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Imaging 

An image is a product that depicts a concept or visual perception of a subject, like a 

picture or painting. Images are captured by, e.g., optical devices such as cameras or biological 

organs like eyes. Images can be reconstructed or reproduced by drawing, painting, printing, 

or projecting the perception onto a material or screen. Images are highly valuable and stated 

“to be worth a thousand words.” This statement is a reference to the often high information 

density, comprising countless details, presented in a clear and straightforward fashion. Most 

images today are photographs, which are made with camera’s and capture subjects in space-

time. The same method is often used by many scientists and specialists to record, study and 

present their samples. When the relevant information is located on the microscopic scale, like 

in cells or their clusters, lenses are used to enlarge the images for their detailed study. The 

knowledge obtained in such a setting is limited to the information that is carried by and 

contained within the recorded light, such as color and spatial arrangement. For example, an 

image of a leaf is sufficient to identify the sample as a leaf, yet there is much more information 

within this leaf that cannot be accessed visually. Detailed information on (bio)molecules that 

are present within the leaf, like carbohydrate structures, metabolites, proteins, or administered 

pesticides is missing in optical images. With access to such information, biosynthesis areas, 

transport pathways, and storage locations, as well as immune or metabolism responses to 

stimulations, could all be monitored long before changes can be observed at the phenotypical 

level. The metabolism response of a leaf after infection by Plasmopara viticola is shown in 

Figure 1 by optical imaging and molecular imaging (fluorescence and mass spectrometry) 

techniques. In these images, an infection on the upper zone of the leaf is visible when 

measured with molecular imaging techniques, whereas no differences between the infected 

and the control area in the optical image are observed. Hence, molecular imaging enables the 

visualization, characterization, and measurement of biological processes, leading to a more 

detailed understanding of samples in their totality. 

 

Figure 1. Optical, fluorescence and mass spectrometry images of the same area on a leaf. The horizontal line shows 

the infected area (upper zone) and the control area (lower zone). Image was reprinted from 1, with permission from the 

American Chemical Society. 
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Molecular Imaging 

Many insightful observations on complex molecular processes in living cells, tissues 

and animals by molecular imaging platforms have already greatly advanced our 

understanding of biological systems.2,3 Several complementary molecular imaging 

techniques, including positron-emission tomography (PET),4 fluorescence (along with 

bioluminescence and phosphorescence) imaging and nuclear magnetic resonance imaging 

(MRI),5,6 can image different parameters of cellular function. In PET imaging, a radioactive 

probe is used to follow analytes of interest. This probe (which is based on an unstable isotope) 

can be incorporated in a new chemical entity to follow the location of the probe and its 

metabolites in ADME (absorption, distribution, metabolism, and excretion) studies, or attached 

to a biomolecule –like an amino acid or carbohydrate– to follow biosynthesis routes and local 

uptake. PET is a quantitative technique and allows the monitoring of relative changes over 

time, e.g., as a result of stimuli responses or disease progression. Additionally, PET provides 

excellent sensitivity to observe analytes even in the nanomolar range and can image with a 

spatial resolution of approximately a few mm.7,8 The main disadvantages of this technique are 

the expensive on-site synthesis of radioactive probes, the radioactivity of the probe and the 

fact that only the signal of the probe can be imaged. Hence, there is no differentiation between 

the labelled molecule and its metabolites, and any metabolism products without the probe 

remain unnoticed. Although PET is excellent for the imaging of single molecules, it provides 

little information on their interactions. Different approaches, including fluorescence imaging, 

are required to study those (bio)molecular interactions.  

Fluorescence imaging is a probe-based method too, exploiting rigid molecular 

structures that can significantly emit photons upon excitation by electromagnetic radiation 

instead of utilizing the radiation of an unstable atomic isotope. These probes consequently 

eliminate the drawbacks of radioactivity and the requirement for expensive on-site synthesis. 

They are however often unsuitable for incorporation in new chemical entities due to a much 

larger size, possibly disturbing metabolism by hampering selective protein interactions. These 

probes are most frequently designed for coupling with a biomolecule of interest, in that way 

visualizing sophisticated processes including protein complexation, motility, and metabolism.9 

Figure 2 shows a time-resolved fluorescence image of a tumor (encircled in red) bearing mice 

after injection with a probe that binds to tumor cells. Fluorescence imaging is regarded as a 

technique that provides complementary information that cannot be obtained with PET, like 

information contained within single cells or molecular interactions. Major drawbacks of 

fluorescence imaging techniques however are its need for fluorescent probes as well as a low 

tissue penetration depth. Nonetheless, the complementary information from the focus on 

interactions, an excellent sub-μm spatial resolution, and micromolar sensitivity ensures that 

fluorescence imaging is widely established for the imaging of analytes and/or their molecular 

interactions for superficial targets. PET and fluorescence imaging are thus mostly 
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complementary techniques, each providing a partial understanding of the total biological 

system.  

An alternative molecular imaging approach is MRI,10 which is commonly known for 

its analysis of the human body. The MRI signal is obtained by the alignment of endogenous 

nuclei with spins –like 1H, 13C, 19F– in a sample within a strong magnetic field, subsequent 

perturbation by a radio-frequency pulse, and detection of the relaxation signals.11-13 MRI, like 

PET, is not significantly limited by penetration depth and comprises a spatial resolution of 

approximately 0.1 mm. However, its very poor sensitivity is a major disadvantage. Additionally, 

the detection and identification of specific analytes in the presence of all endogenous cellular 

molecules is a daunting task. Therefore, probes were also introduced for MRI. These probes 

are generally designed to interact with target molecules and dramatically change the 

relaxation properties of protons in surrounding water molecules, improving selectivity and 

sensitivity.14 MRI is thus capable of detecting biomolecules and/or their interactions non-

invasively and deep within samples.  

The major disadvantages of all “probe-based” approaches are the need to identify 

the molecules of interest prior to the experiment to apply an appropriate label, and that all 

information obtained is only about these specific molecules, interactions, and pathways. In 

order to obtain a full understanding of the biological system all separate information is required 

to be combined and integrated into an underlying biological framework. While these 

approaches are and will always be important, many biological and clinical problems can only 

be solved with a “complete” or “systems” approach. The development of molecular imaging 

techniques that can directly measure multiplex molecular interactions and pathway 

connectivity is thus of absolute importance to advance the knowledge of biological systems in 

their totality. 

 

Figure 2. Time-resolved in vivo fluorescence imaging of a tumor bearing mice after tail injection of a fluorescent probe. 

Image was reprinted from 15, with permission from The Royal Society of Chemistry. 
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Molecular Imaging by Mass Spectrometry 

Mass spectrometry imaging (MSI) is a molecular imaging technique capable of 

simultaneously measuring numerous molecules with exceptional molecular specificity.16,17 

MSI is label free and can create molecular images of sample surfaces, like a biopsy or an 

entire animal tissue section. MSI therefore has great potential for disease diagnosis,18 

following disease progression,19 as well as to observe how a drug and its metabolites 

distribute.20,21 Besides biological samples, MSI can also be used in material sciences to obtain 

information on surfaces, such as modifications and defects.22,23 The potential and continuous 

development of MSI has resulted in a substantially increased popularity over the last two 

decades, which can be seen from the amount of publications on MSI since 1997 as depicted 

in Figure 3. However, there is still much room for improving sensitivity, spatial resolution, 

quantification aspects and structure elucidation.24 

 

Figure 3. Number of publications on “Mass Spectrometry Imaging” per year based on a SciFinder® search. 

 

Mass Spectrometry 

Mass spectrometry (MS) is an analytical technique that is suitable for qualitative and 

quantitative analysis of samples. MS analysis is achieved by ionization of molecules and 

subsequent detection of generated gas phase ions based on their mass-to-charge (m/z) ratio. 

The separation of ions on m/z is accomplished by exposing them to an electric or magnetic 

field. Various mass analyzers are available to perform the separation, each comprising 

distinctive characteristics. In classical magnetic sector instruments, ions with various m/z 

values undergo a different degree of deflection, bending the trajectories of the ions as they 

pass through the analyzer. Magnetic sector instruments are used to continuously measure a 

narrow m/z range at sub-ppm mass accuracy.25-27 Quadrupole instruments use oscillating 

electric fields to selectively stabilize the paths of ions passing through the parallel quadrupole 
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rods. The potential on the rods can be altered rapidly, allowing for a stable trajectory for a 

wide range of m/z values in a sequential process. The mass accuracy is at best 20 ppm, but 

quadrupole instruments are versatile and are often combined with other mass analyzers for 

tandem MS experiments.28 Ion trap instruments measure the orbital frequency of 

electrostatically trapped ions in space. Their mass accuracy is similar to quadrupole 

instruments, but ion traps can fragment ions in time, producing additional structural 

information.29 The orbital frequency of trapped ions can also be measured by trapping them 

in a magnetic field, like with Fourier transform ion cyclotron MS (FT-ICR) instruments. FT-ICR 

instruments comprise, like sector instruments, a sub-ppm mass accuracy, but as a trap based 

instrument, it has a slow scan rate.30 Orbitrap instruments trap ions in orbit around a central 

electrode; endcap electrodes are used for ion oscillation along the trapped axis, allowing the 

accurate measurement of the frequency of the ions along this axis. Orbitraps provide sub-ppm 

mass accuracy and have increased space charged capacity at higher masses as well as a 

larger trapping volume compared to FT-ICR instruments.31 Finally, time-of-flight (TOF) 

instruments measure the velocity of ions after subjecting them to an accelerating field.27,32,33 

TOF analyzers typically achieve 2-5 ppm mass accuracy, which allows for assessment of 

molecular formulas.34 Additionally, a rapid scan rate for the simultaneous measurement of a 

broad m/z range is a distinctive aspect for TOF mass analyzers.  

After ion separation on m/z their amount is determined by the detector, which is 

usually a counting device for charged species, like an electron multiplier tube or a 

microchannel plate detector. The more ions that reach the detector, the more counts will be 

recorded.35,36 Obtained data of separated ions and their intensities are displayed in a mass 

spectrum. Figure 4 shows an electrospray ionization mass spectrum of a caffeine solution. 

Protonated caffeine is detected accordingly to its elemental composition [C8H10N4O2+H]+ as 

m/z value 195.088.  

 
Figure 4. Electrospray ionization mass spectrum and chemical structure of protonated caffeine, detected at m/z 195.088. 
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As discussed above, mass spectrometry is only able to separate and detect gas-

phase ions. Any uncharged analytes are therefore required to be charged prior to MS analysis. 

Apart from classical ionization methods such as electron impact (EI) and chemical ionization 

(CI), various methods were developed for the generation of gas-phase ions, like electrospray 

ionization (ESI) and matrix-assisted laser desorption ionization (MALDI).27,37,38 In ESI an 

analyte solution flows through a metal capillary, and upon application of a high voltage, an 

electrostatic spray will be created at the capillary tip.39 The resulting charged microdroplets 

can be considered monodisperse and become smaller in size due to solvent evaporation and 

subsequent droplet fission.40,41 In the end, gas-phase ions are generated containing one or 

multiple charges. These charges are mostly the result of the addition or removal of a proton(s), 

however also adducts of, e.g., sodium or potassium cations can be observed. ESI is 

abundantly used for the analysis of compounds with a wide range of molecular weights, 

starting from small molecules (ca. < 500 Da) up to very high molecular weight (MDa) 

nonvolatile compounds such as proteins and their complexes, that can still be measured at 

relatively low m/z ranges due to multiple charges.42-44 Along with ESI, MALDI is one of the 

most important ionization methods for nonvolatile high molecular weight compounds. For 

instance, peptides, proteins, oligonucleotides, oligosaccharides, and synthetic polymers have 

been studied with MALDI-MS.45,46 In MALDI analytes are most frequently co-crystallized with 

an excess of matrix material, which absorbs the pulsed laser energy. Analytes are 

subsequently desorbed/ablated along with the matrix material and are protonated or 

deprotonated by and within the resulting hot plume of desorbed/ablated material before 

acceleration into the mass spectrometer.47 Small molecules are compatible with MALDI as 

well, although interfering signals derived from the MALDI matrix and poor reproducibility of 

signal intensities are main challenges below m/z 1000.48,49 

Additional molecular structural information and/or increased selectivity for analyte 

quantification can be obtained with tandem mass spectrometry (either in time: MSn, or space: 

MS/MS).50,51 Considering soft ionization techniques, e.g., ESI and MALDI, tandem MS is 

commonly achieved by precursor ion selection, subsequent fragmentation, and MS analyses 

of obtained fragments. These fragments contain information on specific substructures derived 

from the original structure, which assists in the structure elucidation of unknowns. Also, the 

sequence of building blocks in large molecules such as amino acids in proteins or monomers 

in polymers can be determined by tandem MS.52,53 Furthermore, the selection of a precursor 

ion together with a specific fragment will often increase selectivity and/or sensitivity of tandem 

MS due to a substantial reduction of interfering background ions comprising different 

fragmentation patterns. 

Mass spectrometric analysis is generally performed as a continuous measurement 

in time, recording consecutive MS spectra per time unit until the analysis is completed. The 

intensity of ions is then commonly provided in a graph versus time as, e.g., total ion current 

(TIC) for the sum of all ions, or extracted ion current (EIC) for a single m/z value. Because of 
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its great utility, structure elucidation capabilities, sensitivity, selectivity, and options for 

hyphenation with separation techniques like chromatography, electrophoresis, and ion 

mobility (IMS), MS has developed into a powerful and abundantly used analytical technique. 

 

Mass Spectrometry Imaging 

Mass spectrometry imaging (MSI) enables untargeted investigations into the spatial 

distribution of analytes. Two approaches were developed for MS image acquisition; the 

microprobe and microscope modes.16,54 Both approaches are depicted in Figure 5. In the 

microprobe approach a focused –e.g., laser/ion/charged droplet– beam is fired at a single, 

spatially defined spot on the sample.55 The coordinates of this spot along with the resulting 

mass spectrum are stored. Then the next spot will be targeted and another mass spectrum is 

recorded. This process is repeated in a step by step approach until the entire sample area 

has been analyzed. The molecular image can then be reconstructed from the spatially 

correlated mass spectra. In this approach, the spatial resolution of the image is corresponding 

with the focused beam spot size. Hence, a smaller spot size results in improved spatial 

resolution, but at the cost of decreased molecular information (due to a lower sensitivity as 

less sample material is injected) and longer analysis time (as a result of increased number of 

sample spot locations). The microprobe approach is the most abundantly used method, 

featuring wide compatibility with various ion sources and mass analyzers.  

In the microscope approach, a large unfocused –laser/ion– beam is directed at a 

spatially defined area on the sample.56-60 Sample material from this area is desorbed 

simultaneously and is recorded by a position-sensitive detection system (e.g., a specially 

modified microchannel plate), magnifying the image while retaining spatial information. This 

approach results in improved spatial resolution and a substantially reduced analysis time. 

Although favorable for rapid molecular image generation at high spatial resolution, the 

molecular information can only be recorded in a linear time-of-flight approach. This results in 

reduced molecular specificity as well as limited identification capabilities in comparison with 

microprobe mode studies utilizing high-resolution mass analyzers and/or MS/MS approaches. 
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Figure 5. Image reconstruction from spatial coordinates and corresponding mass spectra. Image was reprinted from 61, 

with permission from John Wiley and Sons. 

 

Aside from the microprobe and microscope approaches, MSI is typically a four-step 

process and involves sample pretreatment, desorption and ionization, mass analysis, and 

data processing. Most frequently biological samples are prepared (e.g., frozen and sectioned) 

prior to MSI analysis. These samples often require further pretreatment, which is a delicate 

step and mostly dependent on the subsequent ionization technique. In the perspective of 

molecular imaging in a “complete” or “systems” approach, essential aspects of sample 

pretreatment are to prevent the loss of molecular information as well as the delocalization of 

analytes. The classical and well-established desorption and ionization techniques for MSI are 

SIMS and MALDI (both methods are shown in Figure 6). SIMS was initially developed for 
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imaging of surfaces in the material sciences, like chips and semiconductors in the 1960s.62 

Imaging of biological samples was only introduced at the beginning of the 21st century.55 SIMS 

utilizes a beam of primary ions to bombard a spot on the sample surface, causing substantial 

molecular fragmentation and producing secondary ions out of surface molecules for MS 

detection. The sample spot size can be focused to only tens of nanometers,63,64 providing 

exceptional spatial resolution. The substantial fragmentation, in combination with the fact that 

only a small percentage of the surface molecules are ionized,65 limits the experimental mass 

range to approximately 1000 Da.66 SIMS is due to this limitation mostly used for the imaging 

of elements (Na, K, Ca, etc.) and small molecules (drugs, fatty acids, lipids) in biological 

samples.55,67-71 A lower degree of fragmentation can be obtained by applying a matrix to the 

surface –to absorb the high energy– or the incorporation of cluster ion sources.72-74 These 

methods substantially increase the sensitivity for molecules up to ca. 5000 Da, but also result 

in reduced spatial resolution due to the size of matrix crystals or ion clusters.75  

 

Figure 6. Ionization mechanisms for SIMS and MALDI ionization sources. Image was reprinted from 76, with permission 

from John Wiley and Sons. 

 

MALDI imaging was first introduced in the late 1990s where it was used for the 

imaging of peptides and proteins in biological samples.77 In MALDI, the sample is covered 

with a matrix that extracts and incorporates molecules from the surface. A laser, instead of an 

ion beam, is then utilized to desorb and ionize matrix and sample molecules before MS 

detection. Although the matrix limits the spatial resolution to ca. 10-20 μm, i.e., the size of 

matrix crystals,55,78 it drastically increases ionization efficiency for the analysis of molecules 

up to 200 kDa. MALDI causes little molecular fragmentation and provides high sensitivity in a 

wide mass range, which established MALDI as the leading method for peptide and protein 

MSI.16,76,79 Sample pretreatment is however also a limiting factor in MALDI (and SIMS) 

imaging. The application of a matrix prevents real-time analysis and can substantially affect 

the outcome of MSI, such as analyte losses and the delocalization of analytes.80,81 Cells will 

react to their environment and the often acidic and denaturing matrices can cause problems 

preserving intact protein configurations and complexes. The type of matrix material and its 

application process are also crucial parameters for obtaining high quality and reproducible 
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images, making it challenging for non-specialist users from other disciplines in biology and 

medicine.82-84 Image quality can also be affected by vacuum conditions in the MALDI or SIMS 

ion source and sample stage, disrupting or damaging biological samples when exposed.85,86 

Additionally, in case of combining MSI with other molecular imaging techniques (multimodal 

molecular imaging), both the matrix and vacuum conditions can cause several different 

challenges, ranging from matrix interferences to sample disruption. The investigating of 

samples in their native conditions would thus be a valuable development for MSI analysis.  

 

Ambient Mass Spectrometry Imaging 

Ambient mass spectrometry was introduced in 2004 to record mass spectra of samples under 

ambient conditions, without any sample pretreatment.87,88 Although ion transmission is 

reduced in comparison with vacuum approaches, a wide variety of ambient MS techniques 

was developed due to the importance of native analysis for biological samples. Ambient MS 

techniques follow three main principles: 1) ions are generated under ambient conditions 

before introduction into a mass spectrometer, 2) samples do not require any pretreatment, 

and 3) analytes are directly desorbed from the sample surface. Ambient techniques can be 

arranged according to their general ionization process, which is mostly based on the use of 

either an excited gas or charged solvent droplets. These groups are divided into CI –gas– 

related techniques, including ambient solid analysis probe (ASAP),89 direct analysis in real 

time (DART),88 desorption atmospheric pressure chemical ionization (DAPCI),90 dielectric 

barrier discharge ionization (DBDI),91 and plasma-assisted desorption/ionization (PADI),92 as 

well as ESI –solvent– related techniques, such as desorption electrospray ionization (DESI),93 

desorption sonic spray ionization (DeSSI),94 electrospray laser desorption/ionization (ELDI),95 

laser ablation electrospray ionization (LAESI),96 and neutral desorption extractive electrospray 

ionization (ND-EESI).97 An overview of ambient MS techniques is depicted in Figure 7.  

 

Figure 7. Techniques used in ambient desorption ionization. Image was reprinted from,98 with permission from Elsevier. 
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The technique widely established for ambient MSI is DESI.93 DESI is an adaptation of ESI and 

focusses a beam of charged ESI droplets onto the sample surface (depicted in Figure 8). 

Analytes are extracted by accumulated solvent on the surface, and subsequent collisions of 

ESI droplets with the wetted surface desorb secondary droplets with incorporated analytes for 

mass spectrometric analysis.99-101 The mass range for DESI analysis is limited to ca. 2000 Da, 

but DESI utilizes the same ionization mechanisms as ESI, and large molecules like proteins 

can still be measured as multiple charged ions.102-104 Also reagents can be added to the DESI 

solvent to perform online reactions with surface analytes for structure elucidation or sensitivity 

enhancements.105-109 DESI has a spatial resolution of about 200 μm, although the wetting of 

the sample surface can cause diffusion of extracted analytes. DESI requires flat samples, as 

height differences might cause the ESI needle to scratch the surface. 

 

Figure 8. Ionization mechanism for DESI. Image was reprinted from 76, with permission from John Wiley and Sons. 

 

While MALDI, SIMS, and DESI remain primarily utilized in the field of MSI, new 

techniques are continuously being developed. These techniques are often improvements on 

current methods or combinations of existing ionization sources. The endgame in MSI 

development would be a technique that is simple, rapid, sensitive, quantitative, reproducible, 

capable of native MSI in real-time, providing sub-cellular spatial resolution and images in a 

complete/systems approach. As DESI theoretically comprises many of these aspects, it would 

be interesting to remove some of its limitations. The spatial resolution and incompatibility with 

non-flat samples can be improved by making use of laser desorption as used in MALDI 

systems. Instead of a MALDI matrix, the laser energy can be absorbed by endogenous solvent 

molecules, like water. Desorbed analytes can then be post-ionized with ambient MS 

techniques. As CI based techniques are unsuitable for medium and large compounds, ESI is 

an excellent post-ionization choice for the next generation of mass spectrometry imaging, due 

to a considerable mass range coverage thanks to multiple charging and a soft ionization 

mechanism.  
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Ambient Laser Ablation Electrospray Ionization Mass Spectrometry Imaging 

Nemes and Vertes first described laser ablation electrospray ionization (LAESI) as a 

technique for in vivo analysis of biological samples at ambient conditions for MSI.96 LAESI 

exploits a 2940 nm mid-IR laser to target the -OH stretch vibration of endogenous water 

molecules in a sample. Ablated analytes are intercepted by charged microdroplets generated 

by an orthogonally placed electrospray emitter. Ionization occurs following the soft ESI 

mechanisms, thus intact molecular ions and adducts are often observed in LAESI mass 

spectra.110 An overview of the LAESI process is presented in Figure 9. The spatial resolution, 

as well as the sensitivity, are strongly related with the laser spot size; a smaller spot gives a 

better spatial resolution, whereas a larger spot provides better sensitivity due to more ablated 

sample material. LAESI MSI is then achieved following the microprobe mode by exploiting the 

laser x-y coordinates.  

 

Figure 9. Overview of the LAESI mechanism. 

 

LAESI applicability was successfully demonstrated in the analysis of tissue, food 

contaminants, and single cells.111-120 Yet, there is plenty of potential for LAESI development. 

The capabilities of LAESI analysis for materials that do not contain endogenous water to 

absorb laser energy is an exciting field for exploration. Combining LAESI with in-situ chemical 

reactions, aiming for enhanced sensitivity and selectivity, is an area that is also entirely 

unexplored. As high-resolution MS and MS/MS methods are frequently insufficient for 

unambiguous structure elucidation in ambient MSI, the development of additional approaches 

to confirm and identify biomolecules is of paramount importance in any untargeted study and 

should thus be investigated for LAESI. A combination of such developments could rapidly 

increase the scientific and social impact of ambient MSI. 
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Aim of this Research 

Molecular imaging provides information of samples on the molecular level, often long 

before visual changes can be observed. Several molecular imaging techniques are available 

to study and understand biological tissues and processes, like positron-emission tomography, 

fluorescence, and magnetic resonance imaging. These techniques however often require 

chemical probes and thus image in a targeted approach. As many biological questions can 

only be answered in a systems approach, molecular imaging methods that can simultaneously 

measure many molecules are desired.  

 

Mass spectrometry imaging is capable of measuring many molecules simultaneously 

without the use of chemical probes, additionally eliminating the requirement to identify 

compounds for probe design prior to analysis. Mass spectrometry imaging experiments 

frequently require vacuum conditions at the sample stage/ion source and extensive sample 

pretreatment such as matrix application. Vacuum conditions can disrupt or damage biological 

samples when exposed, and sample pretreatment prevents real-time analyses and can cause 

analyte losses, analyte delocalization and denaturing of proteins. Ambient ionization was 

introduced to measure samples under ambient conditions without any sample pretreatment. 

The ion transmission in ambient mass spectrometry imaging is however decreased in 

comparison with vacuum approaches, reducing the amount of molecular information. 

 

With the work described in this thesis, we aimed to improve the capabilities and 

broaden the scope of laser ablation electrospray ionization mass spectrometry imaging. The 

work is based on laser ablation combined with electrospray ionization, which exploits the x-y 

coordinates of a mid-IR laser for imaging in combination with the electrospray ionization 

mechanism for a considerable molecular mass range coverage. We aimed to enhance the 

technique’s sensitivity and/or selectivity by online chemical reactions following hardware 

improvements. We target rapid screening of molecular oxidation products, and improved 

structure elucidation approaches. Finally, apart from the established methods for biological 

samples, we alternatively intended to expand the scope and understanding of this technique 

for samples from material sciences. 
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Outline of this Thesis 

In order to broaden the scope of ambient laser ablation electrospray ionization (LAESI) mass 

spectrometry imaging, sample surface properties in the absence of endogenous water were 

investigated. Chapter 2 describes the analysis of several polymers containing amide or amine 

groups in the absence of water. For the analysis of finishes deposited on the polymer fibers, 

a thin layer of ice was accumulated on the fiber, as a laser absorbing matrix (IR-MALDESI). 

Imaging experiments were designed to detect synthetic fiber surface layer defects in a 

transient LAESI and IR-MALDESI mode. 

 

In Chapter 3, reactive LAESI was introduced for sensitivity and selectivity enhancements. 

Hardware improvements in the form of a reaction tube were implemented to enable online 

chemical reactions. “Click chemistry” reactions were studied online in a time-resolved way by 

using different reaction tube lengths to vary the time difference between the laser pulse and 

the onset of the MS signal. The feasibility of reactive LAESI mass spectrometry imaging was 

shown with the analysis of an image of the WUR logo containing a frozen model compound 

solution. 

 

The rapid screening of molecular oxidation products which are similar to phase I oxidation 

metabolism is shown in Chapter 4. Titanium dioxide (TiO2) was used as photocatalyst material 

for oxidation reactions. Two approaches were developed, a “static” approach in which glass 

slides were coated with TiO2 and sample solvent droplets on these slides were irradiated with 

UV light before LAESI analysis. The 2nd approach was an online time-resolved method 

exploiting a sample cup containing a TiO2 nanoparticle suspension, which could identify 

sequential oxidation steps. 

 

A new structure elucidation approach for ambient mass spectrometry was introduced in 

Chapter 5. Hydrogen-deuterium exchange was used to obtain additional information on 

molecular structures. Exchangeable protons, e.g., in –OH and –NH moieties, can rapidly 

exchange for deuterons and increase the detected m/z value, providing information on analyte 

functional groups. This approach can in addition to accurate mass determination and MS/MS 

workflows be used to elucidate the molecular structures of unknowns. The method was 

demonstrated with the analysis of endogenous arginine and oligosaccharides directly from an 

orange slice as well as with a ubiquitin spiked muscle tissue sample. 

 

Chapter 6 contains the general discussion of the topics presented in this thesis and provides 

insights into the limitations, social impact and future perspectives of the research. 
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Abstract 

Direct analysis of synthetic fibers under ambient conditions is highly desired to 

identify the polymer, the finishes applied and irregularities that may compromise its 

performance and value. In this paper, laser ablation electrospray ionization ion mobility time-

of-flight mass spectrometry (LAESI-IMS-TOF-MS) was used for the analysis of synthetic 

polymers and fibers. The key to this analysis was the absorption of laser light by aliphatic and 

aromatic nitrogen functionalities in the polymers. Analysis of polyamide (PA) 6, 46, 66, and 12 

pellets and PA 6, 66, polyaramid and M5 fibers yielded characteristic fragment ions without 

any sample pretreatment, enabling their unambiguous identification. Synthetic fibers are, in 

addition, commonly covered with a surface layer for improved adhesion and processing. The 

same setup, but operated in a transient infrared matrix-assisted laser desorption electrospray 

ionization (IR-MALDESI) mode, allowed the detailed characterization of the fiber finish layer 

and the underlying polymer. Differences in finish layer distribution may cause variations in 

local properties of synthetic fibers. Here we also show the feasibility of mass spectrometry 

imaging (MSI) of the distribution of a finish layer on the synthetic fiber and the successful 

detection of local surface defects. 
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Introduction 

Synthetic fibers such as polyamide and polyester are widely used in many industrial 

materials, fabrics, clothes, etc., and their importance can hardly be overemphasized. High-

performance fibers such as polyaramid are heat resistant and stronger than steel on an equal 

weight basis. Because of these properties, they can be used in, for example, ballistic vests, 

cables, optical fiber reinforcement, as well as in rubber reinforcement such as in tires, high-

pressure hoses, conveyer belts, etc. The properties of synthetic fibers and their interaction 

with surrounding materials are strongly influenced by the chemical treatment of their surface.1-

4 A large number of different types of surface layers can be used to adapt the fiber properties 

to the desired applications. Surface layers are used for processing, e.g., to reduce friction, 

electrostatic charging, and abrasion5 or to allow better adhesion to other polymers in blends.6-

8 Differences in the amount and distribution of the surface layer lead to variations in properties 

of the fiber.9 Such surface defects might result in weak spots leading to abrasion or localized 

reduced adhesion,10 which could be detrimental in high-performance applications.  

Mass spectrometry (MS) is an excellent tool for the characterization of polymers as 

well as polymer surfaces and additives. The use of MS in polymer analysis has been reviewed 

recently.11,12 Secondary ion mass spectrometry (SIMS) is commonly used for the analysis of 

polymers and synthetic fibers.13-26 SIMS typically produces small fragment ions for solid 

polymer samples, e.g., CN- in PA fibers.18,20,21 Oligomers of PA of 6 up to 24 repeating units 

were observed after dissolution of the fiber in trifluoroacetic acid, deposition on a silver 

substrate, and SIMS analysis.13 Also, matrix-assisted laser desorption ionization MS (MALDI-

MS) is frequently used for the characterization of polymers.27-33 Applications range from mass 

spectrometry imaging of polymer membranes, showing polymer distributions and 

contaminations on membrane surfaces,32 to the characterization of branching in polyaramid 

fibers.33 The analysis of fibers by SIMS or MALDI-MS is, however, hampered by sample 

pretreatment requirements and ionization under vacuum conditions. Analysis under ambient 

conditions without any sample pretreatment would be very useful for synthetic fibers in order 

to quickly identify the material, finish layers, and defects without introducing any pretreatment-

induced bias.  

Direct analysis in real time (DART) is an ambient MS technique first introduced in 

2005 by Cody.34 DART has been used for the detection of additives in different polymer 

materials such as softeners and stabilizers or degradation products,35-40 but the polymer 

material itself was not detected since DART relies on thermal desorption. Some progress has 

been made to fingerprint insoluble polymers under ambient conditions using thermal-assisted 

atmospheric pressure glow discharge (TA-APGD) following fixation of the sample on a heated 

stage.41 Other plasma-based techniques such as plasma-assisted desorption ionization 

(PADI) and flowing afterglow atmospheric pressure glow discharge (FA-APGD) were reported 

to successfully identify different insoluble polymers.42,43 While certainly useful, the main 
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drawbacks of these techniques relate to long stabilization times and relatively low spatial 

resolution that precludes mass spectrometry imaging (MSI) of fibers. Another ambient 

ionization MS technique used for identification of polymer species is desorption electrospray 

ionization (DESI).44-47 DESI relies on the solubility of sample material for desorption and 

subsequent ESI-like ionization mechanisms.48 For the analysis of hydrophobic polymers, such 

as poly(methyl methacrylate) and polymethylstyrene, methanol solutions containing formic 

acid or salts such as lithium bromide or silver nitrate were used.49 Without water in the solution, 

however, DESI is less able to create higher charge states which limits polymer analysis 

applications. 

Alternatively, laser-based techniques are fast and offer much smaller spot sizes. 

Electrospray-assisted laser desorption ionization (ELDI) was used to characterize dried 

polymer standard solutions of PPG 1000, PMMA 1300, and PEG 1500 on the surface of a 

steel sample plate.50 Tuning of the laser wavelength to specific polymer absorption bands 

removed the necessity of an external matrix and allowed successful ablation of bulk polymer 

material, as demonstrated with a free electron laser operated at a wavelength of 3.43 µm to 

interact with the aliphatic CH stretch vibration of polystyrene.51 Ablated material can 

subsequently be postionized by different techniques such as electrospray ionization, chemical 

ionization or photoionization.52-54 

Laser ablation electrospray ionization (LAESI) is an ambient (imaging) MS technique 

first introduced by Nemes and Vertes in 2007.52 It uses a mid-infrared laser producing a 

wavelength of 2.94 µm that addresses hydroxyl functionalities, such as endogenous water 

molecules in biomaterials. In principle, the same wavelength can also be absorbed by aliphatic 

or aromatic nitrogen functionalities in polymers. The absorbed energy could break the polymer 

chains and ablate characteristic fragments under ambient conditions for subsequent mass 

spectrometric analysis. In the absence of laser-absorbing functional groups, a small amount 

of water vapor can be condensed on a sample surface to absorb the laser energy, as was 

shown for the detailed structure elucidation of dyes on fabrics by infrared matrix-assisted laser 

desorption electrospray ionization (IR-MALDESI).55 Detailed characterization along the length 

of a 1 mm wide synthetic fiber was feasible. IR-MALDESI-MSI of dyes on textile fibers within 

a forensic context even showed single filament images as small as 10 µm in diameter.56 When 

combining MSI with ion mobility separation (IMS), an additional separation dimension 

becomes available to identify different polymer distributions, and to separate ions with the 

same mass to charge (m/z) ratio but having different collisional cross sections.57  

In this research, we demonstrate the detailed MS characterization of different 

synthetic fibers such as PA 6, 46, 66, 12, polyaramid, and M5 by direct LAESI-MS. In addition, 

we provide full finish characterization, show the feasibility of mass spectrometry imaging of 

the fiber, the distribution of the finish layer, and the detection of local surface defects by LAESI-

IMS-TOF-MSI operated in a transient (ice)matrix-assisted laser ablation mode. 
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Experimental section 

Materials 

Ultrapure water (H2O) 18.2 MΩ × cm at 25 °C was freshly produced daily with a 

Millipore (Molsheim, France) Integral 3 system. Methanol (MeOH) LC-MS grade was 

purchased from VWR (Leuven, Belgium). Formic acid (FA) LC-MS grade was bought from 

Fisher Scientific (Geel, Belgium). Leucine-enkephalin (leu-enk) for lock mass-corrected mass 

calibration was purchased from Waters (Manchester, U.K.). Para-aramid trimer-NH2 (structure 

is show in Figure S1) and Twaron para-aramid yarn were provided by Teijin Aramid (Arnhem, 

The Netherlands). One standard yarn type (1680 dtex, f1000) was produced without applying 

a basic spin finish. In a second step, the “naked” yarn was treated with a finish, consisting of 

an aqueous solution (4.25%) of Lansurf OA10 (polyethylene glycol (PEG) 400 monooleate, 

structure is shown in Figure S2), from Lankem (Dukinfield, United Kingdom). After application 

of this finish using a slit applicator, the yarn was dried by passing through a hot air oven (3.6 

s at 180 °C). The estimated (final) finish amount was 0.5% Lansurf OA10 (finish weight on 

yarn weight). Poly[2,6-diimidazo (4,5-β-4',5'-ɛ)pyridinylene-1,4-(2,5-dihydroxy)phenylene] 

(M5) fiber, polyethylene terephthalate (PET) fiber, and the PA fibers PA 6 (Mw unknown), PA 

66 (Mw 27 × 103), PA 66 (Mw 46 × 103), and PA 66 (Mw 33 × 103) were from laboratory stock, 

as were poly(methyl methacrylate) (PMMA) (Mw unknown) pellets and the PA pellets PA 6 

(Mw 30 × 103), PA 6 (Mw 31 × 103), PA 6 (Mw 15 × 103), PA 12 (Mw unknown), PA 66 (Mw 22 

× 103), and PA 46 (Mw unknown). Chemical structures of fibers and pellets are given in Figure 

1. 

 
Figure 1. Chemical structures of (A) PA 6, (B) PA 12, (C) PA 46, (D) PA 66, (E) polyaramid, and (F) M5. 
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LAESI-MS of Polymers and Fibers 

A Protea Biosciences (Morgantown, WV) LAESI DP-1000 system was coupled to a 

Waters (Manchester, U.K.) Synapt G2S traveling wave ion mobility time-of-flight mass 

spectrometer and used for the analysis of all sample materials. Both polymer pellets and 

synthetic fibers were directly mounted with Tesa double-sided tape (Hamburg, Germany) to 

the sample stage that was kept at 10 °C. LAESI desktop software v.2.0.1.3 (Protea 

Biosciences) was used to control experimental parameters of the LAESI system. The Nd:YAG 

optical parametric oscillator mid infrared laser (2.94 µm) was set to 100% laser power (Φ 3.2 

J/cm2) and 10 pulses with a specified pulse length of 5 ns were acquired on every spot (⌀ 200 

µm) at a frequency of 10 Hz with a between spot interval of 200 µm. A solution of MeOH-H2O 

(1:1) with 0.1% FA and 40 ng/mL leu-enk was used as electrospray solvent at a flow rate of 1 

µL/min. Electrospray voltage was set at ~ 3.5 kV in order to have a stable Taylor cone. 

Nitrogen was used as LAESI bath gas at 20 L/h. The Synapt G2S was controlled by Masslynx 

v4.1 SCN 883 (Waters) and operated in positive ion TOF-MS resolution mode, m/z range 50-

1200 Da, scan time 1 s, and source and interface temperatures were both set at 150 °C. For 

ion mobility TOF-MS the IMS wave velocity was set to 650 m/s and the transfer velocity at 

1200 m/s. Background-subtracted mass spectra were created using the “combine spectrum” 

function in Masslynx: five scans, each corresponding to 10 laser pulses were averaged, and 

50 scans of the electrospray background were subtracted. Proteaplot v2.0.8.5 (Protea 

Biosciences) was used to create maximum intensity ion maps. Driftscope v2.7 (Waters) was 

used to select the different polymer distributions within the m/z versus drift time space and to 

clean the spectral background. 

 

IR-MALDESI and LAESI Mass Spectrometry Imaging of Fibers with a Finish Layer 

For MSI of the finish layers on the fibers, the same instrument and experimental 

conditions were used as described in the previous section, with the exception of the sample 

stage temperature which was set to -19 °C, starting 15 min before analysis in order to achieve 

a thin layer of ice on the sample. Consequently, instead of LAESI, ice-assisted LAESI or IR-

MALDESI55,56 occurred for typically the first two or three (out of ten) laser pulses applied. 

Optical images of the 10 cm × 7 cm sample stage were obtained and used to superimpose 

the ion maps. A 60 × 6 pattern (350 sample locations) with an interval of 400 µm was acquired 

around the synthetic fiber area on the optical image. The MSI analysis, including the recording 

of electrospray background, had a total runtime of 45 min. 
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Results and Discussion 

LAESI Fingerprinting of Synthetic Polymers 

LAESI experiments conventionally use a mid-infrared laser (2.94 µm) to efficiently 

transfer laser energy to the strong OH stretch vibration of water-containing (mostly biological) 

samples in order to ablate sample material prior to ionization by electrospray for subsequent 

MS analysis. Besides the strong OH absorption band, also NH stretch vibrations of amines 

and amides absorb at this wavelength. So initially, we examined LAESI-TOF-MS as a tool for 

rapid ambient identification of solid NH-containing polymer materials without any sample 

pretreatment. Figure 2 presents the background-subtracted mass spectra of different 

polyamides. The mass spectra obtained show characteristic ions and confirm the capability of 

LAESI fingerprinting of polyamides. The mass accuracies corresponding to the proposed 

elemental compositions are provided in Table S1. The mass spectrum of PA 6 (Figure 2A) 

shows a high abundance ion at m/z 114.091 having the elemental composition [C6H12NO]+, 

which represents residual caprolactam monomer and ions formed by cleavage of the amide 

bond. This high abundance ion differentiates PA 6 from the other polyamides and was also 

observed by Klun after acid hydrolysis of PA 6 and subsequent electrospray MS analysis.58 In 

LAESI analysis, although at lower intensity, m/z values 128.105 [C7H14NO]+, 142.121 

[C8H16NO]+, 156.138 [C9H18NO]+, 170.153 [C10H20NO]+, and 184.168 [C11H22NO]+ were 

additionally detected. Two extra PA 6 samples were analyzed providing similar results, the 

background-subtracted mass spectra are presented in Figures S3 and S4. The LAESI mass 

spectrum of PA 12 (Figure 2B) shows a single ion at m/z 198.188 having the elemental 

composition of [C12H24NO]+. Like PA 6, this ion represents residual monomer and/or cleavage 

of the amide bond yielding the ion for the repeating unit of PA 12. In contrast to PA 6 and 12, 

PA 46 and PA 66 are synthesized from two different monomers; therefore their mass spectra 

will be more complex. Cleavage of the amide bond will lead to fragments containing at least 

either two nitrogen atoms or two oxygen atoms, and furthermore cleavage of carbon-carbon 

bonds could yield fragments that contain the intact amide bond. The LAESI mass spectrum of 

PA 46 is presented in Figure 2C and shows ions at m/z values 128.105 [C7H14NO]+, 142.126 

[C8H16NO]+, and 156.138 [C9H18NO]+ that are consistent with the intact amide bond and 

carbon-carbon bond cleavages at different positions of the polymer backbone. In addition, the 

ion at m/z 115.089 [C5H11N2O]+ is formed, which is characteristic for polyamides containing 

1,4-butanediamine, like PA 46. This fragment contains the amide group, the four carbon 

atoms, and the final nitrogen yielding an elemental composition unique for PA 46. Finally, the 

mass spectrum of PA 66 is depicted in Figure 2D. Like PA 46 this spectrum contains ions at 

m/z values 128.105 [C7H14NO]+, 142.121 [C8H16NO]+, and 156.138 [C9H18NO]+. However, in 

PA 66 this ion series continues with the m/z values 170.153 [C10H20NO]+ and 184.168 

[C11H22NO]+ that could not be found in PA 46. In addition, the absence of m/z values 115.089 

(PA 46), 198.188 (PA 12), and high intensity m/z 114.091 (PA 6) makes this spectrum unique 
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for identification of PA 66 polymer. It should be noted that MS/MS data acquisition following 

precursor ion selection of specific LAESI induced fragment ions may add additional evidence 

for the identity of the polymers but was not further investigated here.  

 
Figure 2. LAESI-TOF-MS background-subtracted mass spectra of polyamide pellets (A) PA 6, (B) PA 12, (C) PA 46, 

and (D) PA 66. 

 

In the MS analysis of polyamides with other ionization techniques like SIMS, MALDI 

and sequential pyrolysis field desorption, PA distributions of multiple intact oligomers have 

been detected.13,59-61 Differentiation between, e.g., PA 6 and PA 66 could not be achieved. 

With FA-APGD, the cyclic monomer ion of PA 66 at m/z 227 could be detected.43 In LAESI, 

we detect characteristic polymer fragments in the low mass range. This is in contrast with the 

suggestion that LAESI is a low energy ionization technique comparable to ESI.52 Note that in 

the present situation the NH stretching vibration within the amide bond is addressed in the 

absence of water and, as a result, the laser energy is not dissipated by an excess of hydroxyl 

moieties from the sample matrix. 

 

LAESI Fingerprinting of Synthetic Fibers 

Similarly, LAESI-MS can be used to identify the polymer used in synthetic fibers. 

Different NH-containing fibers, such as the polyamides PA 6 and PA 66 and the aromatic 

fibers polyaramid and M5, were analyzed by LAESI-TOF-MS. Additionally, the obtained data 

were used to generate spatial ion maps superimposed onto the camera images of the fibers 

in order to explore LAESI-MSI possibilities. Figure 3 shows ion maps and background-

subtracted mass spectra of (A) PA 6, (B) PA 66, (C) polyaramid, and (D) M5 fibers. The LAESI 

mass spectrum of PA 6 (Figure 3A) shows the same fragment ion at m/z 114.091 as obtained 
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with the pellets, and a range of ions formed by breaking of carbon-carbon bonds in the polymer 

backbone. Most likely, PA 6 fiber contains less residual caprolactam monomer than the PA 6 

polymer sample analyzed in Figure 2A. The additional ions in Figure 3A were also observed 

(but at much lower relative intensity) in the LAESI mass spectrum of the PA 6 polymer sample 

shown in Figure 2A. The LAESI mass spectra obtained from PA 66 fibers (Figure 3B and 

Figures S5 and S6) show similar fragment ions as seen for the PA 66 pellets in Figure 2D, 

strengthening our claim on the identification of PA polymers, regardless of processing into 

fibers or as raw polymer materials. The LAESI mass spectrum of the aromatic polyaramid 

fiber shows characteristic fragment ions at m/z 107.059 and m/z 135.057, which belong to the 

elemental compositions [C6H7N2]+ and [C7H7N2O]+, respectively. These fragments originate 

from the aromatic ring containing the two (1,4-) amine groups [C6H7N2]+ and one additional 

carbonyl group from the amide [C7H7N2O]+. The second aromatic fiber analyzed, M5, does 

not contain an amide bond (cf. Figure 1); nevertheless, the laser energy could be absorbed 

by either or both the secondary amine and hydroxyl groups. The background-subtracted 

LAESI mass spectrum of M5 given in Figure 3D shows fragment ions at m/z 120.058, m/z 

143.059, and m/z 144.053. The elemental compositions of these fragments are [C6H6N3]+, 

[C9H7N2]+, and [C8H6N3]+, respectively. Although these elemental compositions are difficult to 

explain and require multiple bond cleavages, these ions are unique for M5 among the NH-

containing fibers such as polyamides and polyaramides. Therefore, these ions provide the 

ability to quickly identify this fiber under ambient conditions. In comparison with, and in 

contrast to other ionization techniques like pyrolysis MS,62 MALDI and IR-MALDESI,33,55,56 

LAESI exclusively provides fragments in the low mass range. In SIMS, oxygen containing 

fragment ions from PA 6 filaments with m/z values 31, 45, 114, and 227 were detected in 

positive ion mode by Yip et al.20 In comparison, the fragment ions m/z 31 and 45 were outside 

the mass range of our mass spectrometer, but m/z value 114 corresponds to the mass found 

in this study for the repeating unit fragment of PA 6.  

In addition to straightforward polymer identification, the feasibility of LAESI-MSI was 

explored in the same experiments. Reconstructed ion maps, superimposed on the optical 

images, show the distribution of the most abundant fragment ion in Figure 3A-D. In all cases 

the ion follows nicely the 1 mm wide fiber pattern on the sample stage. At 200 µm spatial 

resolution, approximately five locations were analyzed over the fiber diameter. These results 

are very encouraging for imaging of finish layers on fibers. 
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Figure 3. LAESI background-subtracted mass spectra and ion maps of (A) PA 6 fiber, (B) PA 66 fiber, (C) polyaramid 

fiber, and (D) M5 fiber. Ion maps show the highest intensity ion: (A) m/z 114.091, (B) m/z 156.138, (C) m/z 135.057, and 

(D) m/z 143.059. 

 

LAESI Induced Fragmentation of Polymers 

In order to support our hypothesis that laser-induced fragmentation, initiated by 

absorption at NH functionalities, is the primary cause of the observed polymer characteristic 

fragment ions, we performed a range of complementary experiments. First, we extracted 

polyaramid fiber with MeOH (as described in the Supporting Information) to find out whether 

unreacted monomers, dimer, trimer, etc. could be present and contribute to the observed 

characteristic ions. The obtained ESI-MS background subtracted mass spectrum is depicted 

in Figure S7. Evidently, the finish is detected, but the fiber polymer fragments at m/z 107.059 

and 135.057 (or dimers/trimers) were not.  

To investigate the possibility of acid hydrolysis due to the close proximity of the formic 

acid-containing electrospray plume, we placed 10 cm of polyaramid fiber into 4 mL of 

electrospray solution for 30 min. Subsequently, we analyzed this solution by ESI-MS and, as 

expected, did not detect any of the characteristic polymer fragments (data not shown). It 

should be kept in mind however that the pH experienced in electrospray droplets may be lower 

(due to charging and concentration effects of the spray) than that of the bulk spray solution. 
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In addition to the analysis of polyaramid material with LAESI in the absence of water, 

aramid trimer-NH2 was also investigated. Figure S8A presents the ESI background subtracted 

mass spectrum of a 1 µg/mL trimer-NH2 solution in MeOH-H2O (1:1) + 0.1% FA, showing ions 

at m/z 347.149 [M+H]+, 369.126 [M+Na]+, and 174.080 [M+2H]2+. Also, the LAESI background 

subtracted mass spectrum of a 10 µg/mL trimer-NH2 solution in MeOH-H2O (1:1) is depicted 

(Figure S8B), showing a single ion at m/z 347.149 [M+H]+. In contrast, LAESI analysis of 

trimer-NH2 powder (mass spectrum is shown in Figure S8C) did not display any of these 

masses, just the fragment ions m/z 107.059 and 135.057, as with the LAESI analysis of 

polyaramid fiber. This demonstrates that the observed fragmentation of the solid polymer 

pellets and fibers is a result of the dissipation of the laser energy. To examine the importance 

of absorption by NH functionalities within the polymer material, two materials without the NH 

functionality were measured: PMMA pellets and PET fiber. In accordance with our hypothesis, 

no ions from these polymers were detected (data not shown). 

To further explore the effect of laser energy on the fragmentation of the polymer 

materials, PA 66 pellets were analyzed at different amounts of laser energy: 20, 40, 60, 80, 

and 100%. Only at 100% laser power fragment ions, e.g., m/z 142.121 and 156.138 were 

detected. Most likely, this is a result of the laser ablation threshold, as is reported for IR laser 

ablation of other polymeric materials in the literature.51,63 Kappes et al. proposed an ablation 

mechanism well below decomposition temperature that is photomechanical, i.e., a stress due 

to the thermal expansion of the polymer.63 Here we hypothesize that in case the laser energy 

cannot be dissipated by the solvent (or endogenous water), the NH-functionalities in the solid 

material will absorb the energy. As the stretch vibrations are unable to dissipate the excess of 

energy, multiple bond cleavages in the polymer backbone will occur, resulting in ablated 

polymer fragments. 

 

IR-MALDESI and LAESI MSI of Polyaramid Fiber with Finish 

A PEG 400 monooleate finish was applied to polyaramid fiber at a fiber treatment 

line as described in the Experimental Section. Investigations of the fiber containing this finish 

layer were conducted with transient IR-MALDESI and LAESI IMS-TOF-MSI in a single setup. 

The background-subtracted mass spectrum of polyaramid fiber containing 0.5% (m/m) finish 

is presented in Figure S9A and shows several polymer distributions. The characterization of 

this finish was supported by extracting the different polymer distributions from the m/z versus 

ion mobility map provided in Figure 4. Three main distributions were assigned: (1) a 

[(PEG)n+NH4]+ distribution (Figure S9B), (2) a [(PEG)n monooleate+NH4]+ distribution (Figure 

S9C), and (3) a [(PEG)n dioleate+NH4]+ distribution (Figure S9D). In addition to these polymer 

distributions, m/z 283.264 and m/z 309.282 are present, which are tentatively assigned to 

protonated oleic acid and an elimination product of the PEG ester of oleic acid (structure is 

shown in Figure S10), respectively. These results directly obtained from a fiber surface are, 

apart from the different cations and lower intensities, in excellent agreement with the LAESI 
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data obtained from a 1% solution of the finish in MeOH (Figure S11A-F). In the latter, [M+Na]+ 

ions dominated over [M+NH4]+ ions. In other words, the transient ice-assisted LAESI provided 

the same low-energy ablation of the finish polymers from the surface as from solution. Similar 

cationized ethylene glycol oligomers were also found in the analysis of PEG 3000 with DESI;45 

however, in our study no multiple charged polymers were observed due to a lower degree of 

PEG polymerization. 

 
Figure 4. IR-MALDESI-IMS m/z versus ion mobility map of 0.5% (m/m) PEG 400 monooleate applied as described in 

the Experimental Section on polyaramid fiber. Mass spectra of selected areas are shown for 1 in Figure S9B, for 2 in 

Figure S9C and for 3 in Figure S9D. 

 
The distribution of the finish layer along the fiber and thus any surface defects, i.e., 

the areas without finish, could be visualized by reconstructing ion maps of the finish ions. An 

artificial defect of approximately 5 mm along the fiber length was produced by local heating of 

the fiber with 0.5% finish for 3 s with a soldering iron. Characteristic ions from both the fiber 

and the finish ion, e.g., [(PEG)10 monooleate+NH4]+ were superimposed on the optical image 

to create the ion maps, depicted in Figure 5. These ion maps show the polyaramid fiber (Figure 

5A) and the finish layer (Figure 5B) with surface defects, demonstrating the ability of ambient 

imaging to investigate finish layers and the detection of defects in finish layers by transient IR-

MALDESI and LAESI-IMS-TOF-MSI in a single experiment. 

 
Figure 5. LAESI and IR-MALDESI ion maps of polyaramid fiber with 0.5% (m/m) PEG 400 monooleate finish applied as 

described in the Experimental Section and an artificial fabricated surface defect, indicated with a cyan line. Part A 

displays the ion map of one of the fiber fragments (m/z 135.057 ± 0.001), while part B displays an ion from the finish 

distribution [(PEG)10 monooleate+NH4]+ (m/z 740.551 ± 0.001). 
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Conclusion 

This study investigated polymer fingerprinting, finish characterization, and the 

detection of surface defects by mass spectrometry imaging (MSI) under ambient conditions 

without any sample pretreatment. It was shown that the laser at a wavelength of 2.94 µm 

ablates solid polymer material containing aliphatic and aromatic nitrogen groups, providing 

fragments to successfully identify PA 6, PA 46, PA 66, PA 12, polyaramid, and M5 polymer 

species. It was also shown that the finish layer could be fully characterized and, by MSI, 

localized, which provides detailed insight into surface defects and thus weak spots in the 

material. Further research might explore possibilities of other laser wavelengths, such as 3.43 

µm light to interact with the aliphatic CH stretch vibration to broaden the polymer application 

range. 
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Supporting Information Chapter 2 

 
Figure S1. Chemical structure of aramid trimer-NH2. 

 
Figure S2. Chemical structure of the used finish on polyaramid fiber (PEG 400 monooleate). 

 

Polymer m/z experimental proposed elemental 
composition 

m/z theory Δ mDa 

PA 6 114.091 [C6H12NO]+ 114.092 1 

PA 12 198.188 [C12H24NO]+ 198.186 2 

PA 46 115.089 [C5H11N2O]+ 115.087 2 

 128.105 [C7H14NO]+ 128.108 2 

 142.126 [C8H16NO]+ 142.123 3 

 156.138 [C9H18NO]+ 156.139 1 

PA 66 128.105 [C7H14NO]+ 128.108 2 

 142.121 [C8H16NO]+ 142.123 2 

 156.138 [C9H18NO]+ 156.139 1 

 170.153 [C10H20NO]+ 170.155 2 

 184.168 [C11H22NO]+ 184.170 2 

Table S1. Mass accuracy for proposed elemental compositions presented in Figure 2. 
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Figure S3. LAESI-MS background subtracted mass spectrum of PA 6 (Mw 15 × 103) polymer pellets. 

 
Figure S4. LAESI-MS background subtracted mass spectrum of PA 6 (Mw 30 × 103) polymer pellets. 
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Figure S5. LAESI-MS background subtracted mass spectrum of PA 66 (Mw 33 × 103) synthetic fiber. 

 
Figure S6. LAESI-MS background subtracted mass spectrum of PA 66 (Mw 46 × 103) synthetic fiber. 

 

Method of Extraction and ESI-MS Parameters 

10 cm of polyaramid fiber was extracted for 30 seconds with 4 mL MeOH. Thereafter, 

2 mL extract was added to 2 mL H2O + 0.2% FA + 80 ng/mL leu-enk to obtain the same ESI 

solution as used in LAESI experiments. The ESI function in our LAESI setup was used for all 

ESI experiments, all parameters were set as used in LAESI-MS experiments, but without 

engaging the laser. 

  

m/z
60 80 100 120 140 160 180 200 220 240

%

0

100 156.138

142.121

170.153

182.157

184.168

m/z
60 80 100 120 140 160 180 200 220 240

%

0

100 156.138

142.121

170.153

182.151



Ambient Characterization of Synthetic Fibers by LAESI-MS 

49 
 

 
Figure S7. ESI-MS background subtracted mass spectrum of polyaramid fiber extract. The intensity of m/z range 100 to 

250 is magnified by a factor 100. 
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Figure S8. Part A displays the ESI-MS background subtracted mass spectrum of aramid trimer-NH2, 1 µg/mL solution 

in MeOH-H2O (1:1) with 0.1% FA. Part B displays the LAESI-MS background subtracted mass spectrum of aramid trimer-

NH2, 10 µg/mL solution in MeOH-H2O (1:1), and part C displays the LAESI-MS background subtracted mass spectrum 

of aramid trimer-NH2 powder.  
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Figure S9A. IR-MALDESI-IMS-MS background subtracted mass spectrum of 0.5% (m/m) PEG 400 monooleate on 

polyaramid fiber. The intensity of m/z range 325 to 1200 is magnified by a factor 2. 

 
Figure S9B. IR-MALDESI-IMS-MS selected (area 1 in Figure 4) polyethylene glycol distribution as part of the PEG 400 

monooleate finish on polyaramid fiber. 
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Figure S9C. IR-MALDESI-IMS-MS selected (area 2 in Figure 4) polyethylene glycol monooleate distribution as part of 

the PEG 400 monooleate finish on polyaramid fiber. 

 
Figure S9D. IR-MALDESI-IMS-MS selected (area 3 in Figure 4) polyethylene glycol dioleate distribution as part of the 

PEG 400 monooleate finish on polyaramid fiber. 

 
Figure S10. Proposed chemical structure of m/z 309.282. 
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Figure S11A. LAESI-IMS-MS background subtracted mass spectrum of a 1% (v/v) solution of PEG 400 monooleate in 

MeOH. 

 
Figure S11B. LAESI-IMS-MS 2D map of a 1% (v/v) solution of PEG 400 monooleate in MeOH. Four areas were isolated 

and the corresponding mass spectra are given for area 1 in Figure S11C, 2 in Figure S11D, 3 in Figure S11E and 4 in 

Figure S11F. 
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Figure S11C. LAESI-IMS-MS selected (area 1 in Figure S11B) polyethylene glycol distribution as part of a 1% (v/v) 

solution of PEG 400 monooleate in MeOH. 

 
Figure S11D. LAESI-IMS-MS selected (area 2 in Figure S11B) polyethylene glycol monooleate distribution as part of a 

1% (v/v) solution of PEG 400 monooleate in MeOH. 

m/z
300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640

%

0

100 481.280

437.254

393.225

349.196

371.237

415.268 459.293

525.304

503.320

569.336

547.348 613.366

585.308

629.338

= [(PEG)n+NH4]+

= [(PEG)n+H]+

= [(PEG)n+Na]+

m/z
500 550 600 650 700 750 800 850 900 950 1000

%

0

100 701.506

657.480

635.495

613.453

591.470

569.419547.440

679.519

723.549 745.539 789.564

767.581

833.590

855.637 877.609

878.618

= [(PEG)n monooleate+NH4]+

= [(PEG)n monooleate+H]+

= [(PEG)n monooleate+Na]+



Ambient Characterization of Synthetic Fibers by LAESI-MS 

55 
 

 
Figure S11E. LAESI-IMS-MS selected (area 3 in Figure S11B) polyethylene glycol dioleate distribution as part of a 1% 

(v/v) solution of PEG 400 monooleate in MeOH. 

 
Figure S11F. LAESI-IMS-MS selected (area 4 in Figure S11B) double charged polyethylene glycol palmitoleate 

distribution as part of a 1% (v/v) solution of PEG 400 monooleate in MeOH.
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Abstract 

Reactions in confined compartments like charged microdroplets are of increasing 

interest, notably because of their substantially increased reaction rates. When combined with 

ambient ionization mass spectrometry (MS), reactions in charged microdroplets can be used 

to improve the detection of analytes or to study the molecular details of the reactions in real 

time. Here, we introduce a reactive laser ablation electrospray ionization (reactive LAESI) 

time-resolved mass spectrometry (TRMS) method to perform and study reactions in charged 

microdroplets. We demonstrate this approach with a class of reactions new to reactive 

ambient ionization MS: so-called click chemistry reactions. Click reactions are high-yielding 

reactions with a high atom efficiency, and are currently drawing significant attention from fields 

ranging from bioconjugation to polymer modification. Although click reactions are typically at 

least moderately fast (time scale of minutes to a few hours), in a reactive LAESI approach a 

substantial increase of reaction time is required for these reactions to occur. This increase 

was achieved using microdroplet chemistry and followed by MS using the insertion of a 

reaction tube — up to 1 m in length — between the LAESI source and the MS inlet, leading 

to near complete conversions due to significantly extended microdroplet lifetime. This novel 

approach allowed for the collection of kinetic data for a model (strain-promoted) click reaction 

between a substituted tetrazine and a strained alkyne and showed in addition excellent 

instrument stability, improved sensitivity, and applicability to other click reactions. Finally, the 

methodology was also demonstrated in a mass spectrometry imaging setting to show its 

feasibility in future imaging experiments.  
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Introduction 

Mass spectrometry (MS), stand-alone or hyphenated with separation techniques like 

chromatography or electrophoresis, is a well-established analysis technique in industry, 

healthcare, and many fields of science, such as organic synthesis,1 metabolomics,2 and 

proteomics.3 The abundant use of MS and its hyphenations is mainly due to the combination 

of high sensitivity, selectivity, speed, and capabilities for structure elucidation by MSn. MS can 

also be optimized to study molecular reactions in solution.4 Time-resolved mass spectrometry 

(TRMS), where reaction vessels are directly coupled with MS analyses, was first introduced 

by Lee et al. in 1989.5 TRMS is used to study dynamic processes in which reagents convert 

into (by-)products in real time, typically in the microsecond to minute time range.6-12 The 

development and use of TRMS has been reviewed recently by Lento and Wilson.13  

The discovery of reaction acceleration in charged microdroplets, even up to six 

orders of magnitude,14 by the Cooks and Zare groups brings a new way to perform and study 

a wide range of (bio)molecular reactions.15,16 It has been used in organic synthesis,17-20 in 

order to predict the likely success of up-scaling reactions,21 and as a continuous synthesis 

system.22 Other exciting fields of application are its use to study the chemistry of life,23 which 

mostly takes place in small enclosed volumes such as cells or atmospheric aerosols,24-26 or 

to improve detection of analytes in ambient ionization MS.27-32 Several explanations have 

been suggested why reaction acceleration in charged microdroplets may occur: partial 

desolvation of reagents at the droplet-to-air interface,32-37 pH change,38 and/or a potentially 

increased reagent concentration associated with solvent evaporation.20 

The combination of TRMS and charged microdroplets can also be used to determine 

reaction kinetics, provided that reaction times can be accurately measured. Previously, 

reaction times with electrospray ionization (ESI) over distances up to 100 cm were estimations 

based on approximate droplet flight time, assuming that droplets are carried along by the 

nebulizing gas.39 Further steps have been taken to record reaction time with desorption 

electrospray ionization (DESI)40 and microdroplet fusion in extractive electrospray ionization 

(EESI)41 by using Doppler techniques to measure the droplet velocity on the µs timescale.42,43 

With DESI the droplet velocity was decreasing quickly with distance due to aerodynamic 

drag.42 With EESI, pressurized nebulizing nitrogen gas was used as propulsive force providing 

more stable average velocities before reaching the MS.43 The reaction is essentially stopped 

when the droplets reach the vacuum of the heated MS interface.39 Up to now, a direct way to 

measure reaction time over distances up to 100 cm has, to our knowledge, not been 

described. 

Laser ablation electrospray ionization (LAESI) MS provides a way to analyze a wide 

range of samples – including liquids,44,45 solid materials,46 tissue,47-51 and single cells52-54 – 

under ambient conditions.55 In LAESI, a pulsed laser directed onto a substrate produces a 

neutral plume of ablated material, which can be extracted with charged microdroplets 
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produced by an electrospray probe for subsequent analyte ionization. When the electrospray 

solution contains a reagent, LAESI can be used to perform reactions with the ablated 

compounds in charged microdroplets. A combination with TRMS would enable the 

determination of reaction kinetics. Alternatively, the reaction could be used to generate 

chemical derivatives of the ablated compounds to improve the detection of analytes in ambient 

ionization MS. So far, mainly reactive DESI has been used in order to improve analyte 

detection by increased proton affinity,28-32 adapted analyte m/z value,56-60 altered polarity,61-63 

or as a tool for structure elucidation.64 Apart from DESI also a few other reactive ambient 

ionization techniques have been reported.65-69 Potentially, similar reagents can also be used 

in a reactive LAESI system. In current literature however, reactive LAESI exclusively refers to 

coordination complexes with metal salts like lithium or silver in order to achieve 

cationization.70,71 A reason why common DESI reactions have not been reported for LAESI 

could be the relatively short reaction time window available in LAESI. For a comparable 

extractive electrospray ionization setup, the reaction time was stated to be in the order of only 

15 μs.43 Thus, a major challenge for molecular reactions in ambient ionization LAESI MS is to 

significantly increase the reaction time. One possibility to achieve this is the introduction of a 

reaction tube, as previously used in an ESI study of a Hantzsch reaction.39 However, for 

introduction of a reaction tube into a reactive LAESI setting additional space needs to be 

available between the electrospray probe and reaction tube in order to allow the laser to 

irradiate the sample, ablate the material and subsequently extract the plume by electrospray-

generated charged microdroplets. In this experimental setup, temporal resolution can then be 

obtained in a direct and precise fashion by the time difference between the laser pulse and 

the MS detection of analytes or reaction products. 

In the present work we report a novel ambient ionization MS approach, viz. reactive 

LAESI in combination with accurate reaction time determination. The method is demonstrated 

with an inverse electron demand Diels-Alder addition (IEDDA) – click – reaction between 

substituted tetrazines and a strained alkyne or alkene to form a stable pyridazine product. As 

a result of the insertion of a reaction tube, the (charged) microdroplet lifetime, and thus 

reaction time, was increased up to 4-5 orders of magnitude. Two new chemical bonds are 

formed in this reaction, underlining the progress versus the cationization LAESI experiments 

mentioned above. Click reactions are drawing significant attention from different fields such 

as labeling of biomolecules for imaging,72,73 bioconjugation,74-77 and polymer modification,78 

due to the high efficiency. Our reactive LAESI methodology successfully showed pseudo-first 

order kinetic data of a model click reaction system between BCN-amine 1 and dipyridyl-

tetrazine 2a, whereas TCO-amine 4 and other tetrazines performed equally well (structures 

provided in Figure 1). Finally, the feasibility of reactive LAESI mass spectrometry imaging 

(MSI) was demonstrated exploiting the combined potential of laser spatial resolution and 

microdroplet-induced reaction acceleration. 
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Figure 1. IEDDA reactions between an amine-terminated strained (A) cyclooctyne (BCN-amine; 1), or (B) trans-

cyclooctene (TCO-amine; 4) and disubstituted-tetrazines 2 which feature different polarities (dipyridyl-tetrazine 2a, 

clofentezine 2b, diphenyl-tetrazine 2c). The [4+2] cycloaddition initially forms a strained bicyclic reaction intermediate 

that is converted upon release of N2 into the pyridazine 3 or dihydropyridazine 5 click reaction product. 

 

Experimental section 

Materials 

Ultrapure water (H2O), 18.2 MΩ×cm-1 at 25 °C, was freshly produced daily with a 

Millipore (Molsheim, France) Integral 3 system. Methanol (MeOH), LC-MS grade, was 

purchased from VWR (Leuven, Belgium). N-[(1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-

ylmethyloxycarbonyl]-1,8-diamino-3,6-dioxaoctane (BCN-amine, 1), trans-4-cycloocten-1-yl 

(3-aminopropyl) carbamate (TCO-amine, 4), 3,6-di-2-pyridyl-1,2,4,5-tetrazine (dipyridyl-

tetrazine, 2a), 3,6-di-2-chlorophenyl-1,2,4,5-tetrazine (clofentezine, 2b), 3,6-diphenyl-1,2,4,5-

tetrazine (diphenyl-tetrazine, 2c), reserpine, and 96 well plates (untreated) were obtained from 

Sigma-Aldrich (Zwijndrecht, The Netherlands). Chemical structures of reagents are given in 

Figure 1. All chemicals were used without further purification. 

 

Experimental Setup and Measurement of Reaction Time 

A Protea Biosciences (Morgantown, WV) LAESI DP-1000 system was electronically 

connected to a Waters (Manchester, U.K.) Synapt G2-S traveling wave ion mobility time of 

flight mass spectrometer, and used for all analyses. The distance between the LAESI source 
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and the MS inlet was varied between 1 and 100 cm (see Figure 2A). Transport of ions from 

the LAESI ionization source to the MS inlet was assisted by nitrogen as electrospray nebulizer 

gas, controlled at 1 L×min-1 by a Bronkhorst (Veenendaal, The Netherlands) Mani-Flow mass 

flow controller, directed toward the inlet of a grounded copper reaction tube – of 1 to 100 cm 

long; internal diameter 1.0 cm (Gamma, The Netherlands) – at room temperature. The 

nebulizer gas flow was optimized for 50 cm reaction tube length. Distances between ESI to 

reaction tube and reaction tube to MS inlet, both under ambient conditions, were 18 and 20 

mm, respectively. A picture of the experimental setup is shown in Figure S1. LAESI desktop 

software v.2.0.1.3 (Protea Biosciences) was used to control experimental parameters of the 

LAESI system. The Nd:YAG optical parametric oscillator mid infrared laser (2.94 µm) was set 

to 100% laser power (Φ 3.2 J/cm2) and 10 pulses with a specified pulse length of 5 ns were 

acquired on every spot on the 96-well plate at a frequency of 10 Hz. The 96-well plate 

contained 383 µL of 100 µM dipyridyl-tetrazine 2a in MeOH - H2O (1:1) per well and the 

temperature-controlled sample stage was cooled to 4 °C to avoid evaporation during analysis. 

A solution of 100 µM BCN-amine 1 in MeOH - H2O (1:1) was used as electrospray solvent at 

a flow rate of 5 µL/min. Electrospray voltage was set at ~ 3.5 kV in order to have a stable 

Taylor cone. The Synapt G2-S was controlled by MassLynx v4.1 SCN 883 (Waters) and 

operated in positive ion TOF-MS resolution mode, m/z range 50-1200 Da, scan time 0.1 s, 

source and interface temperatures were both set at 120 °C, sample cone 20 V, source offset 

60 V, automated detector check was off, pDRE lens 99.80%, and detector value was set to 

an additional +100 V. In addition, the trap gas was switched from default argon to nitrogen 

operated at a flow rate of 2 mL/min, the helium cell DC was set to 0.0 V, and the trap and 

transfer collision energies were at 1.0 V to reduce any ion fragmentation in the mass 

spectrometer. Reaction time Δt was specified as the time difference between the analog signal 

of the laser pulse and the first mass spectrometric detection event of the reaction product 3a 

(Figure 2B). Different reaction tube lengths, 0, 25, 50, 75 and 100 cm were used to obtain 

different reaction times. The y-axis cut-off in the measurement of reaction time graphs (Figures 

2C and S2) was set to Δt = 0.10 s in order to allow exponential fitting. In subsequent 

calculations on reaction time the added value of Δt = 0.10 s was subtracted. Where relevant 

in figures, the standard deviation of averaged data is provided as error bars. 
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Figure 2. (A) Overview of reactive LAESI setup as used, comprising a pneumatically assisted ESI probe containing click 

reagent 1, a well plate (not shown) containing click reagent 2, a mid-IR laser and a metal reaction tube (0-100 cm). Other 

details can be found in the experimental section and the SI. (B) Specification of reaction time (start time laser pulse – 

time first detection event of product 3a) with (upper trace) the analog signal of the laser pulse and (lower trace) the 

detection of click reaction product 3a, m/z 533.287. (C) Graph of reaction time versus reaction tube length (n = 2). 

 

Determination of Reaction Kinetics 

The experiments that were used to determine the reaction time – described in the 

previous section – were optimized to achieve maximum temporal resolution, at the cost of 

signal intensity, with a short MS scan time and few laser pulses per analysis location. The 

reaction kinetics experiments required larger peak areas for data processing and were 

optimized for improved signal intensity. For this reason a few acquisition parameters were 

adjusted from the previous section. The MS scan time was set at 1 s and 75 laser pulses were 

used per analysis location to obtain significant reaction product peak areas for reliable 

integration in the extracted ion currents (EIC) obtained. Reaction time data were now simply 

calculated for reaction tube lengths of 0, 1, 2, 3, 4, 5, 10, 15, 20, 25, 50, 75, and 100 cm, using 

the exponential fit (y = 0.101e0.017x) of the calibration plot given in Figure 2C. Raw MS data 

were processed to yield EIC’s with a 15 ppm window. These ion currents were mean 

smoothed (number of smooths was 1, with a window size of 2 scans) and integrated to obtain 

laser pulse based peak areas. With the kinetic data (as presented in Figure 4, n=3), one outlier 

at time 19 ms was removed before averaging with a Grubbs’ test based on residuals from the 

regression line (95% CI, 10 DF). Background-subtracted mass spectra were created using the 

“combine spectrum” function in MassLynx: five scans, each corresponding to 10 laser pulses 

were averaged, and 50 scans of the electrospray background were subtracted. 
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Reactive LAESI Mass Spectrometry Imaging of the Wageningen University (WUR) Logo 

For mass spectrometry imaging the same experimental conditions were used as 

described in the “Determination of Reaction Kinetics” section, with a few changes. The 

reaction tube length was fixed at 50 cm, MS inlet and source temperatures were at 150 °C, 

20 laser pulses were used per x-y position with a between location dwell time of 0 s, and the 

LAESI sample stage was cooled further down to -19 °C to keep the sample frozen during the 

experiment. Reactive LAESI data were acquired from a 61×41 pattern (2501 sample locations) 

– laser spot size approximately 200 µm, in-between spot interval 500 µm – in a sampling area 

defined from an optical image, resulting in a total analysis time of 180 min. The sample was 

created by depositing 200 µL of a 1 mM dipyridyl-tetrazine 2a solution in H2O on the 

hydrophilic part (in the shape of the Wageningen University logo) of an otherwise hydrophobic 

surface. The sample was then stored in a freezer at -18 °C for 30 min in order to freeze the 

aqueous solution prior to MSI analysis. 

 

Safety Precautions 

Safety precaution: since the metal reaction tube is in close proximity with the 

electrospray needle (~3.5 kV), there is risk of electric discharge when not either decently 

grounded or covered by a nonconductive material. In addition, the open gap between the 

reaction tube and the MS inlet could contain solvent vapor thus a suction hood is required to 

remove any harmful solvent vapors that are not sucked into the MS inlet. Finally, there is an 

open heated MS inlet, which constitutes a potential temperature hazard. 

 

Results and Discussion 

Measurement of Click Reaction Time 

In order to study the reaction time in the click reaction between strained alkyne 1 and 

tetrazine 2a, the following setup was made. A pulsed mid-IR laser (2.94 µm) was used to 

ablate a dipyridyl-tetrazine 2a solution. The ablation plumes were continuously extracted with 

orthogonally directed electrospray microdroplets containing BCN-amine 1 reagent. This 

aerosol is carried along with nebulizer gas through a metal tube before MS detection. To 

obtain different reaction times, several metal tubes of different lengths (0, 25, 50, 75, and 100 

cm) were used. A schematic overview is presented in Figure 2A, and an image of the setup 

is shown Figure S1. The time difference between the laser pulse and the MS detection of 

product 3a (Figure 2B) is plotted against increasing tube lengths in Figure 2C. After an initial 

relatively high linear gas velocity due to the small diameter of nebulizer gas outlet, the velocity 

is rapidly decreasing, which yields for this range of tube lengths a near-exponential 

dependence of reaction times on reaction tube length (R2 = 0.999). This correlation could 

therefore be used as a calibration curve for other tube lengths up to 100 cm. The electrical 
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voltage offset between the MS inlet and grounded tube was varied to investigate whether 

charge attraction/repulsion would affect the reaction time; yet, no significant effect was 

observed (Figure S2). 

Figure 3A presents a background-subtracted mass spectrum for the reaction 

between BCN-amine 1 and dipyridyl-tetrazine 2a after 140 ms reaction time. Three m/z values 

are observed: protonated dipyridyl-tetrazine 2a at m/z 237.086, protonated product 3a at m/z 

533.289 and m/z 495.148, which corresponds to the sodium adduct of dipyridyl-tetrazine 

dimer. In order to further demonstrate this methodology, a different click reaction dienophile, 

TCO-amine 4, was also used as electrospray additive for the reaction with dipyridyl-tetrazine 

2a. The obtained background-subtracted mass spectrum is shown in Figure 3B. Like Figure 

3A, both protonated dipyridyl-tetrazine 2a and its sodium adduct dimer were detected at m/z 

237.089 and 495.146, respectively. The reaction product 5a is detected at m/z 435.254, 

demonstrating the formation of covalently bonded reaction products in reactive LAESI MS. 

Furthermore, m/z value 317.173 was obtained, which is likely to be formed by elimination of 

the R2 group of structure 5 in Figure 1, the proposed structure is presented in Figure S3 (note: 

the truncated R2 group is already present in 4 as an impurity, see Figure S4). Any effect of the 

nature of the metal from the reaction tube on the reaction was briefly examined by using both 

copper and stainless steel tubes, and no difference in reaction was observed (Figure S5).  

 

Figure 3. Background-subtracted reactive LAESI mass spectra of the click reaction products between (A) BCN-amine 1 

and dipyridyl-tetrazine 2a and (B) TCO-amine 4 and dipyridyl-tetrazine 2a, following the setup as depicted in Figure 2 

(tube length = 50 cm).  
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When comparing Figures 3A and S5B a few differences stand out: in Figure 3A both 

tetrazine 2a and its dimer are well depicted as a result of the relatively high (1 mM) tetrazine 

2a concentration, whereas in Figure S5B (100 μM tetrazine 2a concentration) m/z value 

561.296 is observed; this ion was found to be an adduct between both click reagents (Figure 

S6), likely due to H-bonding between the protonated amine on 1 and the pyridine ring on 2a. 

m/z 561.296 is absent in Figure 3A due to the higher MS source temperature used (150 °C 

instead of 120 °C), effectively breaking the supposed H-bond prior to mass analysis.  

Finally, the solvent droplet lifetime over the 0.5 s (100 cm) experimental timeframe 

was indirectly investigated by following the area ratio between reaction product 3a and its 

[3a+H2O] adduct ions. Tabulating these ratio’s for multiple tube lengths (Table S7) results in 

a steady ratio increase corresponding with increasing tube-length. This data suggests gradual 

droplet evaporation inside our reaction tube, but the microdroplets do not seem to completely 

evaporate even at distances up to 100 cm, as the H2O adduct is still detected here (Figure 

S8). This is in accordance with earlier reported results by Zare and co-workers,43 where the 

evaporation of water microdroplets produced by an electrospray probe was found to be 

negligible, although in a much shorter timeframe of 50 μs. 

 

Determination of Model Click Reaction System Kinetics 

Following the time measurements and detection of click reaction products 3a and 5a, 

which are both only possible due to the insertion of a reaction tube, the TRMS method was 

used to study the IEDDA reaction kinetics in charged microdroplets under pseudo-first order 

conditions. The latter was achieved with an excess of BCN-amine 1, as the concentration in 

the electrospray microdroplets is much larger than the dipyridyl-tetrazine 2a in the ablated 

liquid solution (Figure S9). Reserpine was added as internal standard to the dipyridyl-tetrazine 

2a solution in order to correct for possible ablation variation and any bias caused by changing 

the distance between the electrospray source and MS inlet via stepwise variation of the 

reaction tube length (13 different tube lengths were used). The product 3a formation over time 

is presented in Figure 4, from which the pseudo-first order rate constant for the IEDDA reaction 

was determined to be 8 s-1. One additional interesting finding was that the absolute peak areas 

of both click reaction product 3a and the used standard reserpine were surprisingly stable 

over reaction tube lengths longer than 15 cm, indicating that almost no signal was lost upon 

increasing the reaction tube length even up to 1 m, corresponding to 0.5 s reaction time 

(Figure S10). 

The second-order rate constant k2 is then derived as 8 s-1 / 0.10 mM = 8 × 104  

M-1s-1. The analogous reaction between dipyridyl-tetrazine 2a and BCN-OH performed in 

methanol solution was reported in various studies to have a k2 of typically 102 M-1s-1.74,75 The 

current reaction in charged microdroplets is at least two orders of magnitude faster than the 

similar click reaction in bulk solvents. It has been reported that the addition of water as co-

solvent (55:45 MeOH:H2O) increases the rate constant due to hydrogen bonding with 
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tetrazine, which reduces the highest occupied molecular orbital – lowest unoccupied 

molecular orbital (HOMO-LUMO) gap.76 The effect of a decreasing pH could also contribute 

to the increased reaction rate because of possible protonation of the pyridine ring, thus 

increasing its electron-withdrawing properties and concomitantly speeding up the reaction. 

Finally, evaporation of solvent molecules could also cause the reaction rate to increase as a 

result of increasing concentration, however, solvent droplets do not seem to fully evaporate 

before entering the vacuum of the MS inlet, as discussed above. It is therefore likely that the 

observed reaction acceleration is due to a combination of effects originating from the charged 

microdroplet environment, as discussed by Cooks and co-workers.79  

 

Figure 4. Graph of the formation of click reaction product 3a in relation to reaction time (n=3) following insertion of 13 

different reaction tube lengths (0 to 100 cm) for the model reaction between BCN-amine 1 and dipyridyl-tetrazine 2a. 

 

Reactive LAESI Robustness and Scope 

The robustness of the methodology and its application to various tetrazines with 

different polarities was briefly investigated using clofentezine 2b and diphenyl-tetrazine 2c. 

For this, four rows of a 96-well plate were filled with different tetrazine solutions per row, from 

row A to D; blank, dipyridyl-tetrazine 2a, clofentezine 2b, and diphenyl-tetrazine 2c, all 1 mM 

in MeOH - H2O (95:5). Subsequently, the analysis was run starting at row A and followed a 

typewriter pattern to end in row D. Unprocessed EIC’s and the analog signal of the laser-

pulsed injection of tetrazines are shown in Figure 5. 
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Figure 5. Reactive LAESI MS extracted ion currents of the click reaction products of 1 with (A) diphenyl-tetrazine 3c 

(m/z 531.297), (B) clofentezine 3b (m/z 599.219), and (C) dipyridyl-tetrazine 3a (m/z 533.287). Corresponding 

background-subtracted mass spectra are given in Figures S11A, S11B and 3A, respectively. In addition, the analog 

signal of the laser pulses is displayed (D). The reaction tube length was 50 cm. 

 
In the blank, at 1 to 4 min, no signal was obtained in the EIC of any BCN-amine 1 – 

tetrazine products. The click reaction product ions of diphenyl-tetrazine 3c (5A), clofentezine 

3b (5B), and dipyridyl-tetrazine 3a (5C) were in excellent agreement with the timeframe of the 

analog signal of ablation from the corresponding tetrazine. Although not studied, other 

(asymmetrical) tetrazines are expected to work as well. The EIC’s in Figure 5 also 

demonstrate that well-to-well signal intensity stability is at least equal to or even better than 

that of conventional LAESI experiments (Figure S12), showing that ambient mass 

spectrometry imaging with reactive LAESI would be realistic.  

Thanks to reactive LAESI, the sensitivity could be increased because of a higher 

ionization efficiency of the click reaction product 3a in comparison with dipyridyl-tetrazine 2a. 

This effect of increased sensitivity combined with indications of the scope of reactive LAESI 

are shown in Figure 6, for which dipyridyl-tetrazine 2a was dissolved in both H2O and in ten 

times diluted soft drink (cola) at a concentration of 100 μM and analyzed with (Figure 6A) and 

without (Figure 6B) BCN-amine 1 in the ESI spray solution. As a result, the click reaction 

product 3a could still be detected in diluted cola, whereas unreacted dipyridyl-tetrazine 2a got 

lost in the background. 
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Figure 6. Reactive LAESI extracted ion currents of two separate analyses of a 100 μM dipyridyl-tetrazine 2a solution in 

H2O and in ten times diluted cola. Analysis (A) was with BCN-amine 1 in the electrospray solution and depicts the 

pyridazine product 3a (m/z 533.287) at all times. Analysis (B) was without BCN-amine 1 in the electrospray solution and 

shows dipyridyl-tetrazine 2a (m/z 237.088) in a water environment but not in cola. 

 

Reactive LAESI Mass Spectrometry Imaging 

Finally, preliminary reactive LAESI mass spectrometry imaging (MSI) experiments 

were conducted on a dipyridyl-tetrazine 2a solution which was deposited – and subsequently 

frozen – onto a hydrophilic surface area in the shape of the Wageningen University logo 

(Figure S13; size 20 mm × 29 mm). An image was created by plotting the absolute intensity 

of the protonated click reaction product 3a according to laser ablation x-y coordinates. The 

resulting 2D ion map nicely correlates with the sample (Figure 7), showing the potential to 

map the presence of compounds onto a surface using reactive LAESI MSI. 

 

Figure 7. Reactive LAESI-MSI ion map of the Wageningen University logo via 500 μm spatial resolution – see 

experimental section – of m/z 533.287 ± 0.01 Da, being the click reaction product 3a [M+H]+. 
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Conclusion 

In conclusion, we have developed a novel ambient ionization time-resolved mass 

spectrometry method for performing and studying reactions in charged microdroplets. For this 

we developed a setup to allow the first reactive LAESI analysis with covalent bond-forming 

(click) reactions. The observation of the click reaction products was a result of the substantially 

increased reaction time due to the insertion of a reaction tube. Following a calibration of the 

exponential relationship between reaction time and reaction tube length using the time 

difference between the laser pulse and MS detection signals, we were able to determine 

kinetic data for the model system IEDDA (click) reaction between a tetrazine with a strained 

cycloalkyne. Additionally, this method has shown excellent stability and improved sensitivity, 

and proved to be viable for several click reactions. With this reactive LAESI method, a wide 

range of molecular reactions can potentially be studied, to investigate rates, solvent effects 

on molecular reactions, or as a tool to improve the detection of target analytes in ambient 

ionization MS(I). Following these encouraging results, this reactive LAESI method could also 

be extended to other reactions previously reported in reactive DESI, like in the analyses of, 

e.g., carbohydrates with boronic acids,62 steroids with hydroxylamine,31 and/or protein – ligand 

interactions.80 Eventually, the present work is expected to enable in-situ reactions during 

bioanalytical MSI. 
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Supporting Information Chapter 3 

 

Figure S1. Overview of reactive LAESI instrumental setup. (A) Heated MS inlet, (B) 20 mm distance between MS inlet 

and metal reaction tube, (C) wire to ground metal tube, (D) metal reaction tube (lengths 0 to 100 cm), (E) sample cover 

plate (hole Ø 2 cm), (F) mid-IR laser focussing lens, (G) 18 mm distance between ESI spray and metal tube, (H) ESI 

spray needle with nebulizer, and (I) 96 well plate. 

 

Figure S2. Graph of reaction time vs tube length. (A) Reaction time is plotted against used tube lengths with different 

ESI and counter electrode (MS inlet) voltage settings: [A] 3500 V ESI and 65.2 V MS inlet to grounded tube; [B] 2500 V 

ESI and 65.2 V MS inlet to grounded tube; [C] 3500 V ESI and -23.0 V MS inlet to grounded tube; [D] 3500 V ESI and -

0.1 V MS inlet to grounded tube. Apparently, generated microdroplets are propelled by nebulizing gas through the 

reaction tube and subsequently drawn by vacuum into the MS, without being influenced by offset voltage settings. (B) 

Optical image of voltage measurement between grounded metal tube and MS inlet (counter electrode). 
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Figure S3. Proposed structure of m/z 317.173. 

 

Figure S4. 1H-NMR spectrum of structure 4. An impurity was detected – the triplet is marked with a star – in the 1H-NMR 

spectrum of structure 4 in D2O. The proposed structure of the impurity would lead to MS detection of proposed product 

in Figure S3 at m/z 317.173. 
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Figure S5. Background-subtracted mass spectra of the IEDDA reaction between BCN-amine 1 and dipyridyl-tetrazine 

2a with (A) stainless steel and (B) copper tubes. Tube lengths of 100 cm were used for both experiments. m/z 561.29 is 

likely to be an adduct between the highly functionalized BCN-amine 1 and dipyridyl-tetrazine 2a. The absence of a BCN-

amine 1 m/z value in the spectra is because it was part of the ESI spray solution and thus background subtracted. 

 

Figure S6. MS2 on m/z 561.3. Protonated BCN-amine 1 is obtained following MS/MS on the ion of m/z 561.3 indicating 

adduct formation between both BCN-amine 1 and dipyridyl-tetrazine 2a reagents. 

 

Table S7. Table of tube length with corresponding area ratio of protonated product 3a and its water adduct. 
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Figure S8. Reactive LAESI EIC’s of product 3a and its water adduct. (A) EIC of m/z 533.287 ± 20 ppm (click reaction 

product, 3a) and (B) EIC of m/z 551.297 ± 20 ppm (H2O adduct of product 3a) in the same experiment. Reaction tube 

100 cm. 

 

Figure S9. Reactive LAESI EIC’s of click reaction product 3a and BCN-amine 1. (A) EIC of m/z 533.287 ± 15 ppm 

(product 3a) and (B) EIC of m/z 325.212 ± 15 ppm (BCN-amine 1) in the same experiment. No negative peaks in BCN-

amine 1 signal are observed at the time of product 3a detection, demonstrating an excess of BCN-amine 1 in the 

electrospray solution and thus conditions for pseudo-first order kinetics. 
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Figure S10. Graphs of absolute peak areas of product 3a and 1/reserpine. (A) Absolute peak area product 3a and (B) 

1/absolute peak area reserpine (used as internal standard). Peak areas of both product 3a and reserpine were only 

slightly decreasing at reaction tube distances over 15 cm (30 ms). 

 

Figure S11. Reactive LAESI background-subtracted mass spectra of the reaction of BCN-amine 1 with diphenyl-

tetrazine 2c and clofentezine 2b. (A) Background subtracted mass spectrum for the reaction of diphenyl-tetrazine (2c) 

to give 3c. m/z 237.116 has an elemental composition of [C14H13N4]+, therefore it cannot be residual dipyridyl-tetrazine 

2a. (B) Background substracted mass spectrum for the reaction of chlofentezine (2b) to give 3b. 

 

Figure S12. EIC of dipyridyl-tetrazine 2a analysis in regular LAESI conditions (without click reagent in ESI spray). 

Concentration of 2a was 1 mM in MeOH - H2O (1:1) in the well plate, analysis parameters were as described in 

experimental, with a few exceptions; no reaction tube or ESI spray reagents were used. 

 



Reactive LAESI Time-Resolved Mass Spectrometry of Click Reactions 

79 
 

 

Figure S13. Template and created sample of Wageningen University logo. (A) Template (20 mm × 29 mm) used to 

create the Wageningen University logo. (B) Optical image of the sample as analyzed in Figure 7. 
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Abstract 

In drug discovery it is important to identify phase I metabolic modifications as early 

as possible to screen for inactivation of drugs and/or activation of prodrugs. As the major class 

of reactions in phase I metabolism are oxidation reactions, oxidation of drugs with TiO2 

photocatalysis can be used as a simple non-biological method to initially eliminate (pro)drug 

candidates with an undesired phase I oxidation metabolism. Analysis of reaction products is 

commonly achieved with mass spectrometry coupled to chromatography. However, sample 

throughput can be substantially increased by eliminating pretreatment steps and exploiting 

the potential of ambient ionization mass spectrometry (MS). Furthermore, online monitoring 

of reactions in a time-resolved way would identify sequential modification steps. Here we 

introduce a novel (time-resolved) TiO2-photocatalysis laser ablation electrospray ionization 

(LAESI) MS method for the analysis of drug candidates. This method was proven to be 

compatible with both TiO2-coated glass slides as well as solutions containing suspended TiO2 

nanoparticles, and the results were in excellent agreement with studies on biological oxidation 

of verapamil, buspirone, testosterone, andarine, and ostarine. Finally, a time-resolved LAESI 

MS setup was developed and initial results for verapamil showed excellent analytical stability 

for online photocatalyzed oxidation reactions within the set-up up to at least one hour.  
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Introduction 

Metabolism of drugs is an important aspect of their efficacy after administration to 

the body. One aspect of human metabolism is the excretion of xenobiotics – e.g. drugs or 

carcinogens – by biochemical transformations. In pharmacology, these transformations can 

also be exploited for the activation of prodrugs. The metabolism of drugs is often divided into 

two phases, biotransformation and bioconjugation, respectively. The biotransformation, phase 

I, plays an important role in the deactivation of drugs and activation of prodrugs, and 

comprises reactions such as oxidation, reduction, and hydrolysis. In drug discovery, it is 

important to identify these modifications as early as possible to screen for possible 

pharmacologically active compounds.1,2 Commonly, the metabolism of drug candidates is 

evaluated by in vitro biotransformations (with microsomes or recombinant enzymes), which 

are time-consuming and relatively expensive.2 Since the major class of reactions in phase I 

metabolism are oxidation reactions,3 also non-enzymatic methods could be used for rapid 

phase I reactions to eliminate drug candidates with an undesired metabolism. Apart from 

electrochemistry approaches,4,5 titanium dioxide (TiO2) photocatalysis is a simple non-

enzymatic method to generate oxidation reaction products similar to those obtained by phase 

I biochemical transformations.6-13  

In TiO2 photocatalysis (see refs 14 and 15 for reviews), TiO2 is used as a material that 

is able to catalyze oxidation and reduction reactions when exposed to ultra-violet (UV) 

radiation.16-18 The absorbance of a photon by TiO2 with an energy greater than its bandgap 

(3.2 eV, 385 nm) will excite a valence electron, producing a free electron in the conduction 

band and leaving a hole in the valence band. Both the hole and free electron can react with 

other molecules that are present at the material surface, like molecular oxygen and water 

molecules. Molecular oxygen can be reduced to superoxide (O2-), which is a very strong 

oxidizing agent of organic molecules.19 In both the oxidation (by photogenerated holes) and 

reduction (by the free electrons) of water molecules hydroxyl radicals are produced. Hydroxyl 

radicals are highly oxidative and has been used extensively as a tool for oxidation reactions 

with drug candidates.6-13 

Mass spectrometry (MS), often coupled with liquid chromatography (LC), is a well-

established analysis technique for the identification and quantification of drugs and their 

metabolites following in vitro and in vivo studies. Hence, LC-MS has been used as analytical 

method of choice for identification of the drug reaction products in most TiO2 photocatalyzed 

oxidation studies.6-12 This method requires the removal of TiO2 particles priori to LC-MS 

analysis, introducing pretreatment steps and thus limiting sample throughput. Improvements 

have been achieved with a nanoreactor electrospray ionization chip (TiO2-μPESI) containing 

integrated TiO2-coated micropillars for direct MS analysis.13 Apart from this approach, a simple 

TiO2-coated rotating platform was recently introduced in combination with desorption 

electrospray ionization (DESI) MS, providing the opportunity to increase throughput of 
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oxidation reactions up to four samples per minute.20 Although these MS methods do not allow 

for the separation of isomeric reaction products, MS/MS provides information on the 

modification site. A drawback in current TiO2 photocatalysis systems is the possibility of 

continuous oxidation of formed reaction products, as often multiple, consecutive oxidation 

reactions might take place. This makes it difficult to identify sequential oxidation steps. An 

online, time-resolved based method would therefore be a real asset for identification of 

products, and to follow consecutive and/or parallel modifications in real time. 

Laser ablation electrospray ionization (LAESI) is an ambient MS technique used in 

the analysis of, e.g., tissues, food contaminants, solid materials, and liquids.21-29 It uses a 2.94 

μm mid-infrared pulsed laser that addresses hydroxyl moieties leading to the efficient ablation 

of sample material that is subsequently extracted by charged electrospray droplets upon MS 

analysis. LAESI has previously been demonstrated its ability to allow monitoring of enzymatic 

reactions in time, directly from a well plate.28 In a LAESI TiO2 photocatalysis MS system, 

reaction products in the ablation plume would simply be extracted by electrospray droplets for 

MS detection, without any need for removal of TiO2 particles. Temporal resolution would then 

easily be obtained by online UV exposure inside the LAESI ambient ionization source, 

providing the opportunity to study reactions in real time. 

In the present work we introduce LAESI-MS as an analysis technique in TiO2 

photocatalysis. The feasibility of the method is demonstrated and critically compared to LC-

MS, TiO2-μPESI-MS, and DESI-MS TiO2 photocatalysis methods for verapamil, buspirone, 

and testosterone. Furthermore, the method is used to generate reaction products of the 

selective androgen receptor modulators andarine and ostarine, and compared with 

metabolites obtained in vitro. Finally, time-resolved TiO2 photocatalysis LAESI-MS is shown, 

with the online TiO2 photocatalyzed oxidation reaction of verapamil as a model system. 

 

Experimental section 

Materials 

TiO2-coated glass slides were created by atomic layer deposition of titanium(IV) 

isopropoxide on glass; the full procedure has been reported elsewhere.20 Verapamil, 

buspirone and titanium(IV) oxide nanopowder P25 were obtained from Sigma-Aldrich 

(Zwijndrecht, The Netherlands). Testosterone, ostarine and andarine were kindly donated by 

RIKILT (Wageningen, The Netherlands). Ultrapure water (H2O) – 18.2 MΩ×cm-1 at 25 °C – 

was freshly produced daily with a Millipore (Molsheim, France) Integral 3 system. Acetonitrile 

(ACN) LC-MS grade was bought from VWR (Leuven, Belgium). Methanol (MeOH) UPLC-MS 

grade was purchased from Biosolve (Valkenswaard, The Netherlands). Formic acid (FA) LC-

MS grade was bought from Fisher Scientific (Geel, Belgium) and leucine-enkephalin (leu-enk) 

for lock mass-corrected mass calibration was purchased from Waters (Manchester, UK). 
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LAESI-MS of TiO2 Photocatalyzed Oxidation Reactions on Glass Slides 

For all compounds only 1 μL of sample solution (1 mM) was dispensed on TiO2-

coated glass slides. The sample spots were UV exposed until dry – roughly between 60 and 

180 s, depending on solvent volatility – with a Uvet (Guangdong, P.R. China) UV LED Spot 

Curing System NSC4 (specified maximum peak at 365 nm, intensity 650 mW/cm2 at 4 cm 

distance). 2 μL solvent was added to the dried sample spots before direct analysis with a 

Protea Biosciences (Morgantown, WV) LAESI DP-1000 system coupled to a Waters Synapt 

G2S traveling wave ion mobility (IMS) time of flight (TOF) mass spectrometer (MS). LAESI 

desktop software v.2.0.1.3 (Protea Biosciences) was used to control experimental parameters 

of the LAESI system. The Nd:YAG optical parametric oscillator mid-infrared laser (2.94 µm) 

was set to 100 % laser power (Φ 3.2 J/cm2) and 10 pulses with a specified pulse length of 5 

ns were acquired on every spot (⌀ 200 µm) at a frequency of 5 Hz. A solution of MeOH : H2O 

(1:1) with 0.1% FA and 40 ng×mL-1 leu-enk was used as electrospray solvent in positive ion 

mode whereas in negative ion mode a solution of MeOH : H2O (1:1) with 100 ng×ml-1 leu-enk 

was used. Electrospray flow rate was 1 µl×min-1 and the voltage was set at ~ 3.5 kV (ESI+) or 

~ 3.0 kV (ESI-) in order to have a stable ESI signal. The Synapt G2S was controlled by 

MassLynx v4.1 SCN 883 (Waters) and operated in either positive – for verapamil, buspirone 

and testosterone – or negative – for ostarine and andarine – ion TOF-MS resolution mode, 

m/z range 50-1200, scan time 1 s, and source and interface temperatures were both set at 

150 °C. Background-subtracted mass spectra were generated using the “combine spectrum” 

function in MassLynx: five scans, each corresponding to five laser pulses of UV exposed 

sample spots were combined and fifty scans, matching laser pulses of non-UV exposed 

sample spots (blank) together with electrospray background, were subtracted. 

 

Figure 1. Schematic overview of TiO2 photocatalysis LAESI-MS. A depicts offline UV exposure of samples on TiO2-

coated glass slides followed by direct LAESI-MS analysis. B shows the online time-resolved TiO2 photocatalysis LAESI-

MS setup, comprising an ESI probe, a sample cup with PEEK tube for oxygen supply, a mid-IR laser, and a 365 nm UV 

lamp. Additional details can be found in the experimental section and a picture of B is shown in Figure S1.  
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Time-Resolved TiO2 Photocatalysis LAESI-MS 

For the time-resolved measurements the UV lamp was installed inside the LAESI 

system. Verapamil (1 mM) was dissolved in 0.2 g×L-1 TiO2 nanopowder (H2O) and the 

polypropylene sample cup containing the solution (4 mL) was mounted inside the LAESI 

system. PEEK tubing, connected to an air supply was placed into the solution to provide a 

continuous oxygen source as well as a stirring mechanism due to the bubbling of air (5 

mL×min-1). An overview of the experimental setup is shown in Figure 1B. The sample was 

online UV exposed for 60 min, during which the mid-IR laser was pulsed continuously at a 

frequency of 0.1 Hz, and MS scan time was 0.5 s. The heated MS inlet temperature was 

decreased to 80 °C to minimize solvent evaporation in the sample cup. Extracted ion current 

(EIC) signals were integrated with MassLynx and the (laser ablation-induced) peak areas 

obtained were normalized to the verapamil [M+H]+ signal.  

 

  

Results and Discussion 

LAESI-MS as an Analysis Tool in TiO2 Photocatalyzed Oxidation Reactions on Glass 

Slides 

LAESI-MS was examined as a direct analysis tool in TiO2 photocatalysis; the 

generated oxidation products were critically compared with data of previously reported 

oxidation products of the model compounds verapamil, buspirone and testosterone.7,10,11,13,20 

A first notable practical aspect was that LAESI, like DESI, was able to easily analyze samples 

on surfaces without any sample pre-treatment or lengthy chromatographic separation. 

Oxidation products were generated by simple offline UV exposure of analyte solutions on 

TiO2-coated glass slides, after which LAESI analysis directly onto the glass slides proved 

feasible. Additional analyte solution spots on the same glass slides were covered to prevent 

UV exposure; the obtained LAESI-MS signals of these spots were used for MS background 

subtraction. Table 1 presents the obtained photocatalyzed oxidation products of verapamil 

together with their collision-induced dissociation (CID) MS/MS product ions. Detected LAESI-

ionized oxidation products at m/z 291.206, 441.270, 487.282 and 469.266 correspond to the 

molecular structures [M-164+H]+ (N-dealkylation), [M-CH2+H]+ (demethylation), [M+2O+H]+ 

(dihydroxylation) and [M+O-H2+H]+ (carbonyl formation), respectively. Both the demethylation 

(M-CH2) and carbonyl formation (M+O-H2) appear to occur at various positions in the 

molecule. For the demethylation this is shown by the CID product ions m/z 151.076 and m/z 

289.192 (Table 1, patterns B and C, respectively) that both comprise CH2 (-14.02 Da.) loss. 

In the carbonyl formation – oxidation product – this is indicated by the two different CID product 

ions m/z 179.070 and m/z 317.187 (Table 1, patterns B and C, respectively), which show a 

13.98 Da addition (+O-H2) compared to their verapamil equivalents. The observed 

photocatalyzed oxidation products and CID product ions are similar to those reported in TiO2-
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μPESI and DESI analysis studies.13,20 One exception is a product detected with TiO2-μPESI-

MS at m/z 195 (N-dealkylation) which was not observed in our data. This absence could be a 

result of the specific TiO2 photocatalysis procedure used, as with TiO2-μPESI the 

photocatalytic micropillar nanoreactor was integrated in the electrospray ionization chip, which 

comprises a different setup. Our method has more similarities with the DESI study, in which 

m/z 195 was absent as well.20 The obtained verapamil CID fragmentation pathway in Table 1 

is similar to the one suggested by Walles et al.30 

 

Table 1. Observed TiO2 photocatalyzed oxidation products of verapamil, as generated on TiO2-coated glass slides, 

together with their CID product ions. A background-subtracted mass spectrum is given in Figure S2A and CID MS/MS 

spectra of verapamil and photocatalyzed oxidation products are provided in Figure S3. 

 

For buspirone the obtained TiO2 photocatalyzed oxidation products following LAESI-

ionization were m/z 402.254, 400.241, 384.240 and 418.253, and are presented along with 

the their CID MS/MS product ions in Table 2. The obtained oxidation products relate to the 

molecular structures [M+O+H]+ (hydroxylation), [M+O-H2+H]+ (hydroxylation and 

dehydrogenation), [M-H2+H]+ (dehydrogenation) and [M+2O+H]+ (dihydroxylation), 

respectively. As with verapamil, all obtained oxidation products are in excellent agreement 

with LC-MS and DESI-MS studies on this compound, underlining the feasibility of LAESI-MS 

as a rapid analysis tool for TiO2 photocatalysis.7,11,20 Furthermore, the obtained CID product 

ions D and F (Table 2) of photocatalyzed oxidation products M+O (m/z 402.254) and M+O-H2 

(m/z 400.241) in particular demonstrate distinctive CID fragmentation. The hydroxylation 
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(M+O) product suggests a rapid loss of H2O upon CID, making the hydroxylation site 

undetected in CID MS/MS analysis from the m/z values of fragment ions D and F. However, 

with the hydroxylation and dehydrogenation (M+O-H2) product this site is indicated to be in 

CID product ion F due to the increased m/z value of this CID product ion (from m/z 265 to 

279). The dehydrogenation site is located in the piperazine moiety, as indicated by CID 

MS/MS product ion E (m/z 162.090, Table 2). The opportunity to include CID MS/MS is a 

useful option, but a minor shortcoming of ambient ionization MS compared to hyphenated-MS 

techniques is the absence of the extra separation dimension. E.g., there were four 

chromatographic peaks reported by Calza et al. in the LC-MS analysis of hydroxy-buspirone 

(m/z 402), corresponding to at least four different isobaric hydroxylation products.7 An 

additional separation dimension compatible with ambient ionization MS is ion mobility (IMS).26 

The applicability of IMS was investigated by calculation of collision cross sections (CCS) for 

reported isobaric hydroxylation products and are provided in Table S1.7 Buspirone 

hydroxylation products are varying in CCS by circa 1%, whereas the IMS resolving power of 

used instrumentation is capable of separating compounds with CCS differences of over 

approximately 5%.31 The IMS separation of buspirone hydroxylation products are therefore 

beyond the resolving power of present instrumentation and was not further investigated here. 

Nonetheless, studies comprising other molecules and/or different ion mobility hardware could 

benefit from separation with this technique. The CID MS/MS fragmentation pathway as 

proposed in Table 2 is in good agreement with literature.7,32 

 

Table 2. Observed TiO2 photocatalyzed oxidation products of buspirone, and their CID MS/MS product ions. A 

background-subtracted mass spectrum is given in Figure S2B and CID MS/MS spectra of buspirone and photocatalyzed 

oxidation products are provided in Figure S4. 
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Finally the steroid testosterone was studied to show the feasibility of TiO2 

photocatalysis LAESI-MS for analysis of a more hydrophobic compound. Testosterone was 

dissolved in H2O:ACN (1:1 v/v) priori to the analysis. ACN is known to be an OH radical 

scavenger and may therefore somewhat hamper the TiO2 photocatalyzed oxidation of 

testosterone.10,33 Despite this organic modifier, oxidation products were easily obtained, and 

are presented with their CID MS/MS product ions in Table S2. The observed reaction products 

M+O (m/z 305.209), M+O-H2 (m/z 303.194) and M-H2 (m/z 287.203) are in line with the 

products detected in conventional LC-MS analysis.10,11 

 

TiO2 Photocatalysis LAESI-MS of Selective Androgen Receptor Modulators on Glass 

Slides 

Following the verification of LAESI-MS as a suitable analysis tool in TiO2 

photocatalysis on glass slides, the method was used to study the oxidation products of the 

selective androgen receptor modulators andarine and ostarine. The only photocatalytic 

reaction product of andarine was observed at m/z 307.058 (Figure 2A) following LAESI-MS 

analysis, and the proposed mechanism is depicted in Figure S6. The proposed structure could 

further be confirmed by MS/MS of m/z 307.058, via the observation of a fragment ion at m/z 

205.023. This m/z 307.058 peak and similar MS/MS spectra were reported to belong to the 

most abundant metabolite in several biological in vitro and in vivo studies, using human liver 

microsomes and human urine.34-40 In those studies, reported phase II metabolites produced 

by enzymes such as glutathione-S-transferase, N-acetyl transferase, and sulfotransferase, 

are obviously not observed in TiO2 photocatalyzed oxidation studies. 

In case of ostarine, the LAESI-ionized oxidation products were observed at m/z 

287.062 and m/z 404.093 (Figure 2B). The ion at m/z 287.062 is proposed to be produced 

following a similar reaction mechanism (Figure S6) as m/z 307.058 of andarine. The structure 

is further confirmed by MS/MS to yield a CID fragment ion at m/z 185.033, which is in 

agreement with literature.40,41 The oxidation product appearing at m/z 404.093 is most likely 

formed by hydroxylation of ostarine. Multiple hydroxylation sites were identified by MS/MS 

experiments. The most obvious sites are aromatic rings (Figure S7). The CID fragment ions 

at m/z 285.049 and m/z 118.030 correspond to hydroxylation in aromatic ring A, whereas the 

fragment ions at m/z 269.054 and m/z 134.025 associate with hydroxylation at ring B. A 

fragmentation mechanism for these compounds has been reported previously.33 However, we 

here propose a different CID fragmentation mechanism, leading to fragment ions with a stable 

C-N bond instead of a labile N-O bond (Figure S7B). These results demonstrate that our 

method provides rapid identification of photocatalyzed oxidation products that mimic products 

found in several in vitro studies.34-41 

Although both andarine and ostarine do not significantly absorb UV light at λ = 365 

nm, the same experiment, but on regular – uncoated – glass slides was performed to exclude 

any possibility of photodegradation due to direct UV exposure. Indeed, no reaction products 
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were obtained (Figure S10). Please note that all compounds used in this study do not 

significantly absorb UV light at λ > 300 nm and the used UV lamp does not emit UV light at λ 

< 350 nm (Figure S11). It is therefore unlikely that any products shown in this work are a result 

of photodegradation. 

 

Figure 2. Background-subtracted mass spectra of the oxidation products of andarine (A) and ostarine (B), with their 

proposed structures. Obtained CID MS/MS spectra are provided in Figures S7 (ostarine product, m/z 404.093), S8 

(andarine product, m/z 307.058), and S9 (ostarine product, m/z 287.062). 

 

Time-Resolved Photocatalyzed Oxidation LAESI-MS of Verapamil using TiO2 

Nanoparticle Suspensions 

In order to monitor the generation of reaction products in time, an online setup was 

created by installing a reaction cup and the UV lamp inside the LAESI system (Figures 1B 

and S1). Besides measuring oxidation products from TiO2-coated glass slides as 

demonstrated in the previous paragraphs, LAESI is also capable of measuring those directly 

from a sample cup containing suspended TiO2 nanoparticles in water. Verapamil was used as 

a model compound and the generation of several products during a reaction time of one hour 

is shown in Figure 3. After switching on the 365 nm UV lamp, at 2 min runtime, almost instantly 

two major products of verapamil, the N-dealkylation and demethylation products (Figure 3, 

signals A and B) were observed. These reaction products steadily increased in abundance 
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during the entire analysis runtime of 60 min (Figure 3, raw data in Figure S12). The added 

value of time-resolved analysis started to show after ca. 25 min reaction time, when a product 

ion at m/z 277.19 started to appear (Figure 3, signal C). This m/z value is the result of both N-

dealkylation and demethylation of verapamil and clearly demonstrates the power of this 

system in identifying subsequent oxidation steps. In addition, also the product of a double 

demethylation (m/z 427.26) was observed after ca. 18 min (Figure S13). Following these 

results this time-resolved method allows the optimization of reactions conditions preliminary 

to high-throughput static experiments. Despite the inherent poor reproducibility of MS data 

from individual LAESI pulses, the reproducibility of time-resolved TiO2 photocatalyzed LAESI-

MS over three different analyses is actually quite good, cf. the individual lines of the (n=3) 

averaged data presented in Figure 3 given in Figure S14. This indicates time-resolved 

analysis of the oxidation products of drugs is not only feasible by LAESI, but also easily adds 

mechanistic information that is not available upon analysis of the composition of just one time 

point. 

 

Figure 3. Time-resolved photocatalyzed oxidation LAESI-MS of verapamil using a TiO2 nanoparticle suspension. A 

shows the formation of the N-dealkylation product (m/z 291.21) of verapamil. B displays the formation of the 

demethylation product of verapamil (m/z 441.28), and C shows the product of both the N-dealkylation and demethylation 

(m/z 277.19), which starts to appear around ~25 min (intensity shown at secondary y-axis). The 365 nm UV lamp was 

switched ON after 2 min. All lines were normalized to verapamil [M+H]+. Data were averaged (n=3, for clarity, error bars 

are not shown), individual data are shown in Figure S14. 
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Conclusion 

We have developed an ambient TiO2 photocatalysis LAESI MS method to generate 

photocatalyzed oxidation products of drugs that are similar to phase I metabolites. Like other 

ambient ionization MS approaches the concept features rapid simplified analysis without any 

sample pretreatment or lengthy chromatographic separations. In addition, LAESI MS, was 

able to measure drugs and their metabolites directly from the surface of TiO2-coated glass 

slides as well as from TiO2 nanoparticle suspensions. Among others, the method on TiO2-

coated glass slides was demonstrated with the selective androgen receptor modulators 

andarine and ostarine to yield oxidation reaction products similar to those obtained in various 

in vitro studies. Moreover, a novel fully integrated, time-resolved LAESI MS photocatalyzed 

oxidation approach was successfully developed using a TiO2 nanoparticle suspension and 

demonstrated for verapamil. The time-resolved TiO2 photocatalysis LAESI MS exhibited 

excellent stability and enabled the monitoring of reaction products during a reaction time of at 

least one hour. This method can be used in future research to expeditiously assess drug 

candidates in the early stages of development as well as an online tool for time-resolved 

monitoring for this and of other – non-TiO2 based – reactions. 
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Supporting Information Chapter 4 

 

Figure S1. Picture of the time-resolved LAESI-MS setup depicted in Figure 1B. A PEEK tubing for bubbling air (oxygen 

supply and stirring mechanism), B mid-IR laser focussing lens, C heated MS inlet, D 365 nm UV lamp, E ESI spray 

needle and F polypropylene sample cup. The distance between MS inlet C and the ESI needle tip E was 15 mm. 
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Figure S2. TiO2 photocatalyzed oxidation LAESI-MS background subtracted mass spectra of A verapamil, B buspirone 

and C testosterone on TiO2-coated glass slides. CID MS/MS mass spectra of observed product ions are presented in 

Figures S3 (verapamil), S4 (buspirone) and S5 (testosterone). For conditions, see experimental section. 
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Figure S3. CID MS/MS mass spectra of verapamil (panel A) and observed TiO2 photocatalyzed oxidation products 

(panels B-E). Selected precursor ion is annotated with a star. The fragmentation pattern is in excellent agreement with 

literature.1,2 
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Table S1. Structures and calculated collision cross sections of buspirone hydroxylation products. Structures of 

hydroxylation products were proposed by Calza et al. 3 Hydroxy buspirone 3D structures were auto optimized using 

Avogadro V1.1.1 (http://avogadro.cc/) with force field set to MMFF94s. CCS values were calculated using CCSCalc 

(Waters), gas radius was 1.0 Å and CCS tolerance 0.1%. 
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Figure S4. CID MS/MS mass spectra of buspirone (panel A) and observed TiO2 photocatalyzed oxidation products 

(panels B-E). Selected precursor ion is annotated with a star. The fragmentation pattern is in excellent agreement with 

literature.3,4 
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Table S2. Observed photocatalyzed oxidation products of testosterone, as generated on TiO2-coated glass slides 

together with their CID MS/MS product ions. A background subtracted mass spectrum is given in Figure S2C and MS/MS 

spectra of testosterone and observed oxidation products are provided in Figure S5. 
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Figure S5. CID MS/MS mass spectra of testosterone (panel A) and observed TiO2 photocatalyzed oxidation products 

(panels B-D). Selected precursor ion is annotated with a star. The structures for m/z 97 and m/z 109 are in agreement 

with literature.5,6 

 

Figure S6. Proposed mechanism for TiO2 photocatalyzed oxidation products of andarine and ostarine, observed at m/z 

307.058 and m/z 287.062, respectively. 
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Figure S7. MS/MS on ostarine hydroxylation product ions with proposed structures. We proposed an alternative 

fragmentation mechanism to form m/z 257 (similarly 241) than which has been proposed previously.7 
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Figure S8. Andarine MS/MS on m/z 307. Selected precursor ion is annotated with a star. 

 

Figure S9. Ostarine MS/MS on m/z 287. Selected precursor ion is annotated with a star. 

 

Figure S10. Background subtracted mass spectra of Ostarine and Andarine on glass slides without TiO2 coating. Both 

samples – Figures A (Ostarine) and B (Andarine) – were treated as described in the experimental section. This 

experiment was meant to detect any effect of photodegradation as a result of uncatalyzed UV exposure; yet, no effect 

(product) was observed. 
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Figure S11. Emission spectrum of used UV lamp. 
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Figure S12. EIC’s of verapamil and oxidation products generated by time-resolved photocatalysis LAESI-MS using 

suspended TiO2 nanoparticles. Each peak in the EIC’s is a result of a laser pulse (injection) with a frequency of 0.1 Hz. 

The red lines indicate the trend in the raw data. A shows EIC of verapamil [M+H]+ which shows a constant signal (apart 

from normal instrumental – LAESI – variation) for 60 minutes reaction time. B and C show the TiO2 photocatalysis 

products [M-CH2+H]+ (demethylation) and [M-164+H]+ (N-dealkylation), respectively. Finally, D shows the product of both 

the N-dealkylation and demethylation, which are depicted in B and C, and is observed starting from ~25 minutes onwards. 

This result shows consecutive reactions of already formed products and demonstrates the relevance of time-resolved 

measurements. 
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Figure S13. EIC of m/z 427.26 following time-resolved TiO2 photocatalyzed oxidation LAESI-MS of verapamil. Each 

peak in the EIC is a result of a laser pulse (injection) with a frequency of 0.1 Hz. The red line indicates the trend in the 

raw data. 
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Figure S14. Individual data for oxidation products generated by time-resolved TiO2 photocatalysis LAESI-MS as 

presented in Figure 3. Each signal is normalized to verapamil [M+H]+. A shows data for m/z 291.21 (N-dealkylation). B 

presents data for m/z 441.28 (demethylation) and C depicts data for m/z 277.19 (both the N-dealkylation and 

demethylation).  
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Abstract 

Ambient mass spectrometry (MS) currently draws great interest for its simple and 

fast analysis capabilities and its feasibility in imaging approaches. Identification and 

confirmation of known as well as unknown (bio)chemical entities in ambient MS mostly 

involves accurate mass determination, often in combination with MS/MS or MSn work flows. 

However, an accurate mass only provides the elemental composition of the (bio)molecule, still 

resulting in numerous possible structures. MS/MS procedures are often insufficient in 

differentiating between the hundreds possible candidate substances in database searches. 

Obtaining additional information and thereby improving structural assignment as well as 

reducing the vast number of possible candidates is thus of paramount importance in any 

ambient MS study to compensate for the lack of extensive sample preparation or 

chromatographic separation. Here we present an ambient hydrogen/deuterium exchange 

(HDX) laser ablation electrospray ionization (LAESI) MS method for structure elucidation and 

confirmation of (bio)molecules. The concept was demonstrated with both small molecules 

such as melamine and monosaccharides as well as large molecules such as peptides and 

proteins. Moreover, the same approach could be applied to mass spectrometry imaging (MSI) 

as shown by the ambient MSI of arginine and oligosaccharides on an orange slice and an 

ubiquitin spiked muscle tissue sample. Eventually, this approach will allow spatially resolved 

MSI of different protein conformers and may have a major impact in the life sciences.  
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Introduction 

Mass spectrometry (MS) studies commonly aim to find the identity and/or quantity of 

molecules in a sample. In mass spectrometry imaging (MSI) studies the localization of 

molecules is also included to find, e.g., lipid profiles, the accumulations of drugs and their 

metabolites, and peptide or protein distributions in tissue.1-5 However, often samples require 

laborious pretreatment steps and/or vacuum conditions to be compatible with MS(I) analysis. 

Sample pretreatment prevents real-time analysis and can largely affect the outcome of MS 

analysis, such as analyte losses and delocalization of molecules.6,7 Additionally, samples can 

be disrupted or damaged when affected by vacuum conditions.8,9 Ambient MS was therefore 

introduced to record mass spectra of samples in their native environment, without any sample 

pretreatment.10-13 

Structural identification of (bio)molecular entities in ambient MS(I) is of prime interest 

and largely depending on accurate mass measurements, usually combined with MS/MS or 

MSn approaches.14 The accurate mass is acquired with high resolution instruments such as 

time-of-flight and orbitrap MS, and provides the elemental composition of the (bio)molecule.15 

This elemental composition usually still yields numerous candidates of chemical substances. 

Databases can be used to obtain known and/or expected molecular structures comprising the 

same elemental composition.16 MS/MS approaches can then further elucidate the 

(bio)molecular structure but with hundreds of molecular structure options, this would require 

the availability of large libraries of standard substances.17 Also orthogonal methods like ion 

mobility (IMS) or online reactions can be used during ambient MS(I) data acquisition to obtain 

additional information, but these have limited success for elucidation of unknown entities and 

are mostly used for improved selectivity and signal-to-noise ratio.18-21 The development of 

methods to obtain additional molecular structural information is thus of utmost importance for 

reducing the number of options and thereby increasing the certainty in, as well as the speed 

of, identification in ambient MS(I). 

One such an approach which may assist in the identification of unknown entities is 

hydrogen/deuterium exchange (HDX) MS.22 HDX-MS is a method to obtain the number of 

exchangeable hydrogens in a molecule, present in, e.g., –NH, –OH and –SH moieties. The 

m/z value of the unknown entity will increase accordingly with each included deuteron, 

providing valuable information on the number of exchangeable protons. This information can 

then be used to assist in (bio)molecular structure datamining, as a method to probe protein 

3D structure, and/or to investigate molecular complex formation.23-25 Common HDX 

procedures are focused on adding a deuterated gas to trapped gas-phase ions for exchange 

reactions inside the vacuum of the mass spectrometer,26 using a deuterated reaction gas in 

chemical ionization (CI),27 or by dissolving/diluting the sample in a deuterated solvent prior to 

MS analysis.28 However, gas-phase HDX of trapped ions is nearly impossible to combine with 

the – wide m/z range – high ion throughput of non-targeted approaches that are common in 
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imaging and -omics studies. CI, or desorption atmospheric pressure chemical ionization 

(DAPCI), is only compatible with volatiles and very low molecular weight molecules, limiting 

its use for surface and tissue analysis.29 Furthermore, dissolving/diluting samples obviously 

causes delocalization of analytes, is incompatible with surface analysis, and may also suffer 

from back-exchange. A combination of HDX with ambient MS(I) would be a valuable addition 

for structure identification in surface analysis including tissue. Apart from an initial DART set-

up for ambient gas-phase HDX, ambient MS has not been explored for HDX yet.30 

Laser ablation electrospray ionization (LAESI) is an ambient MS ionization technique 

that can also be used for imaging.31 LAESI-MS applicability was demonstrated in the analysis 

of tissue,32-36 food contaminants,37 synthetic materials,38 and single cells.39-41 Furthermore, 

LAESI-MS was proven viable for top-down MS of intact proteins,42 and for performing and/or 

monitoring online time-resolved reactions.20,43,44 In LAESI-MS analysis, ablated sample 

material is continuously extracted by charged microdroplets that are produced by an 

orthogonally placed electrospray emitter, prior to MS analysis. In an HDX-LAESI-MS approach 

the ESI solvent can easily be replaced with a deuterated one, resulting in a simple ambient 

MS HDX method that would also enable imaging. As shown in previous ESI studies, the 

problem of back-exchange would be minimal as a result of the continuous ESI spray which is 

directed towards the MS inlet.45-47 Obviously different deuterium donors might be exploited, 

although in the present work D2O was used aiming for, amongst others, native protein 

conditions. HDX reaction kinetics of exchangeable hydrogens is expected to be rapid due to 

the liquid microdroplet environment, yielding up to complete conversions for at least small 

molecules.48 

In this research we report a novel ambient MS approach, viz. HDX-LAESI, for 

(bio)molecular structure elucidation and confirmation. This method was demonstrated with the 

HDX reactions of small molecules, a peptide and two proteins, and its performance was 

critically compared with current literature. In addition, the applicability in (bio)molecular 

structure identification and MSI was shown in combination with ion mobility for biomolecules 

like arginine and oligosaccharides, detected directly from an orange slice. Finally, the 

feasibility of ambient HDX-LAESI-MS(I) in native protein analysis was initially demonstrated 

with a ubiquitin spiked muscle tissue sample. 
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Experimental section 

Materials 

Ultrapure water (H2O) 18.2 MΩ×cm-1 at 25 °C was freshly produced with a Millipore 

(Molsheim, France) Integral 3 system. Deuterium oxide (D2O) 99.9% atom D, melamine, 

bradykinin, α-lactalbumin from bovine milk, ubiquitin from bovine erythrocytes, deuterated 

formic acid (FA-d2) 99%+ atom D, ammonium acetate (NH4Ac) LC-MS grade, acetic acid 

(HAc) LC-MS grade, and ammonium hydroxide (NH4OH) LC-MS grade were purchased from 

Sigma-Aldrich (Zwijndrecht, The Netherlands). A new ampule of D2O was used for each 

analysis. An orange and chicken muscle tissue were obtained from a local supermarket. 

 

Ambient HDX-LAESI-MS 

A Protea Biosciences (Morgantown, WV) LAESI DP-1000 system was coupled to a 

Waters (Manchester, U.K.) Synapt G2-S traveling wave ion mobility (TWIM) time of flight mass 

spectrometer (TOFMS), and used for all analyses. Masslynx v4.1 SCN 883 (Waters) was used 

to control the experimental settings of the Synapt G2-S, which was operated in positive ion 

TOFMS resolution mode (mass resolution approximately 18000 FWHM) with a scan time of 1 

s, source temperature 150 °C, sample cone 40 V, and source offset 80 V. In the case of 

oligosaccharide analysis, TWIM was applied using the following experimental conditions: the 

IMS wave velocity was set at 1200 m/s and wave height was 40 V. Driftscope v2.7 (Waters) 

was used to individually select drift time regions corresponding to oligosaccharides (Figure 

S1). Selected drift time data – containing all m/z information residing within the selection – 

were exported back into Masslynx and background-subtracted. In the case of native protein 

analysis experiments the source offset was 150 V and quad profile was set to manual fixed at 

500 Da. The LAESI DP-1000 system was equipped with a 2940 nm mid-IR laser and 

controlled by LAESI desktop software v.2.0.1.3 (Protea Biosciences). Sample solutions were 

put in a 96-well plate. At each well 35 laser pulses were used at a frequency of 5 Hz to produce 

a plume of ablated sample material, which was continuously extracted with charged 

microdroplets generated from an orthogonally placed electrospray emitter prior to MS 

analysis. The electrospray solvent was either H2O or D2O at a flowrate of 3 μL/min. In case of 

protein analysis 10 mM NH4Ac (pH 7) was added to ensure native conditions. Electrospray 

voltage was set at ~ 4 kV in order to have a stable signal. Background-subtracted mass 

spectra were generated using the “combine spectrum” function in Masslynx: 5 scans were 

combined and 20 scans of electrospray background were subtracted. 

 

Ambient HDX-LAESI-MSI of Orange and Tissue Slices 

An orange was sliced with a kitchen knife and placed – on a glass slide – onto the 

temperature controlled sample stage maintained at 4 °C. (HDX-)LAESI-MS data were 
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acquired from a 14×17 pattern (238 sample locations) in a sampling area defined from an 

optical image. The chicken muscle tissue was sliced with a scalpel and spiked with 50 

nanomoles ubiquitin, and dried in ambient air for 10 min. The sample stage temperature was 

set at 4 °C and data were acquired from a 12×10 pattern (120 sample locations). For both 

analyses 20 laser pulses were used at each location with a frequency of 10 Hz and 3 s dwell 

time per analyses location. The laser spot size was approximately 200 µm and the in-between 

spot interval was 1 mm. These experimental settings resulted in total analysis times of 43 and 

18 min, respectively. Proteaplot v2.0.8.5 (Protea Biosciences) was used to create maximum 

intensity ion maps.  

 

Results and Discussion 

Structure Elucidation of Small Molecules by Ambient HDX-LAESI-MS 

The feasibility of ambient HDX-LAESI-MS as a tool for structure elucidation was first 

investigated with the model compounds melamine, comprising multiple –NH groups, and 

monosaccharides, containing multiple –OH groups. Melamine has an elemental composition 

of C3N6H6 and holds 6 exchangeable –NH2 protons (chemical structure is included in Figure 

1A), this should experimentally result in a maximum m/z increase of 7 for [M-d6+D]+. Figure 

1A-B presents LAESI-MS background-subtracted mass spectra of a 100 μM aqueous 

melamine solution with H2O (Fig. 1A) and D2O (Fig. 1B) as ESI solvents. While using H2O as 

ESI solvent an [M+H]+ ion was detected at m/z 127.08. However, when changing to D2O a 

m/z distribution ranging from 128.08 to 134.12 was observed. These values correspond to 

protonated melamine [M-d0+H]+ and stepwise increase the deuterium content up to a 

completely hydrogen/deuterium (H/D) exchanged value of m/z 134.12 for [M-d6+D]+, which 

nicely corresponds with previously reported liquid and gas phase melamine HDX studies.30,49 

The millisecond reaction in electrospray microdroplets upon LAESI provides sufficient time for 

H/D exchange up to completion. Following elemental composition assessment based on 

accurate mass measurement, a SciFinder® elemental composition search was performed to 

obtain structural isomers options. C3N6H6, initially resulted in 25 isomers, however, when only 

structures comprising six proton exchange sites were included, the number of structures was 

substantially reduced to only five. 

The most common C6 monosaccharides have an elemental composition of C6H12O6 

and contain five exchangeable –OH protons (chemical structure of a cationized 

monosaccharide, D-fructose, is included in Figure 1C). In positive ESI mode such saccharides 

are cationized and commonly detected as sodium adducts.50,51 As a consequence HDX is 

expected to result in a maximum m/z shift of +5 Da. Figure 1C-D depicts LAESI-MS (with H2O 

as ESI solvent) and HDX-LAESI-MS (with D2O as ESI solvent) background-subtracted mass 

spectra of C6 monosaccharides in 20 × diluted orange juice. With LAESI-MS a single m/z 

value is detected at 203.05, corresponding to cationized monosaccharides [M+Na]+. HDX-
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LAESI-MS however shows a clear increasing isotope pattern ranging from m/z 203.05 for [M-

d0+Na]+ up to a fully H/D exchanged m/z 208.08 for [M-d5+Na]+. This is in line with the number 

of exchanges for the previously observed [M-d5+D]+ monosaccharide ion in an atmospheric 

pressure chemical ionization study when D2O was used as a solvent.52 A SciFinder® elemental 

composition search was performed (on C6H12O6) and 450 results were obtained including all 

stereoisomers. 95 of the obtained isomers could be eliminated following the selection of five 

proton exchange sites. Both melamine and monosaccharides demonstrate that ambient HDX-

LAESI-MS is a simple and expeditious technique for a significant simplification of the structure 

elucidation for molecules comprising N–H or O–H bonds, reducing the number of SciFinder® 

candidates substantially by 80% and 21%, respectively. 

Figure 1. LAESI-MS and HDX-LAESI-MS of melamine and monosaccharides. A and B present LAESI-MS (ESI solvent 

was H2O) and HDX-LAESI-MS (ESI solvent was D2O) of an aqueous melamine solution, respectively. A also shows the 

chemical structure of protonated melamine. C and D show LAESI-MS and HDX-LAESI-MS of six-carbon 

monosaccharides in 20 × diluted (with H2O) orange juice, respectively. C additionally shows the structure of the most 

abundant (cationized) monosaccharide (D-fructose) in oranges.53 

 

Ambient HDX-LAESI-MS of Peptides 

Besides amine and hydroxyl groups HDX is commonly performed to exchange amide 

bond protons located in peptide and protein backbones.25,54,55 A nonapeptide, bradykinin (Arg-

Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg, Figure S2), was examined as model compound. The HDX 

rate of freely exposed amide hydrogens is dependent on pH, temperature, and solvent, due 

to the amphiprotic properties of the amide group.56,57 The exchange of amide hydrogen atoms 

at room temperature has a minimum rate at approximately pH 3, with increasing rates by base 

or acid catalysis on either side of this minimum.58,59 Electrospray-generated charged 

microdroplets have decreasing pH values along the spray axis towards the MS inlet.60 Since 

the laser-ablated sample aerosol is continuously extracted by these charged microdroplets, 

the electrospray solvent pH is an important parameter in HDX-LAESI-MS analysis of 

bradykinin. Figure S3 shows mass spectra of bradykinin obtained with 0.1% FA-d2 or 10 mM 

NH4Ac at either pH 7 or pH 9 as electrospray additives. When FA-d2 was added to the ESI 
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solvent (D2O) almost no H/D exchanges were detected, whereas when NH4Ac was added at 

pH 7 or 9 approximately 14 exchanges were observed. Indeed addition of FA-d2 (pH ca. 3) 

inhibits the HDX rate, thus an aqueous ESI solvent containing 10 mM NH4Ac at pH 7 was 

used for peptide and protein samples providing rapid HDX and native conditions. 

Figure 2 shows LAESI-MS and HDX-LAESI-MS background-subtracted mass 

spectra of double charged bradykinin ions (single charged ions are presented in Figure S4). 

The deuterium isotope pattern observed following HDX was similar for both single and double 

charged ions ranging from 0 to approximately 14 or 15 exchanges (Figures 2B and S4B), likely 

with some overlap of H/D exchanges and 13C isotopes ranging from M+1 to M+18. Bradykinin 

includes 17 exchangeable protons, thus a maximum of 18 – for [M-d17+D]+ – or 19 – for [M-

d17+2D]2+ – exchanges could be observed. Instead, the HDX-LAESI-MS results show up to 

14 or 15 exchanges instead of the maximum of 18 or 19, this is likely due to a reduced reaction 

rate for some exchangeable hydrogens as a result of intramolecular hydrogen bonding.61,62 

Dual ESI microdroplet fusion experiments reported by the Zare group showed an increasing 

number of H/D exchanges in bradykinin with an increased distance between the droplet fusion 

center (of H2O droplets containing 1 μM ubiquitin and D2O droplets as the 2nd ESI spray) and 

the mass spectrometer inlet, i.e. with an increased reaction time.63 In their experiments, 

approximately 10 exchanges were reported for a distance of ~ 2 mm. The current LAESI 

setup, although a different technique, involves similar microdroplet chemistry and comprises 

a 5 mm reaction path, which we interpret to yield an increased reaction time as well. The 

obtained HDX-LAESI-MS results are in line with the expectations for a longer distance.63 In 

contrast to solvent-based HDX, gas-phase HDX studies of isolated bradykinin ions in trap 

based mass spectrometers have shown a substantial difference – even over a factor 1000 – 

in relative HDX rate between [M+H]+ and [M+2H]2+ ions when studied up to 80 s.64,65 In the 

current HDX-LAESI-MS setup similar isotope patterns were detected for both single and 

double charged bradykinin ions. This clearly suggests that with LAESI-MS the HDX reaction 

does not occur in the gas phase. 

 

Figure 2. LAESI-MS and HDX-LAESI-MS of bradykinin (0.2 mM in H2O). A presents LAESI-MS (ESI solvent was H2O + 

10 mM NH4Ac pH 7) and B presents HDX-LAESI-MS (ESI solvent was D2O + 10 mM NH4Ac pH 7). 
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Feasibility of Ambient HDX-LAESI-MS to Support Native Protein Conformation Analysis 

In case of large molecules such as proteins HDX kinetics are also largely influenced 

by effects originating from their 3D structure(s), like, e.g., intramolecular hydrogen bonding 

and the – HDX site – distance to the protein surface.66,67 These effects on exchange reaction 

rates are used to obtain information on protein 3D conformations.24 In top-down proteomics 

conformational information is obtained following time-resolved HDX with subsequent electron 

transfer dissociation (ETD) or electron capture dissociation (ECD) MS/MS experiments.68 

Fragments originally located at the outside of the 3D structure then display a different amount 

of deuterium incorporation in comparison with fragments originally located in the core of the 

3D structure.69,70 Here, two proteins, ubiquitin and α-lactalbumin, were used to investigate 

whether HDX-LAESI-MS provides deuterium incorporation in native protein analysis and, if 

so, whether ambient HDX-MSI of proteins would be feasible. Ubiquitin is a 8.6 kDa protein 

that contains 76 amino acid residues, comprises 144 exchangeable hydrogen atoms, and 

plays a key role in the regulation of biological protein degradation.46,71 Figure 3A-C shows the 

background-subtracted mass spectra of the 10+ charge state of ubiquitin obtained with LAESI-

MS (Fig. 3A) and HDX-LAESI-MS (Fig. 3B) of a ubiquitin solution, and HDX-LAESI-MS 

following prolonged ubiquitin incubation in 95% D2O (Fig. 3C). Comparing LAESI-MS with 

HDX-LAESI-MS a mass shift for the isotope distribution of the ubiquitin 10+ ion of 

approximately 12 to 60 Da was observed. However, when ubiquitin was dissolved in 95% D2O 

and incubated for 30 min prior to HDX-LAESI-MS analysis, a mass shift of ca. 75 to 125 Da 

was detected. These spectra evidently demonstrate a time-resolved effect on the number of 

deuterium incorporations. Previously an ESI-MS study found a mass shift of approximately 80 

Da after 50 ms reaction time for denatured ubiquitin.72 With the millisecond reaction time and 

native protein analysis conditions as used here the experimentally observed average mass 

shift of 36 Da would be in accordance with expectations. In future protein studies and using a 

more dedicated protein MS/MS instrument, precursor ion(s) in the isotope distribution could 

be selected for fragmentation studies by ETD or ECD tandem MS for more detailed protein 

conformation assessment.  

Analogously, bovine α-lactalbumin is a 14 kDa protein and contains 123 amino acid 

residues, comprises 232 exchangeable protons, and regulates the production of lactose in 

milk.73,74 The same set of experiments as with ubiquitin was performed on α-lactalbumin and 

Figure 3D-E show background-subtracted mass spectra of the 7+ α-lactalbumin ion. Notably 

3 additional signals, as a result of Na+ and/or Ca2+ cationization, were detected with LAESI-

MS analysis (Fig. 3D). Therefore the approximate mass shift between conventional LAESI-

MS and HDX-LAESI-MS as well as HDX-LAESI-MS of a lactalbumin solution following 

prolonged incubation in D2O (95%) is complicated here due to significant overlap with Na+ and 

Ca2+ adducts (Figure 3D-E). These adducts broaden and extend the protein isotope 

distribution even beyond the expected m/z value of a fully H/D exchanged α-lactalbumin at 

approximately m/z 2060. It is unlikely that m/z 2060 would be obtained with α-lactalbumin 
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incubated in D2O for 30 min since a period of at least 3 days was required for complete HDX 

of α-lactalbumin in a Fourier-transform infrared (FTIR) and nuclear magnetic resonance 

(NMR) spectroscopy study.75 Nonetheless, for both proteins studied clear differences in mass 

shifts were observed between conventional LAESI-MS and HDX-LAESI-MS experiments of 

proteins under native conditions despite the short HDX timescale. Obviously, intramolecular 

hydrogen bonded and solvent-shielded protons are less likely to be exchanged within the 

timeframe of a LAESI setup. Nevertheless, comparative analysis in support of rapid protein 

conformation QA/QC analysis and 3D structure elucidation on MS/MS instruments equipped 

with ETD or ECD hardware should be all within reach. 

 

Figure 3. LAESI-MS and HDX-LAESI-MS background-subtracted mass spectra of the proteins ubiquitin (10+ charge 

state) and α-lactalbumin (7+ charge state). A presents LAESI-MS of an aqueous ubiquitin solution, B presents HDX-

LAESI-MS of an aqueous ubiquitin solution and C shows LAESI-MS with ubiquitin dissolved in 95% D2O (for 30 min) 

and D2O as ESI solvent. Panel D shows the LAESI-MS mass spectrum of an aqueous α-lactalbumin solution, E presents 

HDX-LAESI-MS of an aqueous α-lactalbumin solution and F shows LAESI-MS with α-lactalbumin dissolved in 95% D2O 

(for 30 min) and D2O as ESI solvent. The mass spectrum showing all detected charge states of ubiquitin is provided in 

Figure S5. 

 

Ambient HDX-LAESI-MS and MSI of Fruit and Tissue Slices 

An abundant class of biomolecules in fruits are oligosaccharides. Oligosaccharides 

contain a substantial number of exchangeable protons and are therefore an excellent class of 

biomolecules to evaluate ambient HDX-LAESI-MS for real biological samples. 

Oligosaccharides are detected with HDX-LAESI-MS in positive ion mode as sodium adducts, 

so theoretical m/z values of 365.1054 for [C12H22O11+Na]+, 527.1583 for [C18H32O16+Na]+, 

689.2111 for [C24H42O21+Na]+, etc. are expected to be observed in LAESI-MS experiments of 

oligosaccharides. With HDX-LAESI-MS these m/z values can be shifted up to a maximum of 

5+3×(n-1), in which n is the number of monomers from n = 1 onwards, resulting in maximum 

m/z value shifts of +8, +11, +14, etc. for di-, tri-, and tetra saccharides, respectively. Figure 4 

presents mass spectra of carbohydrates obtained with LAESI-TWIM-MS and HDX-LAESI-

TWIM-MS from the surface of an orange slice. Figure 4A shows the m/z value of 689.21 for 

[C24H42O21+Na]+, and Figure 4B depicts HDX-LAESI-TWIM-MS which clearly shows the 
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expected m/z shift – for 5+3×(4-1) – of up to +14, followed by a small 13C isotope peak having 

a similar isotope ratio as in Figure 4A (Figures S6 and S7 present similar results obtained with 

the other oligosaccharides). In Figure 4A m/z 689.21 is located at the tail of an unresolved 

interfering background ion at m/z 689.1592 (mass spectra of ESI solvent background and 

orange with ESI solvent background are shown in Figures 4C-D, respectively), therefore the 

mass assignment is less accurate. In HDX-LAESI-TWIM-MS, however, the exact m/z 

703.2290 of [C24H28D14O21+Na]+ is clearly obtained within 10 ppm mass accuracy. This shows 

that, when TWIM cannot deal with unresolved background interferences, using HDX the m/z 

value can be shifted to obtain enhanced mass accuracy and sensitivity. The number of 

observed exchanges in the oligosaccharides is in excellent agreement with previously 

reported HDX-MALDI and ESI in-source HDX-MS studies of oligosaccharides.51,76 

Interestingly, Liyanage et al. reported that a trisaccharide sodium adduct ion with theoretically 

11 exchangeable protons does not undergo gas-phase HDX reactions, due to its highly 

unfavorable basicity in the gas-phase.77 The current number of observed H/D exchanges, as 

with bradykinin, therefore clearly suggest that the exchange reaction occurs inside the liquid 

microdroplets generated by the LAESI process.  

 

Figure 4. LAESI-TWIM-MS and HDX-LAESI-TWIM-MS of an orange slice. Both A and B show IMS drift time 85-92 bins 

selected and subsequently background-subtracted mass spectra of an orange obtained with A LAESI-TWIM-MS and B 

HDX-LAESI-TWIM-MS analysis. Additionally, insert in A: C shows the ESI solvent background and D shows the orange 

mass spectrum including background. Obviously the mass resolving power is insufficient to baseline separate the 

cationized oligosaccharide from the background interference.  
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Apart from carbohydrates many other ions were detected in the orange slice such 

as, e.g., m/z 175.1189 (Figure 5A). This relates to an unexpected endogenous compound for 

which HDX strongly facilitated its structure elucidation. Based on the exact mass only 1 

elemental composition (comprising: C0-20, H0-50, O0-10, N0-10, S0-2, P0-2, Na0-1, K0-1) was obtained 

within 10 ppm mass accuracy: C6H15N4O2, so obviously a protonated substance rather than a 

cationized species. A SciFinder® elemental composition search – excluding substances 

comprising isotopes and substances without any references – resulted in 103 chemical 

structures. HDX-LAESI-MS showed up to 8 exchanges to occur (Figure 5B), including the 

deuteronation. As a result of the 7 detected exchangeable protons for [M-d7+D]+ the search 

was refined to only include compounds comprising 7 proton donors. As a result from the initial 

103 options only 13 structures fulfil this requirement (Table S1), which includes several sets 

of stereoisomers. Upon excluding stereoisomers, which cannot be resolved by MS alone, 10 

out of the remaining 11 substances have only 1-5 references with various origins such as, 

e.g., synthesis, patents, and review articles. One substance however, arginine, is obviously 

well documented with approximately 100,000 references and would justify a hypothesis that 

the unexpected ion in the orange slice belongs to arginine. Indeed, this hypothesis could be 

confirmed by literature.78-80 Fragmentation by MS/MS on m/z 175.1189 could experimentally 

verify the proposed compound, but that was beyond the scope of the present study. 

 

Figure 5. LAESI-MS and HDX-LAESI-MS of an orange slice. Both A and B show background-subtracted mass spectra 

of arginine within an orange, obtained with A LAESI-MS and B HDX-LAESI-MS analysis. The signals marked with a * 

belong to other unknown biomolecules. 

 

Next, in order to show the full potential of ambient HDX surface analysis, a (HDX-) 

LAESI-MSI experiment was performed on the same orange slice. The laser ablation x-y 

coordinates were used to create 2D ion maps of the obtained arginine and fully H/D 

exchanged arginine LAESI-MS signals, and both were superimposed on an optical image of 

the orange (Figure 6A-B). The area inside the red box was imaged and for both ions – m/z 

175.12 for [M-d0+H]+ and m/z 183.17 for [M-d7+D]+ – images were obtained from the pulp area 
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in the orange slice, with a few minor artefacts – resulting from slicing the orange – on the peel. 

These images show LAESI-MSI and HDX-LAESI-MSI provide nicely corresponding 2D ion 

maps and thereby clearly demonstrate the feasibility of HDX-LAESI-MSI in real-life food 

samples. 

 

Figure 6. (HDX)-LAESI-MSI of endogenous arginine in an orange slice, and muscle tissue spiked with ubiquitin. Arginine 

is shown in A and B: A shows the LAESI-MSI 2D ion map of m/z 175.12 for [M-d0+H]+ whereas B provides the HDX-

LAESI-MSI 2D ion map of m/z 183.17 for [M-d7+D]+. C and D show the HDX-LAESI-MSI 2D ion map of ubiquitin spiked 

muscle tissue with in C the ubiquitin 6+ ion (m/z 1430 – 1432) and D the ubiquitin 5+ ion (at m/z 1717 – 1719). The red 

box on the superimposed pictures marks the imaged area. 

 

Finally, as initial feasibility experiments in order to investigate the potential of ambient 

MSI in future protein conformation studies, a spiked tissue slice was analyzed by HDX-LAESI-

MSI. Figures 6C-D show the highly similar HDX-LAESI-MSI 2D ion maps of the 6+ (Fig. 6C) 

and 5+ (Fig. 6D) ubiquitin ions. In both of the imaging experiments a m/z shift of approximately 

6 to 30 Da was observed, which is somewhat less than previously discussed 12 to 60 Da for 

ubiquitin from an aqueous solution, likely due to matrix effects. Nevertheless, the feasibility of 

ambient protein HDX-LAESI-MSI is shown, and, with future hardware developments to 

improve the LAESI system sensitivity, eventually native protein conformations could be 

imaged in ambient mass spectrometry studies.  
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Conclusions 

We have developed a novel ambient HDX-LAESI-MS(I) approach to acquire 

molecular structural information for the identification and confirmation of (bio)molecules. Like 

all ambient MS approaches this method provides simple and rapid analysis of samples under 

ambient conditions but now also includes an additional amount of structural information. HDX 

reactions in ambient LAESI-MS were rapidly demonstrated with the model compounds 

melamine, monosaccharides, bradykinin, ubiquitin and α-lactalbumin. For small molecules the 

maximum number of H/D exchanges significantly reduced the number of structures in 

elemental composition database searches. Mass spectrometric investigation of an orange 

slice revealed the presence of, amongst others, oligosaccharides, and the amino acid 

arginine. The latter was investigated in detail, and it was proven that combining accurate mass 

and literature data with HDX quickly led to the unambiguous structural elucidation of that 

compound. Additionally, a significant increase in sensitivity was observed for oligosaccharides 

as a result of the HDX reaction m/z shift away from an unresolved background interference. 

The method was shown viable for imaging of biological samples, using arginine in oranges, 

as well as spiked ubiquitin in chicken muscle tissue. As a future hardware simplification, the 

use of a dual- or theta ESI sprayer – one with H2O and the other with D2O – can be considered 

in the LAESI set-up. This HDX-LAESI-MS(I) method can be used in future ambient MS 

research to elucidate structures of unknown chemical entities, support rapid QA/QC of native 

protein conformation in production settings, potentially increase sensitivity and selectivity in 

LAESI-MS and possibly allow ambient MSI of different protein conformations under native 

conditions. 
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Supporting Information Chapter 5 

 

Figure S1. Drift time selection for oligosaccharides in (HDX)-LAESI-TWIM-MS. For trisaccharides drift time bins 52-60 

were selected as marked by the green square. 

 

 

Figure S2. Chemical structure of Bradykinin. Bradykinin (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg) has 17 exchangeable 

protons. 
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Figure S3. HDX-LAESI-MS background-subtracted mass spectra of bradykinin at various ESI solvent pH values. A ESI 

solvent was D2O + 0.1% FA-D2. B ESI solvent was D2O + 10 mM NH4Ac pH 7. C ESI solvent was D2O + 10 mM NH4Ac 

pH 9. 
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Figure S4. (HDX)-LAESI-MS background-subtracted mass spectra of Bradykinin. A LAESI of a 0.2 mM aqueous 

bradykinin solution (ESI solvent was H2O + 10 mM NH4Ac pH 7). B HDX-LAESI of a 0.2 mM aqueous bradykinin solution 

(ESI solvent was D2O + 10 mM NH4Ac pH 7). 
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Figure S5. Ubiquitin (HDX)-LAESI-MS m/z range 500 - 2200. A shows multiple charges in the background-subtracted 

LAESI-MS mass spectrum of ubiquitin with the 10+ charge state at m/z 857. B presents the background-subtracted HDX-

LAESI-MS mass spectrum and C shows the LAESI-MS (ESI solvent was D2O with 10 mM NH4Ac pH 7) background-

subtracted mass spectrum of a 0.2 mM ubiquitin solution following prolonged incubation for 30 min in 95% D2O. 
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Figure S6. Disaccharides in an orange slice detected with (HDX)-LAESI-MS. Both A and B show background-subtracted 

mass spectra of an orange obtained with A LAESI-MS and B HDX-LAESI-MS analysis. 

 

Figure S7. Oligosaccharides in an orange slice detected with (HDX)-LAESI-TWIM-MS. Both A and B show IMS drift 

time 52-60 bins selected and subsequently background-subtracted mass spectra of an orange slice obtained with A 

LAESI-TWIM-MS and B HDX-LAESI-TWIM-MS analysis. 
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Substance name 
Number of 

references 

L-Arginine 96609 

D-Arginine 1319 

Arginine 610 

Pentanamide, 2-amino-5-[(aminocarbonyl)amino]-, (2S)- 5 

Ornithine, N2-amidino- (7CI) 5 

Pentanoic acid, 3-amino-5-[(aminoiminomethyl)amino]-, (3S)- 4 

Pentanamide, 5-[(aminoiminomethyl)amino]-2-hydroxy-, (S)- (9CI) 2 

Pentanamide, 2-amino-5-[(aminocarbonyl)amino]- 2 

3-Butenoic acid, 2-amino-4-(2-aminoethoxy)-, hydrazide, (3E)- 1 

Butanediamide, 2-[(2-aminoethyl)amino]- 1 

Cyclopentanecarboxylic acid, 2-hydrazinyl-2-hydroxy-, hydrazide 1 

Guanidine, N-(4-amino-5-hydroxy-2-pentenyl)-N'-hydroxy-, [S-(E)]- (9CI) 1 

Propanediamide, 2,2-diamino-N1-propyl-Arginine 1 

Table S1. Substances retrieved from a SciFinder® database search. Search parameters were: elemental composition 

C6H14N4O2, no isotopes, only with references, and must contain 7 hydrogen donor groups. Accessed on November 

30, 2018.
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General Discussion 

Molecular imaging by mass spectrometry is gaining considerable interest since the 
start of this century, as can be seen from the substantial increase in MSI publications. Ambient 
mass spectrometry imaging was introduced to measure molecules in their native environment 
in real-time. Laser ablation electrospray ionization is potentially a strong candidate for the next 
generation of ambient mass spectrometry imaging techniques. As with most new techniques, 
a thorough understanding of its scope and limitations is necessary to establish its position in 
the rapidly changing world of contemporary MS(I) techniques. The previous chapters outlined 
several application areas and innovative approaches in LAESI-MS(I) analysis. In this chapter, 
the significant findings are discussed, including the limitations, and future perspectives. 
 
Sample Compatibility: The Effect of a Sample’s Surface Composition on LAESI-MSI 

Surfaces of samples may have many different properties. Surfaces can be soft or 

hard, smooth or rough, liquid or solid, and may contain many different molecules involving 

various functional groups. The importance of surface properties in LAESI-MSI, and MSI in 

general, cannot be overstated as the surface forms the primary interaction between the 

sample and the imaging technique. In LAESI, a 2940 nm mid-IR laser is exploited for 

interaction with the sample surface in order to ablate sample material for ionization. The laser 

wavelength is typically absorbed by the –OH stretch vibration of (endogenous) molecules 

possessing such a moiety, like water in tissue.1,2 The laser energy is then dissipated in these 

molecules, leading to sample ablation and subsequent mass spectrometric detection of mostly 

intact analytes following the ESI ionization mechanism.3-6  

Chapter 2 describes the investigation on the use of the sample’s functional groups 

to absorb laser energy, instead of water. Apart from –OH, also the –NH stretch vibration has 

an absorption band at 2940 nm (3401 cm-1).7 Various polymer model systems comprising 

different functional groups, like amides and esters (molecular structures are shown in Figure 

1), were examined. Indeed it was found that the laser energy was absorbed by –NH and –OH 

moieties, breaking the polymer backbone and leading to the MS detection of small (< 500 Da) 

polymer fragments. When these moieties were not present, as is the case with esters PMMA 

and PET, no polymer-derived signals were obtained.  

Chapter 2 also established that the presence of laser absorbing compounds to 

dissipate the energy in a sample is a determining factor for whether LAESI is either a soft or 

a hard ionization technique. While irradiation of aqueous solutions leads to the generation of 

droplets containing intact analytes, in the absence of water even rigid structures such as 

polyaramid fibers were fragmented. Although the polymer materials containing –NH and –OH 

moieties were identified from their obtained mass spectra, the hard ionization leading to the 

detection of only small fragments is in contrast to one of the aims for the next generation of 
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ambient MSI; image acquisition in a wide m/z range and covering as many molecules as 

possible (i.e., in a complete approach). 

 

Figure 1. Chemical structures of A polyamide 6, B polyaramid, C M5, D PMMA, and E PET. 

 

The dependence of LAESI on endogenous matrix or solvent molecules to absorb 

and dissipate the laser energy in order to detect intact ions is not an issue for DESI, as DESI 

directs its solvent spray towards the surface and relies on liquid extraction of surface 

molecules.8 The DESI liquid extraction mechanism means that the solubility of molecules 

rather than their specific electromagnetic absorption characteristics is one of the main 

parameters for DESI analysis. Enhancing the sensitivity of DESI analysis can simply be 

achieved by adjusting the solvent (composition) of the spray to match the solubility of 

compounds of interest. Jackson et al. investigated the analysis of polymers like poly(ethylene 

glycol) 200 (PEG), poly(propylene glycol) 425 (PPG), poly(methyl methacrylate) 630 (PMMA), 

and poly(α‐methyl styrene) 1580 (PMS) by DESI-MS.9 This study only included relatively short 

chain polymers, but PMS signals were obtained for up to approximately the 14-mer. Although 

the average PMS polymer weight was 1580 Da, the intensities started to reduce from about 

the pentamer at m/z 700 (Figure 2). This reduction in signal intensity is likely a result of 

reduced solubility for longer polymer chains in DESI compatible solvents, which is limiting 

DESI applicability for synthetic polymer materials comprising medium and high molecular 

weight polymer chains. 
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Figure 2. DESI-MS mass spectrum of PMS 1580. Image was reprinted from 9, with permission from John Wiley and 

Sons. 

 

For LAESI analysis, sample surfaces can also be wetted or iced by condensation of 

ambient water vapor on the sample. The condensation is simply achieved by decreasing the 

sample stage temperature before analysis, but as a non-endogenous “matrix” is added the 

technique should now be referred to as IR-MALDESI. The IR-MALDESI experiments in 

Chapter 2 show that the previously undetected aramid fiber PEG 400 based surface finish 

layer can be detected in such a setting. These experiments resulted in a detected polymer 

distribution with a mass range similar to ESI-MS analysis (Chapter 2, Figures S9B and S11C). 

It can be considered that when there are no suitable molecules present to absorb and 

dissipate laser energy, LAESI can be operated in an IR-MALDESI mode for “soft” analyte 

ionization in MSI. The addition of a (ice) matrix, however, removes the “ambient” aspect and 

might cause analyte delocalization, reducing image quality. 

The LAESI dependence for resonance absorbance of laser energy was also 

observed for liquid samples. In chapter 5, LAESI-MS experiments in which model compounds 

were dissolved in either H2O or D2O were conducted. As a deuteron is ca. double the weight 

of a proton, the –OD stretch vibration is at a completely different wavelength (2625 cm-1) in 

comparison to the –OH stretch vibration (3530 cm-1).10 Hence, no LAESI-MS signal from the 

model compounds was observed when they were dissolved in D2O. Only after the addition of 

a few percent H2O to the solution, model compound LAESI mass spectra were obtained 

(Chapter 5, Figure 3). 
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Apart from the presence of IR-absorbing functional groups, LAESI is suitable for the 

analysis of rough surfaces like tissue slices as shown in Chapter 5, Figure 6. LAESI-MSI 

analysis of surfaces with irregularities (in the order of a few mm) is straightforward due to the 

(vertical) distance sample material gets ablated following laser irradiation. Non-laser based 

ambient MSI techniques that are capable of imaging with a spatial resolution of <200 μm, such 

as (nano-)DESI or continuous flow liquid microjunction sampling,11-13 are much less tolerant 

to surface irregularities as the used capillaries have a fixed (height) position and can damage 

or scratch the surface. 

The surface properties of samples are thus a crucial factor for LAESI-MSI feasibility, 

and not all sample types are compatible with LAESI-MSI analysis. In the perspective of 

imaging in a “complete” approach, it is of paramount importance that the analytes are 

embedded in a suitable compound, e.g., a solvent like water. Such an IR-absorbing compound 

will absorb and dissipate the laser energy, leading to mostly intact molecular ions in LAESI-

MSI analysis. It can be concluded that the feasibility of LAESI-MSI is highly sample dependent; 

however, most frequently biological (tissue) samples contain endogenous water molecules. 

Regarding these results, LAESI-MSI could become a useful technique for the next generation 

of ambient MSI in case of samples containing endogenous water, like tissue. 

 
Analyte Detection: The Sensitivity of LAESI-MSI 

The molecular mass range for MS imaging in a “complete” approach is an essential 
aspect of any ionization technique. Using LAESI, (bio)molecules have been detected directly 
from tissue samples, covering a wide mass range, ranging from small metabolites up to 15 
kDa proteins.14 Apart from the mass range, the ability to detect molecules that are present in 
low concentrations is a necessity for MSI. It would be reasonable to assume that the sensitivity 
of molecules in LAESI analysis is related to the sensitivity that those molecules would exhibit 
following ESI analysis, since the same ionization mechanisms are involved. However, two 
other processes occur before the electrospray ionization step in LAESI: 1) laser ablation of 
sample material and 2) subsequent extraction of the generated sample aerosol by ESI 
produced microdroplets.1 As discussed in the previous paragraph, the amount of sample 
material ablated by the laser is strongly related to the resonance absorbance of laser energy 
by the sample. The laser energy in LAESI analysis is most frequently absorbed by 
endogenous water molecules. Apart from sample water content many more sample properties 
and instrumental parameters can influence the amount of sample material that gets ablated 
following laser irradiation. Some examples of important influencing properties or parameters 
are the mechanical strength of the surface (e.g., type of tissue) and the laser power (energy 
administered to the sample).15 General statements about LAESI sensitivity would thus be 
highly system, sample, and analyte dependent, and would comprise a large degree of 
uncertainty.  



General Discussion and Future Perspectives 

139 
 

One realistic approach to estimate LAESI sensitivity would be the isolation of the 
ablation and extraction steps from the final electrospray ionization step. Although analyte ESI-
MS sensitivity is highly complex and affected by many sample properties and instrumental 
parameters, the technique itself is widely known and most professionals can predict the 
approximate sensitivity for different classes of compounds based on a vast amount of ESI-MS 
literature. It would, therefore, be much more valuable to compare LAESI sensitivity to ESI 
sensitivity in the same hardware. The LAESI DP-1000 system is also able to operate in ESI 
mode, and a sample solution can be electrosprayed for MS analysis. The same sample 
solution can then be measured in LAESI mode, providing a clear indication of the effect of 
laser ablation and sample aerosol extraction on the sensitivity, relatively to ESI. This 
comparison experiment was performed using a PEG based lubricant solution in 
methanol/water 1:1. The obtained background subtracted mass spectra of both ESI-MS and 
LAESI-MS are presented in Figure 3. In order to roughly reach the same order of ion counts 
(i.e. signal intensity) with LAESI (1×105) as was obtained with ESI (9×105), the sample was 
required to be 1000 times more concentrated. These results indicate that (likely at best), 
LAESI-MS is ca. 1000 times less sensitive compared to ESI-MS. In this experiment, real-life 
sample properties that could potentially reduce LAESI sensitivity such as the mechanical 
strength of the surface, water content, analyte solubility and speed of dissolution in ESI 
microdroplets were not taken into account. While considering the current systems relatively 
poor sensitivity, it is evident that LAESI-MS requires substantial sensitivity gains if it is ever to 
become the next generation of ambient MSI. 

 
Figure 3. ESI and LAESI mass spectra of a PEG based lubricant. A shows the ESI-MS background subtracted mass 

spectrum of a 100.000 times diluted (MeOH:H2O) PEG based lubricant. B shows the LAESI-MS background subtracted 

mass spectrum of the same, but only 100 times (MeOH:H2O) diluted, PEG based lubricant. Both experiments were 

performed using the LAESI DP-1000 system hardware. 
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One approach to improve LAESI-MSI sensitivity to specific –classes of– analytes is 

by the use of online chemical reactions, in which the analyte of interest specifically couples to 

a charged or easily ionisable reaction partner. This approach was demonstrated for several 

reactions with DESI-MS analysis,16,17 such as the reactions of ketones with hydroxylamine 

and cis-diols with boronic acids.18,19 In comparison with DESI, the time that sample analytes 

are exposed to the (electrospray) reagents in LAESI analysis is substantially reduced and is 

estimated to be only in the timeframe of (tens of) microseconds.20,21 Many chemical reactions 

require more time to take place and an increase of reaction time is thus necessary for a 

feasible reactive LAESI approach. Hardware improvements that increase LAESI reaction time 

and thereby enable reactive LAESI-MSI analysis are introduced in Chapter 3. By the insertion 

of a reaction tube in-between the LAESI source and the inlet of the mass spectrometer, the 

reaction time could be increased by at least half a second. A reaction new to ambient MSI (an 

inverse electron demand Diels-Alder addition reaction) was introduced and demonstrated the 

effectiveness of the hardware upgrade. Although reactive LAESI-MSI sensitivity 

improvements following various possible chemical online reactions are highly analyte specific, 

require sample pre-knowledge, and restrict imaging in a complete approach, a beginning is 

made to improve the sensitivity of the system, as is shown in Chapter 3, Figure 6. 

 

Analyte Identification: Molecular Structure Elucidation in LAESI-MS(I) 

The primary goal of molecular imaging is to generate images of the spatial 

distribution of molecules. One of the significant advantages of MSI over most other molecular 

imaging techniques is that MSI is feasible in a non-targeted approach and without the pre-

knowledge required for probe design and synthesis. The non-targeted imaging approach often 

results in the detection of a plethora of molecules in MSI studies. Unfortunately, the molecular 

m/z values rather than complete molecular structures are recorded following MSI analysis. 

After molecular image acquisition, the m/z value has to be converted to a molecular structure 

to study the image and understand the underlying (biological) information and effects. 

Resolving molecular structures in MS is generally approached with the combination 

of accurate mass measurements and MS/MS or MSn fragmentation pathways. The accurate 

mass provides the elemental composition of the obtained m/z value and can be used for 

database searches. Fragmentation pathways grant partial structural insights, aiding in the 

selection or confirmation of structures obtained following those database searches. Database 

searches often result in hundreds to thousands of possible structures and examining all of 

them is often a daunting task. Additionally, the complete structure including full 

stereochemistry cannot be elucidated by MS alone. Additional approaches to obtain some 

structural foreknowledge and complementary structural information are thus of high 

importance for ambient MSI image interpretation. 

Chapter 4 describes a new approach for obtaining molecular knowledge for products 

of phase I metabolism oxidation reactions. These enzymatic reactions are essential for, e.g., 
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the inactivation of drugs and/or the activation of prodrugs. The distribution of drugs and their 

metabolites in an animal or human body is an extremely important subject in pharmacology. 

Structure elucidation can be considerably simplified with prior knowledge on metabolite m/z 

values and fragmentation patterns. TiO2 photocatalyzed oxidation of drugs can be used as a 

rapid non-biological method to initially investigate oxidation products for molecular information 

before LAESI-MSI analysis.22-25 Such an approach was reported feasible for DESI-MS.26 The 

TiO2 photocatalyzed oxidation products of several model compounds were similar to the DESI-

MS results and various in vitro studies (Chapter 4, Tables 1 and 2). It has to be noted that, 

although similar m/z values and fragments were obtained, the same selectivity as enzymatic 

reactions cannot be reached by this approach. The obtained products are thus potential 

structures for the compounds that could be discovered in real-life samples. Nonetheless, we 

introduced a novel online time-resolved method in which sequential oxidation steps could be 

monitored, which helps further structural identification and provides extra information on 

various potential metabolites. Such prior knowledge on sample composition and target 

analytes is highly beneficial for targeted as well as non-targeted LAESI-MSI methods, likely 

resulting in a greater understanding of the biotransformation studies, despite the additional 

experiments required to implement this approach prior to LAESI-MSI analysis. 

Chapter 5 presents a LAESI-MS(I) method to obtain structural information 

complementary to accurate mass and MS/MS data. In this approach, exchangeable analyte 

hydrogen atoms are online exchanged by heavier deuterium atoms. Each H/D exchange 

increases the molecular m/z value and provides information on its functional groups (Chapter 

5, Figure 1). The number of possible chemical substances that are obtained by database 

searches following accurate mass measurements is substantially reduced with the number of 

exchangeable protons included. An ambient MSI H/D exchange approach is often challenging 

to implement in ambient MS techniques due to (back-)exchange with ambient moisture. 

However, the relatively short ESI microdroplet lifetime in a LAESI-MSI setup is key to its 

feasibility, limiting back exchange and controlling the partial exchange of larger biomolecular 

conformations (due to factors as internal hydrogen bonding and solvent accessibility). A 

distribution of H/D exchanged isotopes can however overlap with sample background ions, 

complicating data interpretation. Also the sensitivity could be reduced when the signal is 

spread over multiple isotopes. However, the additional complementary information obtained 

in an ambient H/D exchange LAESI-MSI approach is highly valuable for both the identification 

as well as the confirmation of (bio)molecules and shows promise that LAESI can become the 

next generation of ambient MSI in the area of analyte identification. 
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The Future Perspectives of Ambient Laser Ablation 

Electrospray Ionization Mass Spectrometry Imaging 

Ambient mass spectrometry imaging is being exploited for a wide variety of 

applications and in various research studies. New ambient MSI instrumentation is 

continuously being developed to better match the needs of end users, like microbiologists, 

pathologists, and botanists. In order to reach the end user requirements for ambient MSI, 

significant improvements in sensitivity, molecular mass range, and spatial resolution are vital. 

Ambient laser ablation electrospray ionization mass spectrometry imaging shows the potential 

to match those needs, but hardware updates are necessary to realize that potential. Areas of 

application that were previously difficult or even impossible to study can then be explored 

leading to a greater understanding of their topics. 

The developed LAESI-MSI methods in this research contribute to a better 

understanding of sample compatibility, improved sensitivity, and molecular structure 

elucidation. One way to realize substantial sensitivity gains is by hardware improvements. 

Zenobi and coworkers achieved a sensitivity increase by a factor 1000 in an extractive 

electrospray ionization setup following the insertion of an ion funnel.27 After the laser ablation 

step in LAESI, the extraction of sample material by the electrospray microdroplets and 

subsequent ionization mechanisms are similar to the extractive electrospray ionization 

processes.28 Updating the LAESI-MSI hardware with the insertion of an ion funnel is therefore 

expected to achieve similar gains. A factor 1000 increase in sensitivity would be beneficial for 

many end users. 

The (LAESI) laser ablation process would also require hardware updates to grant 

end users simple workflows that are reproducible and provide meaningful results. The laser 

ablation of sample material is strongly dependent on the mechanical strength of the (tissue) 

sample, presence of endogenous water or other IR absorbing compounds, and laser energy 

deposited.15 An automated system that sets the laser power for each analysis location 

corresponding to local water content could significantly improve the simplicity of operation and 

standardize the amount of ablated sample material. The system could be based on an infrared 

sensor that probes local water content and adjusts the laser settings accordingly. Such an 

approach would increase sample location-to-location as well as sample-to-sample 

reproducibility. Analyte quantitation will however be unlikely without an internal standard to 

compensate for ablation and (ESI related) ion suppression effects. 

Apart from the sample properties on the efficiency of laser ablation, also the direction 

of sample material ejected could be influenced. A final hardware improvement in the form of 

an ablation cup in combination with optimized gas flow dynamics, previously demonstrated 

with laser ablation inductively coupled plasma mass spectrometry (Figure 4),29-31 would direct 

all ejected material into the continuous stream of ESI microdroplets. Such an update is 

expected to further improve both LAESI sensitivity and reproducibility. Although an ablation 
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cup with optimized gas flow settings might be a source of laser ablation pulse-to-pulse carry 

over, it is likely to reduce on-sample location cross contamination as the ablated material is 

not polluting a wide area of the sample surface when descending back onto the surface. A 

combination of all three hardware updates will likely establish LAESI-MSI as a unique platform 

for a wide variety of applications. 

 

Figure 4. A potential design for a LAESI-MSI ablation cup. The blue lines show the ESI microdroplet path and the green 

lines shows the gas flow dynamics. Image was reprinted from 32, with permission of The Royal Society of Chemistry. 

 

An exciting area for exploration that could lead to significant biological breakthroughs 

is the ambient imaging of endogenous tissue proteins in their native 3D conformations, as this 

may shine light on their local function. In an ambient H/D exchange LAESI-MSI approach, the 

ESI solvent exposed -exchangeable- protons in proteins (e.g., the protons on the outside of 

the 3D structure) are rapidly exchanged with deuterons from the ESI solvent. Subsequent 

MS/MS can then distinguish protein fragments from the inside (standard m/z) and the outside 

(increased m/z) of the native 3D protein structure.33 The m/z value of the fragments would 

then provide an indication of the native protein 3D structure.34 The suggested hardware 

updates to provide sufficient sensitivity in combination with our developed H/D exchange 

approach should allow ambient MSI of different protein conformations under native conditions. 

Another appealing field of application would be to study the chemistry of life, which 

mostly takes place in small enclosed volumes such as cells or atmospheric aerosols. 

Macromolecular reactions, for example, are commonly studied outside the cell in uncrowded 

buffers; however, biological processes involving macromolecules occur in crowded 

environments which result in significant effects on both the rates and equilibria of reactions.35 

The LAESI (electrospray) generated microdroplets are small compartments and could be a 

better model to study reactions that are initiated by a reagent in the ESI solvent spray, than 

an uncrowded buffer. The reactions of biomolecules (directly from a biological sample) with a 

reagent can then be studied in an ambient time-resolved reactive LAESI-MSI setup, which 

involves the novel reaction tube introduced in Chapter 3.  

Apart from these two exciting research areas, ambient LAESI-MSI can be exploited 

for research in many fields, like microbiology, pathology, and botany. 
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Conclusions 

This research aimed to improve the capabilities and broaden the scope of laser 

ablation electrospray ionization mass spectrometry imaging. The main achievements that are 

described in this thesis offer insights on sample compatibility, hardware improvements to 

enable online time-resolved reactions and structure elucidation approaches. The outcome of 

the research chapters shows that LAESI-MS(I) is a highly versatile technique applicable to 

many research areas. Although the technique is highly dependent on endogenous water in 

samples for analysis of intact molecules, LAESI can also be exploited for the analysis and 

identification of (water free) polymer materials. Unfortunately, LAESI sensitivity relative to 

electrospray ionization is weak, and therefore the technique can currently not live up to the 

status of the next generation of ambient MSI. Analytes that are present in high abundance, in 

samples containing endogenous water (like tissue), are feasible for imaging by LAESI-MS and 

the technique is recommended for such samples in various research areas. For low 

abundance analytes, however, several hardware improvements are required to increase the 

sensitivity of the results substantially. When the hardware improvements are developed and 

implemented, the road is open for many end users in, e.g., microbiology, pathology, and 

botany, to make significant breakthroughs in their fields. 
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Several molecular imaging techniques are available to study and understand 

biological objects, like positron-emission tomography, fluorescence, and magnetic resonance 

imaging. These techniques often require chemical probes and image in a targeted approach. 

As many biological questions can only be answered in a systems approach, molecular 

imaging methods that can simultaneously measure many molecules are desired. Mass 

spectrometry imaging (MSI) is capable of measuring many molecules simultaneously without 

the use of chemical probes. MSI experiments often require sample stage vacuum conditions 

and extensive sample pretreatment such as matrix application. Vacuum conditions can disrupt 

or damage biological samples, and sample pretreatment prevents real-time analyses and can 

cause analyte losses, analyte delocalization and denaturation of proteins. Ambient ionization 

was introduced to measure samples under ambient conditions without any sample 

pretreatment, and ambient MSI followed rapidly after that. A next generation of ambient MSI 

techniques is desired to improve its sensitivity, molecular mass range, and spatial resolution. 

This work aims to improve the capabilities and broaden the scope of laser ablation 

electrospray ionization (LAESI) MSI. 

In order to broaden the scope and increase the understanding of ambient LAESI-

MS(I), polymer materials and synthetic fibers were investigated. The direct analysis of 

synthetic fibers under ambient conditions is highly desired to identify the polymer, the finishes 

applied and irregularities that may compromise its performance and value. In Chapter 2 

LAESI ion mobility MS was used for the analysis of synthetic polymers and fibers. The key to 

this analysis was the absorption of laser light by aliphatic and aromatic nitrogen functionalities 

in the polymers. Analysis of polyamide (PA) 6, 46, 66, and 12 pellets and PA 6, 66, polyaramid 

and M5 fibers yielded characteristic fragment ions, enabling their unambiguous identification. 

Synthetic fibers are, in addition, commonly covered with a surface layer for improved adhesion 

and processing. The same setup, but operated in a transient infrared matrix-assisted laser 

desorption electrospray ionization mode, allowed the detailed characterization of the fiber 

finish layer and the underlying polymer. Differences in finish layer distribution may cause 

variations in local properties of synthetic fibers. In Chapter 2, also the feasibility of mass 

spectrometry imaging (MSI) of the distribution of a finish layer on the synthetic fiber and the 

successful detection of local surface defects was shown. 

Reactions in confined compartments like charged microdroplets are of increasing 

interest, notably because of their substantially increased reaction rates. When combined with 

ambient MS, reactions in charged microdroplets can be used to improve the detection of 

analytes or to study the molecular details of the reactions in real time. In Chapter 3, we 

introduce a reactive LAESI time-resolved MS method to perform and study reactions in 

charged microdroplets. This approach was demonstrated with so-called click chemistry 

reactions between substituted tetrazines and a strained alkyne or alkene. Click reactions are 

high-yielding reactions with a high atom efficiency. Although click reactions are typically at 

least moderately fast, in a reactive LAESI approach a substantial increase of reaction time is 
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required for these reactions to occur. This increase was achieved using microdroplet 

chemistry and followed by MS using the insertion of a reaction tube between the LAESI source 

and the MS inlet, leading to near complete conversions due to significantly extended 

microdroplet lifetime. This novel approach allowed for the collection of kinetic data for a model 

click reaction and showed in addition excellent instrument stability, improved sensitivity, and 

applicability to other click reactions. In Chapter 3, reactive LAESI was also demonstrated in 

a mass spectrometry imaging setting to show its feasibility in future imaging experiments. 

In drug discovery it is important to identify phase I metabolic modifications as early 

as possible to screen for inactivation of drugs and/or activation of prodrugs. As the major class 

of reactions in phase I metabolism are oxidation reactions, oxidation of drugs with TiO2 

photocatalysis can be used as a simple non-biological method to initially eliminate (pro)drug 

candidates with an undesired phase I oxidation metabolism. Analysis of reaction products is 

commonly achieved with mass spectrometry coupled to chromatography. However, sample 

throughput can be substantially increased by eliminating pretreatment steps and exploiting 

the potential of ambient MS. Furthermore, online monitoring of reactions in a time-resolved 

way would identify sequential modification steps. In Chapter 4 we introduce a novel (time-

resolved) TiO2-photocatalysis LAESI-MS method for the analysis of drug candidates. This 

method was proven to be compatible with both TiO2-coated glass slides as well as solutions 

containing suspended TiO2 nanoparticles, and the results were in excellent agreement with 

studies on biological oxidation of several drugs. Additionally, a time-resolved LAESI-MS setup 

was developed and results for verapamil showed excellent analytical stability for online 

photocatalyzed oxidation reactions within the set-up up to at least one hour. 

Identification and confirmation of (bio)chemical entities in ambient MS mostly 

involves accurate mass determination, often in combination with MS/MS work flows. However, 

an accurate mass only provides the elemental composition of the (bio)molecule, still resulting 

in numerous possible structures. MS/MS procedures are often insufficient in differentiating 

between the hundreds possible candidate substances in database searches. Obtaining 

additional information and thereby improving structural assignment as well as reducing the 

vast number of possible candidates is thus of high importance in any ambient MS(I) study. In 

Chapter 5 we present an ambient hydrogen/deuterium exchange (HDX) LAESI-MS method 

for structure elucidation and confirmation of (bio)molecules. The concept was demonstrated 

with small molecules, peptides, and proteins. Moreover, the same approach could be applied 

to MSI as shown by the ambient MSI of arginine and oligosaccharides on an orange slice. 

Eventually, this approach will allow spatially resolved MSI of different protein conformers and 

may have a major impact in the life sciences. 

The main achievements that are described in this thesis offer insights on sample 

compatibility, hardware improvements to enable online time-resolved reactions and structure 

elucidation approaches. The outcome of the research chapters shows that LAESI-MS(I) is a 

highly versatile technique applicable to many research areas. Although the technique is highly 
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dependent on endogenous water in samples for analysis of intact molecules, LAESI can also 

be exploited for the analysis and identification of (water free) polymer materials. Unfortunately, 

LAESI sensitivity relative to electrospray ionization is weak, and therefore the technique can 

currently not live up to the status of the next generation of ambient MSI. Analytes that are 

present in high abundance are feasible for imaging by LAESI-MS. For low abundance 

analytes, however, several hardware improvements are required to substantially increase the 

sensitivity of the results. When the hardware improvements are developed and implemented, 

the road is open for many end users in, e.g., microbiology, pathology, and botany, to make 

significant breakthroughs in their fields. 
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