axis_y.move_relative(2*-2.25,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(24*2.25+2,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(-2.25,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(-24*2.25-2,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(-2.25,Units.LENGTH_MILLIMETRES)
return

def rows_loop():
axis_y.move_relative(6*-2.25,Units.LENGTH_MILLIMETRES)
for x in range(300):

axis_x.move_relative(24*2.25+3,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(-2.25,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(-24*2.25-3,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(2.25,Units.LENGTH_MILLIMETRES)

return

def rows_96():
axis_y.move_relative(-6*4.5,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(12*4.5+2,Units.LENGTH_MILLIMETRES)
#axis_y.move_relative(-4.5,Units.LENGTH_MILLIMETRES)
#axis_x.move_relative(-12*4.5-2,Units.LENGTH_MILLIMETRES)
#axis_y.move_relative(-2.25,Units.LENGTH_MILLIMETRES)
return

def velocity(axis, speed):
axis.settings.set("maxspeed", speed, Units.VELOCITY_MILLIMETRES_PER_SECOND)
return

def acceleration(device):
device.settings.set("accel", 1,

Units.ACCELERATION_MILLIMETRES_PER_SECOND_SQUARED)
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return

def stream(device):
device.stream.setup_store(1,1)
return

def circle():
axis_y.move_relative(-4*4.5,Units.LENGTH_MILLIMETRES)
#axis_x.move_relative(2*4.5,Units.LENGTH_MILLIMETRES)
for x in range(24):

axis_x.move_relative(8*4.5,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(-4.5,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(-8*4.5,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(4.5,Units.LENGTH_MILLIMETRES)

return

def circle_extended():
#axis_y.move_relative(-4*4.5,Units.LENGTH_MILLIMETRES)
#axis_x.move_relative(2*4.5,Units.LENGTH_MILLIMETRES)
for x in range(6):

axis_x.move_relative(10*4.5,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(-4.5,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(-10*4.5,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(-4.5,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(10*4.5,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(-4.5,Units.LENGTH_MILLIMETRES)
axis_x.move_relative(-10*4.5,Units.LENGTH_MILLIMETRES)
axis_y.move_relative(3*4.5,Units.LENGTH_MILLIMETRES)

return

with Connection.open_serial_port("COM4") as connection:
device_list = connection.detect_devices()
#print("Found {} devices".format(len(device_list)))
device_x = device_list[0]
axis_x = device_x.get_axis(1)
device_y = device_list[1]
axis_y = device_y.get_axis(1)
velocity(axis_x,50)
velocity(axis_y,50)
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go_to_start(133322,59260)
circle_extended()
#rows_96()
#snake_extend()
#big384_plus_labels(8866,140539)
#Homing is only necessary after power cut
#Library.set_log_output(LogOutputMode.FILE, "motion_library_log.txt")

To facilitate automatic sample measurement, different components of the setup, namely
sample movement, laser emission and mass spectrometric data acquisition, were merged
into one control software. The Synapt G2-Si mass spectrometer has a simple interface
for ”contact closure”. Normally used for interfacing liquid chromatography devices, the
instrument was configured to await a TTL signal to start the acquisition. In a similar
way, the Flare NX laser can be run in the so-called ”gated mode”, which means that the
laser is firing with the set PRF as long as the event input voltage is applied.

To generate the required 5V TTL signal, an Arduino micro-controller was used. The
manufacturer of the translational stages offers the possibility of an add-on (so-called
”shield”) to provide an interface between the Arduino and the stages. A picture of the
device is shown in Figure A.5. Thanks to the provision of libraries and minimal working
examples from Zaber, a script was written to control the three devices (see code A.2).
The code is loaded to the Arduino micro-controller and executed. When the experiment
is prepared (sample plate is loaded, laser is turned on, etc.), the script can be started
by pressing ”s” on the keyboard of the acquisition computer. Similarly, the script can
be stopped by pressing ”e”. A delay between the start of the different components was
introduced to account for the time needed to start of the data acquisition or move to
the first sample.

Synapt

Laser

Stage

Figure A.5.: Arduino Uno microcontroller with Zaber shield X-AS01.
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acquisition pc
Arduino Uno

start Shield

MS

Stage

5V TTL in Event 1
-> Start

Laser
5V TTL: on

stage position current position

move

Figure A.6.: Scheme of controlling the mass spectrometer, laser and translational stages with the
Arduino Uno microcontroller and Zaber shield.

Code A.2: Arduino code to control translational stage, start the laser and mass spectrometer

/*
Read serial port and start/stop experiment (synapt data acquisition, laser

firing, stage movement)
*/
#include <ZaberAscii.h>

int laser = 3; // the pin the laser is connected to
int synapt = 6; // the pin the Synapt is connected to

// Specify the device number and axis number for the X and Y axes of the scan.
const int X_DEVICE_ADDRESS = 1;
const int Y_DEVICE_ADDRESS = 2;
const int X_AXIS_NUMBER = 1;
const int Y_AXIS_NUMBER = 1;

// unit conversion: microstep size to micrometers (for X-LSQ-B)
const float X_MICROSTEP_SIZE = 0.49609375;
const float Y_MICROSTEP_SIZE = 0.49609375;

// how many microsteps make up a millimeter,
#define X_uSTEPS(mm) (long int)((mm) * 1000.0 / X_MICROSTEP_SIZE)
#define Y_uSTEPS(mm) (long int)((mm) * 1000.0 / Y_MICROSTEP_SIZE)

//convert microsteps to mm ?
#define ToMm(steps) (float) ((steps) * X_MICROSTEP_SIZE / 1000)

// convert speed from mm/s?
#define SPEED_UNIT(mm_s) (long) (((mm_s) * 1.6384) / (X_MICROSTEP_SIZE / 1000))
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//convert acceleration from mm/s²?
#define ACCEL_UNIT(mm_s2) (int) ((mm_s2) * 1.6384 / (10000 * (X_MICROSTEP_SIZE

/ 1000)))

// Startposition in microsteps
const unsigned long X_FIRST_POINT = 9891;
const unsigned long Y_FIRST_POINT = 142486;

//Initialise Timing
unsigned long synaptMillis;
const unsigned long laserDelay = 1000; //delay between synapt trigger and

laser trigger
const unsigned long stageDelay = 1100; //delay between synapt trigger and

stage start
bool triggerLaser = false; //will be changed to true when start signal is

received
bool triggerStage = false; //will be changed to true when start signal is

received

// for serial port reading
char rx_byte; //initialise character received by serial

// initialise bools for encoder loop
bool stageXBusy = true;
bool stageYBusy = true;

// Helper to report errors.
bool check_error(ZaberAscii::reply reply)
{
if (reply.isRejected)
{
Serial.println("Error: device " + String(reply.deviceNumber) + " rejected a

command.");
return true;

}

return false;
}

ZaberShield shield(ZABERSHIELD_ADDRESS_AA);
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ZaberAscii za(shield);

//set paramters of Zaber stage (speed, acceleration)
void Zaber_Settings() {
za.send(X_DEVICE_ADDRESS, X_AXIS_NUMBER," set maxspeed", SPEED_UNIT(100));
za.receive();
za.send(Y_DEVICE_ADDRESS, Y_AXIS_NUMBER,"set maxspeed", SPEED_UNIT(100));
za.receive();
za.send(X_DEVICE_ADDRESS, X_AXIS_NUMBER,"set accel", ACCEL_UNIT(1000));
za.receive();
za.send(Y_DEVICE_ADDRESS, Y_AXIS_NUMBER,"set accel", ACCEL_UNIT(1000));
za.receive();
Serial.println("Stage parameters set");

}

void Zaber_StartPosition(){
za.send(X_DEVICE_ADDRESS, X_AXIS_NUMBER,"move abs",X_FIRST_POINT);
za.receive();
za.send(Y_DEVICE_ADDRESS, Y_AXIS_NUMBER,"move abs",Y_FIRST_POINT);
za.receive();
za.pollUntilIdle(X_DEVICE_ADDRESS);
za.pollUntilIdle(Y_DEVICE_ADDRESS);
Serial.println("Stage in start position");

}

void Zaber_EncoderPos(){
while (stageXBusy == true || stageYBusy == true){
za.send(1,1, "get encoder.pos");
ZaberAscii::reply reply = za.receive();
if (!reply.isReply){
Serial.println("*** Received a non-reply message from device " +

String(reply.deviceNumber) + ".");
}
else if (reply.isRejected){
Serial.println("*** A command was rejected by device " +

String(reply.deviceNumber) + ".");
}
else{
Serial.println( String(reply.deviceNumber) + ", " +

String(reply.responseData));
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}
if (!reply.isBusy) {
stageXBusy = false;

}
za.send(2, 1, "get encoder.pos");
ZaberAscii::reply answer = za.receive();
if (!answer.isReply){
Serial.println("*** Received a non-reply message from device " +

String(answer.deviceNumber) + ".");
}
else if (answer.isRejected){
Serial.println("*** A command was rejected by device " +

String(answer.deviceNumber) + ".");
}
else{
Serial.println( String(answer.deviceNumber) + ", " +

String(answer.responseData));
}
if (!answer.isBusy){
stageYBusy = false;

}
}
stageXBusy = true;
stageYBusy = true;

}

void Zaber_MoveSnake(){
for (int i = 0; i <= 7; i++) {

za.send(X_DEVICE_ADDRESS, X_AXIS_NUMBER, "move rel", X_uSTEPS(23*4.5));
za.receive();
Zaber_EncoderPos();
za.pollUntilIdle(X_DEVICE_ADDRESS);
za.send(Y_DEVICE_ADDRESS, Y_AXIS_NUMBER, "move rel", Y_uSTEPS(-4.5));
za.receive();
Zaber_EncoderPos();
za.pollUntilIdle(Y_DEVICE_ADDRESS);
za.send(X_DEVICE_ADDRESS, X_AXIS_NUMBER, "move rel", X_uSTEPS(-23*4.5));
za.receive();
Zaber_EncoderPos();
za.pollUntilIdle(X_DEVICE_ADDRESS);
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za.send(Y_DEVICE_ADDRESS, Y_AXIS_NUMBER, "move rel", Y_uSTEPS(-4.5));
za.receive();
Zaber_EncoderPos();
za.pollUntilIdle(Y_DEVICE_ADDRESS);

}
}

void Zaber_GetPosition(){
za.send(X_DEVICE_ADDRESS, X_AXIS_NUMBER, "get pos");
ZaberAscii::reply reply = za.receive();
long x = reply.responseData;
Serial.println("X Position: (" + String(x) + ") " );
za.send(Y_DEVICE_ADDRESS, Y_AXIS_NUMBER, "get pos");
long y = reply.responseData;
Serial.println("Y Position: (" + String(y) + ") " );

}

void stopAll(){
digitalWrite(laser, LOW);
digitalWrite(synapt, HIGH);
za.send(X_DEVICE_ADDRESS,X_AXIS_NUMBER,"stop"); //maybe try estop, but could

cause damage
za.send(Y_DEVICE_ADDRESS,Y_AXIS_NUMBER,"stop");

}

void startTimed(){
digitalWrite(synapt, HIGH);
pinMode(synapt, OUTPUT);
synaptMillis = millis();
digitalWrite(synapt, LOW); //synapt acquisition trigger
Serial.println("Synapt triggered");
triggerLaser = true;
triggerStage = true;
Zaber_Settings(); //start stage setup
Zaber_StartPosition();

}

void setup(){
shield.begin(115200);
Serial.begin(115200);
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}

void loop() {
if (Serial.available()) {
rx_byte = Serial.read();
if (rx_byte == 115) {
Serial.println("Start");//character s is interpreted in ASCII as 115
startTimed();
}

else if (rx_byte == 101) { //character e is interpreted in ASCII as 101
Serial.println("Stop");
stopAll();
}

else{
Serial.println("Invalid input");
}

}
unsigned long currentMillis = millis();
if (triggerLaser == true){
if (synaptMillis - currentMillis > laserDelay) {
digitalWrite(laser, HIGH);
Serial.println("Laser triggered");
triggerLaser = false;

}
}
if (triggerStage == true){
if (synaptMillis - currentMillis > stageDelay) {
//start stage movement
Serial.println("Stage rastering starts");
Zaber_MoveSnake();
triggerStage = false;

}
}

}
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A.4. Liquid handling devices for small volume dispensing

Several types of liquid handlers exist: most use exchangeable tips which can be rinsed
or discarded, while some systems use continuous channels to dispense the liquid (for
example from the company M2-Automation GmbH, Berlin, Germany). Those devices
have reduced the costs for consumables but require more time due to the washing steps
and have an increased risk of cross-contamination. Hence, liquid handlers without tips
are more suited for repeated dispensing of the same liquid. A third option besides tips
and channels is the use of pins. Those small features are dipped into the solution which
covers the pins externally, although slotted versions are available for higher volumes.
When in contact with a surface or liquid, a defined volume is dispensed. This volume
depends for example on the type of liquid, the depth of immersion and the speed of
movement. CVs of 3% to 5% are reported by V&P Scientific Inc. and costs are approx-
imately $ 4000. Those pin tools can be operated manually or combined with a robotic
arm. So, they can be a first step when analysing larger sample sets before investing into
more elaborate robotic solutions. The pins are available as re-usable or disposable ver-
sions, so the risk of cross-contamination can be adjusted depending on the application.
A completely non-contact liquid dispensing technology is the acoustic transfer of liquids
in the nL range. This technology is widely used in drug screening procedures to deliver
DMSO-based compound libraries.151 In contrast, the Andrew+ system is not designed
for high-throughput applications but provides an automated but versatile platform. The
robotic arm can accommodate pipettes of different volume ranges and numbers of chan-
nels. It is more useful for earlier stages of the sample preparation.

https://www.m2-automation.com
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A.5. Direct analysis from MTP xxxiv

A.5. Direct analysis from MTP
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Figure A.7.: Possible setup for the direct LAP-MALDI analysis from a MTP using a 384-well
flat bottom plate from Greiner (catalogue number 781101). The inlet tube’s outer
diameter is 1/16” (inner diameter 0.04”). The laser beam is reflected by a 7 mm
mirror hold by a fixed mirror mount (MFM7/M from Thorlabs) before reaching the
sample.
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