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Abstract 

In recent years, there has been a growing interest in the study of small molecules (e.g. metabolites, 

lipids, drugs) as they play important roles in various research areas, including biomedicine, 

biotechnology, environmental science and drug discovery. Mass spectrometry (MS) has become a 

predominant technology to analyze these low molecular weight compounds. However, the analysis 

of small molecules by the established matrix-assisted laser desorption/ionization (MALDI) MS 

technique can be difficult because of the interference generated by the matrix in the low m/z range. 

Therefore, new innovating ionization techniques that do not require an organic matrix have been 

developed. Among these alternatives is surface-assisted laser desorption/ionization (SALDI) MS, 

which relies on nanostructured surfaces to promote the desorption/ionization process. Yet, the 

implementation of this novel ionization technique introduces new challenges, which include the 

understanding of the fundamental mechanisms that govern the SALDI process, and the 

optimization of the experimental factors. In particular, the design and optimization of the assisting 

nanosubstrates are not straightforward, because of the wide range of available nanomaterials (in 

terms of chemical nature and morphology), characterized by different properties, which impact the 

performance of the SALDI MS experiments. Thus, it is essential to find a model to compare the 

capabilities of the SALDI nanosubstrates, in order to optimize their characteristics based on the 

same reference. In this context, thermometer ions have been used as reference compounds to test 

novel instrumentation, new methodologies, or to tune instruments. In this article, we review the 

study of thermometer ions in SALDI MS, which have enabled to rationalize the effect of the 

experimental factors (i.e. the nanosubstrate morphology and chemical nature, and the instrumental 

settings) on the performance of SALDI MS experiments. These studies allow the rational design 

of optimized nanosubstrates for advanced applications, such as SALDI MS imaging, which will 

be discussed at the end of this article. 

Keywords: analytical performance, benzylpyridinium ions, chemical nature, instrumental 

settings, model analytes, morphology, nanosubstrates, SALDI 

 

Résumé  

Optimisation de la spectrométrie de masse par désorption/ionisation laser assistée par 

surface. La quête du Saint Graal basée sur l'étude des ions thermomètres. Au cours des dernières 

années, l'étude des petites molécules (telles que les métabolites, les lipides et les médicaments) a 
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suscité un intérêt croissant car celles-ci jouent un rôle important dans divers domaines de 

recherche, comme la biomédecine, les biotechnologies, les sciences de l'environnement ou encore 

la découverte de médicaments. La spectrométrie de masse (MS) est devenue une technologie de 

choix pour analyser ces composés de faible poids moléculaire. Cependant, l'analyse des petites 

molécules par désorption/ionisation laser assistée par matrice (MALDI, qui est une des techniques 

de référence en MS) peut s'avérer difficile en raison des interférences générées par la matrice dans 

la gamme des faibles m/z. C'est pourquoi de nouvelles techniques d'ionisation qui ne nécessitent 

pas de matrice organique ont été développées. Parmi ces alternatives, on retrouve la 

désorption/ionisation laser assistée par surface (SALDI), qui repose sur l’utilisation de surfaces 

nanostructurées pour promouvoir les processus de désorption/ionisation. Cependant, la mise en 

œuvre de cette nouvelle technique d'ionisation présente de nouveaux défis, notamment la 

compréhension des mécanismes fondamentaux qui régissent les processus SALDI et l'optimisation 

des facteurs expérimentaux. En particulier, la conception et l'optimisation des nanosubstrats ne 

sont pas simples, en raison de la large gamme de nanomatériaux disponibles (en termes de nature 

chimique et de morphologie), caractérisés par différentes propriétés, qui ont un impact sur la 

performance des expériences de SALDI MS. Ainsi, il est essentiel de trouver un modèle pour 

comparer les capacités des nanosubstrats SALDI, afin d'optimiser leurs caractéristiques sur base 

d'une référence commune. Dans ce contexte, les ions thermomètres ont été utilisés comme 

composés de référence pour tester de nouveaux instruments, de nouvelles méthodologies ou pour 

ajuster les paramètres instrumentaux. Dans cet article, nous passons en revue l'étude des ions 

thermomètres en SALDI MS, qui ont permis de rationaliser l'effet des facteurs expérimentaux 

(notamment la morphologie et la nature chimique du nanosubstrat, et les paramètres 

instrumentaux) sur la performance des analyses en SALDI MS. Ces études permettent la 

conception rationnelle de nanosubstrats optimisés pour des applications avancées, telles que 

l'imagerie SALDI MS, qui sera discutée à la fin de cet article.   

Mots-clés : performance analytique, ion benzylpyridinium, nature chimique, paramètres 

instrumentaux, analytes modèles, morphologie, nanosubstrats, SALDI 

 

1. Introduction 

Mass spectrometry (MS) is an analytical technique, which allows measuring the mass-to-

charge ratios (m/z) of ions in the gas phase. Therefore, as neutral molecules will not be detected, 

the first step in mass spectrometry is to create charged particles from the sample molecules, and 

to transfer the ions into the gas phase. These steps take place in the ion source of the mass 

spectrometer. There are many different ionization techniques [1]. For example, ions can be formed 

by electron bombardment (i.e. electron ionization, EI) [2], by chemical reactions with an ionized 

reagent gas (i.e. chemical ionization, CI) [3], by evaporation of charged droplets (i.e. electrospray 

ionization, ESI) [4], [5], or by irradiation with a laser beam (i.e. laser desorption/ionization (LDI) 

techniques), which may be supported by an assisting material, as in matrix-assisted laser 

desorption/ ionization (MALDI) [6]–[8], for example. The ions are then sent to a mass analyzer, 

which separates the ions according to their m/z. There are several properties (which are dependent 

on the m/z) that can be used to separate ions [1], including their time of flight in a drift tube (i.e. 

time-of-flight (TOF) analyzers), their cyclotron resonance frequency in a fixed magnetic field (i.e. 

Fourier-transform ion cyclotron resonance (FT-ICR) analyzers), or the stability of their trajectories 
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in oscillating electric and/or magnetic fields (i.e. quadrupole, ion trap and orbitrap analyzers). The 

“sorted” ions finally reach the detector of the instrument, and the signal is converted into a mass 

spectrum showing the signal intensity of the ions as a function of their m/z value (Figure 1).  

 

Figure 1. Example of a mass spectrum acquired during the 

analysis of the p-methylbenzylpyridinium thermometer ion. The 

detected ions correspond to the p-methylbenzylpyridinium ion 

(m/z 184.1) and its fragment ion (m/z 105.1). 

Therefore, mass spectrometry can be used to identify compounds (by associating the m/z value 

to an exact mass, and then to a chemical formula), to study their structure and properties, and under 

certain conditions to quantify them. Thus, you will easily understand why mass spectrometry has 

become an essential technique, not only to answer fundamental questions, but also to help solving 

the challenges faced in biology [9]–[11], food safety [12], biomedical sciences [13]–[15], 

environmental sciences [16] and forensics [17], for example. 

 

1.1. MALDI mass spectrometry 

Among all the ionization sources, soft ionization techniques, in particular ESI and MALDI, 

really brought about major change in the whole mass spectrometry area, by allowing the analysis 

of intact large biological molecules (such as proteins). The discovery of ESI by John B. Fenn and 

MALDI by Koichi Tanaka led to the 2002 Nobel Prize in Chemistry, highlighting the importance 

of these two MS techniques for the entire scientific community.  

The main difference between MALDI and previous ionization techniques based on laser 

irradiation is the use of a “matrix”, which is typically a low molecular weight organic compound, 

able to co-crystallize with the molecules present in the sample (Figure 2). The matrix plays a key 

role in MALDI MS by (i) protecting the analytes from direct laser irradiation (which limits their 

fragmentation), (ii) assisting the desorption (through the absorption of the laser energy and its 

transfer to the analytes), and (iii) promoting the ionization of the analytes (usually by 

(de)protonation). 

https://doi.org/10.25518/0037-9565.10993


Bull. Soc. R. Sci. Liege, 2022, 91(1), 105-127      doi:10.25518/0037-9565.10993 

 

108 

 

 

Figure 2. Examples of MALDI matrices. 

Several theoretical models have been proposed to explain the desorption and ionization 

processes in MALDI, but the overall process remains unclear. Without going into details, two 

mechanisms have been proved to occur in parallel [18], namely (i) the “gas-phase protonation 

model”, which assumes that laser irradiation initially leads to the ablation of a cluster of neutral 

molecules, which are then charged by collisions with matrix ions in the gas phase, and (ii) the 

“Lucky Survivor model”, stating that all ions are preformed (i.e. they already exist in the sample 

before laser irradiation).  

However, while MALDI MS has revolutionized the study of macromolecules, this technique 

is not the most suitable for the analysis of small molecules (< 700 Da) [19], [20]. Indeed, upon 

laser irradiation, the organic matrix is also desorbed, ionized, and potentially fragments and/or 

forms clusters, along with the desorption/ionization of the compounds of interest [21]. The 

desorption and ionization of all these species may lead to messy mass spectra, filled up with lots 

of interfering signals (especially in the low m/z range), which might hinder the detection of low 

molecular weight analytes. In other words, looking for the signals of the analytes of interest would 

be like looking for a needle in a haystack.  

Nevertheless, the study of small molecules (e.g. metabolites, lipids, drugs) has become a 

crucial task, mainly in life sciences. Indeed, small molecules have been found to play critical roles 

in biochemical processes, such as the development of a disease or intercellular communications. 

The study of small molecules in cells and biological tissues may help disease diagnosis and 

biomarker discovery, for example. Hence, alternative techniques that do not require the addition 

of an organic matrix have been developed to enable the analysis of small molecules. 

 

1.2. SALDI mass spectrometry 

Among these alternatives is a technique called “SALDI” for surface-assisted laser 

desorption/ionization [21], [22]. The acronym “SALDI” will be used throughout this article to 

describe all derived methodologies, including for example desorption/ionization on silicon 

(DIOS), nanostructure-initiator MS (NIMS), and nanopost array (NAPA) MS, so as not to confuse 

the readers with the intricate nomenclature associated with this group of techniques [21]. Instead 

of using organic matrices, SALDI MS relies on the use of nanostructured surfaces to assist the 

desorption/ionization of the analytes [21], [23]–[26]. The nanostructured surfaces used in SALDI 

MS can be classified into three general types: coatings of suspended nanomaterials (e.g. spherical 

nanoparticles, nanowires) [27], [28], sputtered metal nanoclusters [29], and nanostructured solid 

substrates (e.g. porous silicon, nanopillar arrays) [30], [31] (Figure 3).  
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Figure 3. SEM images of SALDI nanosubstrates. (A) silver nanoparticle‐enhanced target 

(AgNPET), (B) etched Ag substrate, (C) TiO2 nanowire (NWs) substrate, (D) DIOS 

nanosubstrate, (E) functionalized porous TiO2 film immobilized with gold nanoparticles 

(AuNPs‐FPTDF), (F) NAPA platform, and (G) gold‐coated black silicon substrate (AuBSi). 

Reprinted with permission from W.H. Müller et al. (2022) Mass Spectrom. Rev., 41(3), 373–

420. Reference [21]. 

One of the main advantages of the SALDI nanosubstrates lies in the near absence of 

interference generated in the low m/z region during their laser irradiation, which makes SALDI 

MS particularly interesting for the study of small molecules [21], [32], [33]. Moreover, the 

nanosubstrates have many other advantages that drive the development of the SALDI MS 

technique. These include for example their dual-polarity capabilities, which allow the analysis of 

the samples in both ionization modes with the same nanosubstrate (i.e. the nanosubstrate assists 

the formation of both positively and negatively charged species, which can be detected in the 

positive and negative ionization modes, respectively) [34], [35]. This asset is particularly 

important for the study of molecule families that are detected in the two ionization modes, some 

preferentially in the positive and others in the negative ionization mode. This is for example the 

case of lipids [36]. The nanosubstrates also usually offer higher signal reproducibility compared 

to MALDI matrices [37], [38]. Another major advantage is the controlled and adjustable design, 

especially of the solid nanostructured substrates, which enable to optimize the performance of the 

SALDI MS experiments. For example, the modification of the nanosubstrate surface chemistry 

allows improving the selectivity (e.g. the addition of a silver coating enhances selectivity towards 

long‐chain unsaturated hydrocarbons [39]), and the limits of detection (e.g. functionalization with 

superhydrophobic ligands leads to droplet confinement and enrichment of the analytes in a small 

spot [40], [41]).  

Due to these many advantages, SALDI MS is developing rapidly, and has for example recently 

been used to visualize phospholipids in cancerous tissues in the perspective of cancer diagnosis 

[42], to analyze poisons in human serum [43], and to detect drugs in environmental samples [44]. 

However, the implementation of this novel ionization technique introduces new challenges, which 

include the understanding of the fundamental mechanisms that govern the SALDI process, and the 

optimization of the experimental factors.  
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2. How to optimize SALDI MS experiments? 

Before it can be applied in a practical context, for example, in a hospital or in a quality control 

laboratory, an analytical technique has to be mastered and optimized. However, the optimization 

of a mass spectrometry technique is not as straightforward as it seems. Indeed, the Holy Grail 

would be a MS technique that efficiently produces ions (i.e. with intense signal intensity and 

controlled fragmentation), which would be the ions of interest (i.e. selective method), detected 

with a good mass resolution and accuracy (allowing the confident analyte identification), and 

which would be detected even in very small quantities (i.e. good limits of detection), all with a 

good spatial resolution in the case of imaging experiments (see section 3). Of course, the 

optimization of all these parameters at once would be a utopia, and analysts usually have to decide 

on which analytical feature to base the optimization of the technique. In other words, the 

optimization consists in studying how changes in experimental factors affect a particular analytical 

parameter, such as the intensity or the reproducibility of the signal. The optimal conditions for the 

analysis can then be found by understanding the impact of the studied experimental factors.  

In SALDI MS, the probed experimental factors will include the instrumental settings but also 

the characteristics of nanosubstrates (e.g. bulk composition, surface chemistry and morphology), 

which play a key role in the SALDI process by absorbing the laser energy, enabling a rapid and 

sharp increase in the surface temperature. Yet, the design and optimization of the assisting 

nanosubstrates is not straightforward, because of the wide range of available nanomaterials (in 

terms of chemical nature and morphology), characterized by different properties, which impact the 

performance of the SALDI MS experiments. Thus, it is essential to find a model to compare the 

capabilities of the SALDI nanosubstrates, in order to optimize their characteristics based on the 

same reference. Moreover, the systematic study of the experimental factors affecting the 

performance of SALDI MS would be crucial not only for the rational selection and optimization 

of the SALDI nanostructured surfaces for analytical applications, but also from a fundamental 

point of view. Indeed, as for MALDI, the understanding of the fundamental mechanisms 

underlying the desorption and ionization processes in SALDI is still a significant challenge, 

although several studies have attempted to rationalize the SALDI mechanisms [21], [45], [46]. 

Briefly, the desorption is thought to mainly occur via thermal processes, including the rapid and 

highly localized heating of the nanosubstrate surface, coupled with heat confinement effects, 

resulting from the interaction of the laser with the substrate nanostructure [21], [45], [47]. Some 

other non-thermal processes may also help the analyte desorption, such as laser-induced surface 

restructuring or destruction [21], [47]. On the other hand, ionization is thought to occur mainly via 

non-thermal processes, but remains misunderstood as it can be promoted by several phenomena, 

including charge transfers, photo-ionization reactions or surface melting/destruction [21], [48].  

2.1. Study of thermometer ions, the model analytes used as a reference 

Among all analytical parameters that can be investigated during MS experiments, the energy 

transfers are one of the most fundamental characteristics of an ion source [49]. These energy 

transfers occur between the “primary” energy source (e.g. the laser in SALDI MS) and the 

analytes. The energy can be transferred as kinetic (allowing efficient analyte desorption) and 

internal energy (which may induce fragmentation of the ions prior to detection [50]) [51]. The 
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amount of internal energy that is transferred will drive the proportion of surviving “intact” 

molecular ions as opposed to their fragment ions formed in the ion source. Understanding these 

energy transfers between the laser, the nanosubstrate (as an intermediary) and the analytes is 

important to optimize the desorption efficiency (and thus the analyte signal intensity) but also to 

control the extent of fragmentation, which may be required (for structural characterization) or not 

(for molecular mass determination). 

In the 90’s, our laboratory, and in particular Edwin De Pauw and coworkers, developed a 

method for estimating the internal energy distribution of ions produced in soft ionization mass 

spectrometry experiments [52]–[54]. This method relies on the use of so-called “thermometer 

ions” (so named because their internal energy distribution can be characterized by means of a 

parameter having the dimension of a temperature) [55]. In practice, De Pauw and coworkers 

proposed to study the fragmentation of benzylpyridinium (BP) ions (Figure 4), used as 

thermometer ions, with the survival yield method [52]–[54].  

 

Figure 4. (left) Fragmentation of the substituted benzylpyridinium 

“parent ion” leading to the formation of the “fragment ion” and neutral 

pyridine. (right) Scale of the dissociation energy threshold (E0) of the 

thermometer ions, depending on the substituent. 

Several compounds have been used as “thermometers ions”, such as transition-metal carbonyl 

complexes [56], tetraethylsilane ions [56], [57], tetraphenylborate ions [58], and peptides [59], but 

the benzylpyridinium salts have several advantages over these other thermometers ions. First, 

benzylpyridinium ions are believed to have a very simple fragmentation pattern, which is an 

important requirement for thermometer ions [60]. Their fragmentation consists in the simple 

cleavage of the C-N bond between the benzyl C and the pyridine N, leading to the loss of neutral 

pyridine and the formation of the substituted benzyl cation as the only fragment [45], once the 

internal energy of the thermometer exceeds the dissociation energy threshold, E0 (Figure 4). This 

E0 threshold depends on the nature and position of the R substituent [61] (Figure 4). In other 

words, the observation of fragment ions in the mass spectra implies that enough internal energy 

has been transferred to the parent ions to cross the E0 energy threshold [60]. Second, 

benzylpyridinium salts are pre-ionized compounds, already existing as charged species associated 

with a counterion in the solid phase or as adsorbates. Their study can therefore focus on the 

desorption and the fragmentation processes, separately from the ionization process [62].  
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Thermometer ions can thus be used to probe both the desorption efficiency and the internal 

energy transfer. The desorption efficiency (DE) is simply the sum of the signal intensities of the 

“parent” (e.g. [M]+ in Figure 4) and “fragment” (e.g. [M-79]+ in Figure 4) thermometer ions: 

𝐷𝐸 = 𝐼𝑃𝑎𝑟𝑒𝑛𝑡 + 𝐼𝐹𝑟𝑎𝑔𝑚𝑒𝑛𝑡 

where IParent and IFragment indicate the intensity of the parent and fragment thermometer ions, 

respectively.  

On the other hand, the extent of internal energy transfer can be evaluated though the 

fragmentation of the “thermometer ion”. To this end, the relative proportion of the surviving intact 

“parent ions” of the thermometer to the total intensity of desorbed thermometer ions (both the 

parent and the fragment ions) is calculated. This proportion represents the survival yield (SY) of 

the thermometer ion, defined as: 

𝑆𝑌 =
𝐼𝑃𝑎𝑟𝑒𝑛𝑡

𝐼𝑃𝑎𝑟𝑒𝑛𝑡 + 𝐼𝐹𝑟𝑎𝑔𝑚𝑒𝑛𝑡
 

Low survival yield values mean that the thermometer ion fragments a lot, and so that a high 

amount of internal energy has been transferred to the thermometer ion.  

Benzylpyridinium ions have been widely used as reference compounds in different MS 

techniques, to test novel instrumentation, new methodologies, or to tune the instruments [21], [55], 

[60], [63]. Thus, BP ions are interesting model analytes for the study of the SALDI processes, and 

for the investigation of the experimental factors (specific to the nanosubstrate and to the 

instrumental settings) impacting the SALDI MS performance, in the perspective of optimizing 

both the characteristics of the nanosubstrates and the experimental conditions, based on a common 

reference. In particular, the investigation of the desorption and fragmentation of the BP ions during 

SALDI MS experiments allowed to understand (at least partially) how the nanosubstrate 

morphology and chemical nature affect the SALDI MS analyses, and to monitor the optimal 

instrumental settings for efficient desorption and controlled fragmentation of the analytes.  

2.2. Investigation of the nanosubstrate morphology 

As previously said, the nanosubstrate plays a significant role in SALDI MS analyses, thus the 

optimization of its characteristics is essential. For instance, the nanosubstrate morphology has been 

reported to be a significant factor affecting the desorption efficiency and the degree of 

fragmentation in SALDI MS [58], [64]–[66]. Even if optimal SALDI performance is often 

achieved by a combination of factors acting synergistically rather than a particular characteristic 

of the nanosubstrate [67], some structural aspects proved to be particularly crucial. The study of 

benzylpyridinium ions has helped to understand the influence of the nanosubstrate structural 

properties on the SALDI processes. The key aspects, including the dimensions [68], [69] and 

dimensionality [69]–[72] of the nanostructures, their orientation (e.g. nanowires in a random cross-

linked network vs. aligned nanowires) [68], [70], and the surface voidage [66] (i.e. the percentage 

of air on the surface of the nanostructure [58]), are mainly responsible for efficient thermal energy 

confinement, which is required to ensure a drastic increase in the surface temperature, promoting 

efficient analyte desorption [21], [22], [47]. For example, in one-dimensional structures such as 

nanorods and nanotubes, the heat conduction is hampered as the thermal energy can only dissipate 
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in the axial direction, which leads to energy confinement and thus, high desorption efficiency [70]. 

On the contrary, in two or three-dimensional nanostructures such as nanosheets, the thermal energy 

is not confined, and can freely dissipate in multiple directions, leading to a low desorption 

efficiency [70]. The increase in the surface temperature can also be caused by a reduction of the 

surface thermal conductivity by increasing the surface voidage [58], [67], for example by 

increasing the porosity of the substrate [58], [67], or by increasing the wall-to-wall distance in 

nanowall substrates [66]. Finally, the dimensionality also impacts the energy transfers in the plume 

(i.e. all material vaporized from the sample, including analyte ions, sometimes nanosubstrate ions, 

and neutrals). In one-dimensional nanostructures (such as nanopores in porous silicon substrates), 

the plume expansion is confined in one direction in the pore structure, which maintains a relatively 

high plume pressure, and thus promotes energy transfers [70]. On the contrary, when the plume 

can expanse in three directions, the plume density drops rapidly and the energy transfers are limited 

[70], [73]. As an example, the survival yields of benzylpyridinium thermometer ions, acquired in 

SALDI MS with porous silicon were found to be lower than in MALDI MS with -cyano-4-

hydroxycinnamic acid (CHCA), and SALDI MS with a network of silicon nanowires (Figure 5) 

[72]. 

 

Figure 5: Survival yield of BP thermometer ions as a 

function of the laser fluence, acquired using CHCA in 

MALDI MS, and a silicon nanowire network and porous 

silicon in SALDI MS. Adapted with permission from G. Luo 

et al. (2006) J. Phys. Chem. B, 110, 13381–13386 © 2006 

American Chemical Society. Reference [70]. 

2.3. Investigation of the nanosubstrate chemical nature 

The chemical nature of the nanosubstrates (including the bulk composition and the surface 

chemistry) also has a significant impact on the SALDI performance, and can be easily tuned. For 

example, several functional groups can be used to modify the surface chemistry of the 

nanosubstrates by functionalization with specific ligands (e.g. silane ligands can react with silanol 
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groups (Si-OH) at the surface of silicon substrates, while thiol ligands (S-H) can be used to 

derivatize gold surfaces). However, the modification of the chemical nature of the nanosubstrates 

implies changes in the substrate properties, which will ultimately impact the performance of the 

SALDI MS experiments [48], [62], [74]–[81]. In this context, the study of thermometer ions also 

allowed to rationalize the effects of the nanosubstrate chemical nature on the desorption efficiency 

and survival yield examined in SALDI MS. 

For instance, the surface chemistry of solid nanostructured substrates and nanoparticles is 

commonly modified with (super)hydrophobic coatings (e.g. functionalization with 

(per)fluorinated ligands) [41], [82], [83]. The superhydrophobic nature of the surface leads to 

droplet confinement, and subsequent enrichment of the analytes in a very small area on the 

nanosubstrate surface, which ultimately improve the limits of detection [73]. In addition, this 

functionalization with superhydrophobic ligands modifies other properties, which have notably 

been studied using thermometer ions. For example, the superhydrophobic ligands decrease the 

surface wettability, which leads to a less complete penetration of the analytes into the nanopores. 

The analytes thus need less energy to be “extracted”, which leads to higher desorption efficiency 

[48]. The functionalization with superhydrophobic ligands also decreases the interaction energy 

between the surface and the analytes, which also leads to higher desorption efficiency [48], [58], 

[73], [74]. Moreover, the ligands also act as energy moderators, by absorbing a part of the laser 

energy transferred to the analytes, which leads to higher survival yields (i.e. less fragmentation), 

as shown in Figure 6 [58], [62], [73], [74].  

 

Figure 6. Survival yield of BP thermometer ions as a function of the laser 

fluence, acquired using perfluorophenyl-derivatized silicon 

microcolumn arrays and native silicon microcolumn arrays. Adapted 

with permission from J.A. Stolee et al. (2010) J. Phys. Chem. C, 114(12), 

5574–5581 © 2010 American Chemical Society. Reference [62]. 

Changes in the chemical nature can also impact the UV/Visible absorbance of the 

nanosubstrate. It is known that the desorption is mainly a thermal process engendered by the 
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heating of the substrate surface upon absorption of the laser energy (the common laser wavelength 

is 355 nm, in the UV region of the electromagnetic spectrum) [84]. A high absorbance in the 

UV/Visible is therefore required in SALDI MS. For example, the addition of gold on steel [85] 

and TiO2 [75] substrates was shown to lead to an increased desorption efficiency and energy 

transfer, in concordance with an increased UV/Visible absorbance of the substrates. The SY 

method also allowed to study the influence of the nature of noble metal nanoparticles on the 

internal energy transfers [78]. Again, increased energy transfer (i.e. lower survival yield) was 

correlated to higher UV/Visible absorbance of the nanoparticles (Figure 7) [78]. 

 

Figure 7. (A) Survival yield of BP thermometer ions as a function of the laser fluence, 

acquired using different noble metal nanoparticles, composed of silver, gold, palladium 

and platinum, respectively. (B) Photo-absorption of the noble metal nanoparticles. Adapted 

with permission from K. Ng et al. (2015) J. Phys. Chem. C, 119, 23708–23720 © 2015 

American Chemical Society. Reference [78]. 

2.4. Investigation of the instrumental settings 

Finally, even with model analytes and optimized nanosubstrates, the SALDI MS analysis can 

go wrong if the instrumental settings are not properly tuned. Indeed, the desorption efficiency and 

fragmentation are affected by the experimental conditions and the instrumental settings [86]. Some 

can be adjusted by the operator (e.g. laser power), while others are imposed by the instrumentation 

(e.g. geometry of the ion source). Recently, benzylpyridinium ions have been analyzed in our 

laboratory using silver-capped silicon nanopillar arrays as nanosubstrates, in the perspective of 

clarifying the impact of the instrumental settings in SALDI MS experiments. Some operational 

parameters of the RapifleX MALDI TOF-TOF mass spectrometer were examined, namely the 

laser power, the pixel size, the laser pulse repetition rate, the number of accumulated laser shots, 

and the duration of the pulsed delay extraction (which is a time delay between the ionization pulse 

and an accelerating voltage pulse used to temporally focus the ions produced in the ion source in 

order to improve the mass resolution). Among the studied parameters, almost all were found to 

have an impact both on the desorption efficiency and on the fragmentation of the BP ions, which 

underlines the importance of the instrumental settings optimization.  
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Figure 8. (A) Desorption efficiency of BP thermometer ions as a function of the 

laser power, acquired using silver-capped silicon nanopillar arrays. (B) Intensity 

of 107Ag+ ions as a function of the laser power, produced in parallel with 

benzylpyridinium ions during the silver-capped silicon nanopillar substrate 

irradiation. 

For example, the laser power was found to have a considerable impact on the desorption 

efficiency (Figure 8A), which was expected as the laser power is the operating parameter that 

enables to modulate the primary energy deposited on the sample. The increasing amount of energy 

transferred from the laser to the nanosubstrate (and then, to the thermometer ions) when the laser 

power is increased explains the raising trend of the desorption efficiency (Figure 8A) [37], [38]. 

Thus, during the optimization procedure, operators would be tempted to increase the laser power 

to get a high signal intensity. However, as shown in Figure 8A, beyond ~ 60-65% of the laser 

power, the behavior of the desorption efficiency changes. This change can be explained by the 

destruction of the irradiated nanosubstrate at high laser power values. This was confirmed by the 

dramatic increase in the intensity of silver ions (107Ag+) emitted by the silver-capped silicon 

nanopillars after laser irradiation at laser power values above ~ 60-65% (Figure 8B). Thus, the 

optimization of the laser power has to be a matter of trade-off between signal intensity, analyte 

fragmentation and substrate destruction. On the other hand, the study showed that the optimization 

of other instrumental settings (i.e. pixel size, pulsed delay extraction and number of laser shots) 

could be done by focusing only on the signal intensity of the ion of interest, as these settings have 

only a minimal effect on the fragmentation. 

3. Towards SALDI mass spectrometry imaging 

The ultimate goal of the optimization of the SALDI nanosubstrates is their use in practical 

applications, in order to meet the modern challenges faced in various research areas, such as the 

biomedical field [29], [87] and forensics [88], [89]. The use of the SALDI nanosubstrates in mass 

spectrometry imaging (MSI) analyses [90]–[92] is also a promising application. The growing 

interest in MSI is linked to the new valuable information brought by the imaging aspect, 

additionally to the analyte detection and identification offered by conventional mass spectrometry. 

Indeed, mass spectrometry imaging experiments allow visualizing the spatial distribution of the 
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molecules present in the samples [13], [90], [92], which can be as complex as biological tissue 

sections [13], [93], fingerprints [94], [95], bacterial colonies and cells [96].  

During MSI experiments, the spatial distributions of the compounds of interest are determined 

by acquiring a set of position-correlated mass spectra. Thousands of mass spectra are usually 

acquired over the entire analyzed area, and constitute the pixels that will be used to reconstruct the 

ion image of the sample. The ion image is the intensity map of a specific m/z signal, and represents 

the spatial distribution of the signal intensity associated with that specific m/z value (Figure 9).  

 

 

Figure 9. Schematic principle of mass spectrometry imaging experiments. 

 

In particular, the emergent SALDI MSI, requiring no organic matrix, represents a powerful 

alternative to the reference MALDI MSI technique, especially for the imaging of small molecular 

species. Indeed, as previously said, MALDI MS suffers from matrix-related limitations, and some 

issues are specifically impacting imaging analyses. For example, if the matrix is not applied 

homogeneously on the sample, the uneven matrix-analyte co-crystallization may lead to the 

production of “hot spots” (i.e. sample areas with more intense signals) and thus, to a lack of 

reproducibility [97], [98]. The “wet application” of the matrix (i.e. when the matrix solution is 

sprayed on the sample) may also lead to the delocalization of the analytes within the sample, and 

thus affect the accuracy of the ion images, which in turn can lead to misinterpretation of the MSI 

results [99]–[101]. On the contrary, the nanostructured substrates used in SALDI MSI generally 
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produce more reproducible signal intensities [37], [38], and some sample preparation procedures 

(e.g. metal sputtering) allow to perform SALDI MSI at high spatial resolution (with no analyte 

delocalization) [21], [39], [102]. 

Therefore, SALDI mass spectrometry imaging opens up new opportunities to provide 

unequaled insights, highly valuable in various scientific disciplines. For example, the visualization 

of the spatial distributions of small molecules in biological tissue samples may facilitate clinical 

diagnosis by identifying the regions where the pathology is delimited (Figure 10). Interested 

readers are invited to consult the review written by Müller W.H. et al. [21] to discover other SALDI 

MSI applications. 

 

Figure 10. H&E stain and SALDI mass spectrometry imaging of 

a cancerous ovarian tissue section highlighting the diseased areas. 

Credits: Alexandre Verdin 

However, the development of these advanced applications require to gain additional insights 

into the key mechanisms involved in the SALDI process. As seen throughout this article, 

thermometer ions can be valuable allies for the study of SALDI MS. Indeed, the studies of 

benzylpyridinium ions have enabled to understand general trends regarding the impact of the 

nanosubstrate characteristics and instrumental settings on the SALDI MS performance. However, 

benzylpyridinium ions are only model compounds, and are not fully representative of the analytes 
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that will be studied in actual samples (which may not behave exactly like the thermometer ions). 

In any case, it will also be necessary to optimize the analysis of the sample of interest. Moreover, 

the studies of benzylpyridinium ions generally focused on the analysis of dried-droplets of the pure 

thermometer ion solution. Actual samples are usually much more complex, especially in the 

context of imaging analyses. The samples may contain hundreds or even thousands of analytes, 

characterized by very different properties (e.g. mass, polarity, ionization efficiency). These 

applications will therefore need their own rigorous optimization procedures. The quest for the Holy 

Grail is still ongoing. 

4. Conclusion 

Over the past few years, surface-assisted laser desorption/ionization (SALDI) mass 

spectrometry (MS) has gained growing attention, mainly for the study of small molecules, as this 

technique does not suffer from matrix-related issues. The nanostructured substrates used in SALDI 

MS, which play a key role in the desorption/ionization processes, are responsible for the unique 

capabilities of this technique. Therefore, the optimization of the nanosubstrate characteristics (e.g. 

bulk composition, surface chemistry and morphology) is of prime importance. Yet, the 

optimization of the nanosubstrates may be challenging due to the diversity of available 

nanomaterials, characterized by a wide range of physico-chemical properties, which impact the 

SALDI MS performance. Therefore, a model to compare the capabilities of all SALDI 

nanosubstrates, in order to optimize their characteristics based on a common reference was highly 

desired. In this context, the study of the desorption and fragmentation of benzylpyridinium 

thermometer ions has provided some answers, by highlighting significant features (related to the 

nanosubstrate morphology and chemical nature, and to the instrumental settings) impacting the 

SALDI MS performance, and by rationalizing these impacts. These studies allow to optimize the 

engineering of the nanosubstrates and to find the appropriate experimental conditions for efficient 

desorption and controlled fragmentation in SALDI MS. The ultimate goal of the optimization of 

the SALDI nanosubstrates is their use in practical applications, such as SALDI MS imaging 

analyses, in order to meet the modern challenges. However, for these advanced applications, 

further optimization procedures are still required. 
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