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1 
Introduction  
 

 

Imaging mass spectrometry (IMS) is a technique that can provide both chemical 

specificity and spatial localization of molecules directly from tissue sections, 

single cells and other surfaces. Developments in sensitivity, mass resolution, 

and spatial resolution have been the main focus of several research groups. 

Now, the use of hybrid instruments allows ion fragmentation for molecular 

identification as well as distinguishing between isobaric ions. Developments of 

instrumentation, acquisition software and data processing of Fourier transform 

ion cyclotron mass spectrometer that extend experimental possibilities in the 

field of imaging mass spectrometry will be described in this thesis.  
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1.1 Challenges in proteomics 
 

 

Proteomics deals with proteins, the products of the genome that contain the 

whole hereditary information encoded in DNA1-3. Proteins are organic compounds 

made of amino acids. The sequence of amino acids in a protein is defined by a 

gene and encoded in the genetic code. While the genome is a rather constant 

entity, the proteome differs from cell to cell and is constantly changing through 

its biochemical interactions with the genome and the environment. Any 

organism has radically different protein expression levels in different parts of its 

system, in different stages of its life cycle and influenced by different 

environmental conditions. Furthermore, a single complex organism such as a 

human being contains a very high number of different proteins, each having 

different functions. Not genes but their products, proteins, are directly involved 

in almost all biological processes therefore sequencing the human genome is not 

enough to explain biological functions4. Here, proteomics plays an important role 

by giving us information about protein’s localization, expression level, 

association with other proteins or molecules, posttranslational modifications, and 

splicing2,5-10. The latter two factors increase the number of distinct proteins and 

thus increase the complexity of the system when compared to the protein coding 

genes.  

Analysing an organism's proteome is anything but simple and therefore 

extensive investigations of new methods and techniques are carried out by 

different life-science disciplines. There is still no single method or instrument 

that gives a final result about identification, quantification, and localization of the 

expressed proteins in a biological system11. Thus, different methods and 

techniques are often combined in order to get information about complex protein 

samples2,11. Analytical biochemical methods such as one or two dimensional 

polyacrylamide gels (separation matrices used in electrophoresis of 

biomolecules) were initially used to study proteins12-14. However, even in the 

case when gels were reproducible, the determination and identification of low 
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abundant proteins were difficult. Moreover, the lack of rapid analytical methods 

for peptide characterization was another drawback of the 2D gels. Now, modern 

mass spectrometry (MS) can rapidly identify small amounts of proteins from 

very complex mixtures2. The identification of peptides (containing a smaller 

number of amino acids) and proteins (containing a larger number of amino 

acids) generally requires the identification of the amino acids present in the 

sequence. Currently, most methods of protein identification involve enzymatic 

digestion to produce proteolytic peptides, combined with chromatographic 

(peptides separation) and mass spectrometric analysis of these peptides. By 

using mass spectrometry, the peptides can be subjected to different sort of 

fragmentation techniques to obtain their amino-acid sequences. The use of mass 

spectrometry was a major forward step in biomedical research by the increase of 

sensitivity, robustness and data handling. Primary sequences of proteins, post-

translational modifications and protein-protein interactions have been 

successfully analysed by MS. Recently developed methodologies offer the 

opportunity to obtain quantitative proteomic information by labelling the 

peptides with stable isotopes. Comparing the signals from the same peptide 

under different conditions gives relative estimates of protein abundance. 

Functional information of the proteins and temporal changes can be traced in 

this manner15. In clinical research, mass spectrometry opens new ways by 

detecting patterns of differentially expressed proteins in blood or serum in 

patient and control samples. Such strategies have been exploited to determine 

biomarkers (indicator of a biological state) that can be correlated with certain 

diseases5,11,16. Mass spectrometry based proteomics is now one of a number of 

different approaches being used to investigate human biology, diseases and 

drug discovery. However, only identifying the proteins present in biological 

samples is not sufficient in the study of diseased tissue or drug discovery5,16. 

Lists of proteins that are differentially expressed do not show if the proteins are 

the cause of the cellular changes or if they are effects of these changes. To 

understand the protein function in cellular networks, the molecules playing an 

active role have to be locally monitored in the cell at any point in time17. 
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Subcellular localization of proteins at different moments in time can often 

provide a better understanding of how proteins works individually and with their 

interaction partners18. 

Fluorescent microscopy and immunostaining are mostly used for protein 

localization19-22. The use of multiple fluorescent labels in a single experiment 

makes it possible to study the spatial behaviour of multiple selected molecules 

at the same time in one experiment. However, only a limited number of 

molecules can be studied. Specifying post-translational modifications can be 

difficult and unknown molecules cannot be detected23. A technique that can 

provide both chemical specificity and spatial localization is imaging mass 

spectrometry (IMS). The ability to map the distribution of hundreds of 

compounds in one experiment, which allows their localization to be determined 

in parallel, without labelling and from native samples makes imaging MS an 

attractive discovery technique16,24-28. Nevertheless, IMS is an emerging 

technique and challenges remain. Lately, significant progress has been made in 

improving the speed and spatial resolution of IMS. Now, methodological and 

instrumental improvements are moving towards developments that give not 

only information about chemical specification but also chemical identification. In 

this context, further in this thesis, new instrumentation and methods for IMS are 

described.  

 

 

1.2 Imaging mass spectrometry 
 

 

In standard proteomics studies, large populations of cells are harvested, a 

homogenate mixture prepared and subsequently analysed with MS. However, 

many times in the case of various diseases, only a few cells show a difference 

between a healthy and a diseased tissue29. Here, tissue homogenates analysis 

becomes problematic. With sufficient spatial resolution and sensitivity IMS would 

overcome this limitation. Moreover, spatial analysis of tissues or cells can be 
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investigated without removing them from their original environment. IMS can 

rapidly identify which proteins are associated with tumour and non-tumour 

tissue30. Information about the localization of compounds such as peptides and 

lipids on tissue increased the knowledge about their role in various clinical 

disorders such as Alzheimer’s31,32 and Parkinson diseases33. Furthermore, the 

way a drug treatment affects different parts of the body16 or tracing an 

administrated drug and its metabolites are emerging an powerful applications for 

IMS. The fact that not only the parent molecule but also possible metabolites 

formed after the drug administration can be detected with IMS makes this 

technique attractive31,34,35. 

Mass spectrometry is an analytical technique that measures ions 

according to their mass-to-charge ratio. A typical mass spectrometer is 

composed of three parts: an ion source, a mass analyser, and a detector. IMS is 

a technique that is generally performed by scanning an ionising beam across a 

sample or moving the sample in the field of a laser beam in an organized raster. 

Mass spectral analysis of each localized spot of the raster provides chemical 

information for each position (see Figure 1.3a). Such spatially correlated 

datasets can be used to construct an image for each detected mass. As an 

example, Figure 1.1a shows molecular images from a raster over the surface of 

mouse brain tissue sections with consecutive laser shots. The laser position was 

fixed and the sample plate was repositioned for consecutive spots. Each spot 

(corresponding to a pixel in the images) produced a mass spectrum obtained 

from molecules present within the irradiated area.  

Information about the distribution of different compounds in a biological 

system is obtained by taking advantage of both the sensitivity and specificity of 

mass spectrometry and the imaging capabilities. Ionisation techniques play an 

important role. Matrix-assisted laser desorption ionisation (MALDI)27,28,36 and 

electrospray ionisation (ESI)37-39 are soft ionisation techniques compared with 

earlier ionisation techniques and they are considered milestones in the field of 

MS for large biomolecules. The detection of large intact biomolecules, e.g. 

proteins, was not possible before the development of MALDI and ESI. Currently, 



Chapter 1 

16 

MALDI and ESI are the most popular ionisation techniques due to the low 

sample consumption (sub-femtomoles), sensitivity, speed, and wide mass range 

covered. These characteristics have seen them acquire dominant positions in 

mass spectrometry.  

 

 
Figure 1.1. Molecular image of brain by IMS. A pulsed UV laser desorbs and ionises analytes from the 

tissue and their m/z values are determined using a time-of-flight analyser. From a raster over the tissue 

and measurement of the peak intensities over thousands of spots, mass spectrometric images are 

generated at specific molecular weight values. Taken from reference 26. 

 

ESI ionises the analyte from the solution phase. The sample is sprayed 

into the mass spectrometer through a needle by applying a high potential 

difference between the needle and the inlet of the mass spectrometer (Figure 

1.2a). Many biological applications have become possible by using ESI40-42, 

however the solution phase aspect limits its imaging capabilities. It was recently 

shown how sample voxelization combined with cutting-edge ESI-based mass 

spectrometry analysis can provide the low spatial resolution distributions of a 

large number of proteins covering a wide dynamic range. In this experiment the 

sample, a mouse brain, was divided into an array of 1 mm3 cubes. Each cube, or 

voxel, was then subjugated to a complete homogenisation-ESI-based proteomics 
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analysis. This construction of a 3D protein map of the brain is very useful for 

comparison with other techniques but is too slow, 71 voxels analysed in 7 days, 

for any practical investigation. For imaging experiments, MALDI is the method of 

choice. In a regular MALDI experiment the analyte is combined with a matrix, 

typically a small aromatic acid, which strongly absorbs the laser radiation. 

MALDI volatilises and ionises the sample out of the matrix by laser interaction 

(Figure 1.2b). Nowadays, MALDI-MS is a well-established technique for fast 

determination of the molecular mass of macromolecular species from biological 

samples. Using MALDI, many proteins can also be analysed directly from the 

tissue sections. Among the various imaging ionisation techniques MALDI is the 

one used to record macromolecular distributions directly from native sample like 

tissue sections26,43. Alternative ionisations techniques in IMS will be briefly 

discussed in the next section.  

 

 
 

Figure 1.2. a) ESI and b) MALDI ionisation techniques. 

 

Methods to obtain spatial information in IMS  

Two mass spectrometric imaging approaches currently exist: microprobe and 

microscope mode imaging. In microprobe IMS experiments, the ionisation beam 

is rastered over the sample surface or the sample stage moved in the field of 

ionisation beam, and a mass spectrum recorded at each x,y-coordinate (see 

Figure 1.3a). Mass resolved images or spectra from regions of interest are then 

extracted from this dataset of position-correlated spectra. An alternative 

approach for high spatial resolution IMS is the mass microscope (see Figure 



Chapter 1 

18 

1.3b). Here the spatial resolution is independent of the spot size of the ionising 

laser beam, but solely dependent on the ion optics of the instrument and the 

kinetic energy distribution of the generated ions. Compared to microprobe 

experiments the spatial information from within the ionisation spot is not lost. 

The desorbed molecules retain their spatial distribution during mass analysis and 

are projected onto a position sensitive detector. For ionisation techniques such 

as MALDI, which is not compatible with a small ionisation beam, such stigmatic 

ion imaging is valuable.  

 

 
 

Figure 1.3. Schematics of the two different approaches to IMS a) microprobe mode b) microscope 

mode. Taken from reference 68. 

 

There is no mass spectrometer that can simultaneously provide the 

highest sensitivity, mass resolution, accuracy, and spatial resolution. Depending 

on the type of information required, different combinations of ionisation 

techniques and mass analysers are used. Before talking more detailed about 

ionisation techniques and mass analysers used in IMS, a short explanation of 

these parameters is given below. Mass resolution represents the ability to 

separate two adjacent masses:  
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R = m / Δm (1.1) 

 

It measures the "sharpness" of the MS peak. The mass accuracy is the 

difference between the theoretical mass and the measured mass:  

 

Δmaccuracy = mexperimental - mtheoretical (1.2) 

 

Mass accuracy indicates the accuracy of the mass information provided 

by the mass spectrometer. And it is linked to the mass resolution. If the peak is 

not "sharp" enough the difference between the measured mass and theoretical 

mass is more dependent on the peak-picking algorithm. A low-resolution 

instrument cannot provide high mass accuracy. For imaging instruments spatial 

resolution is an other important parameter. It is commonly defined in the IMS 

field as the distance between the centres of two neighbouring pixels. This simple 

‘pixel-size’ definition is easily determined with the use of a calibration target but 

omits all other factors that can determine which length scales can be reliably 

resolved in an imaging mass spectrometry experiment, for example microscope 

mode imaging experiments have reported 600 nm pixel size but 4 μm resolving 

power. 

 

 

1.3 Ionisation techniques in IMS 
 

 

The first imaging mass spectrometry experiments were performed using 

secondary ion mass spectrometry (SIMS)44. However, as stated previously, IMS 

of large biomolecules, using their intact molecular ions, only became possible 

after the invention of the soft ionisation technique MALDI28. Since then, new 

ionisation techniques and instrumentation have been developed and have 

become interesting for different applications26,31-33. These developments are 

briefly described here and in sections 1.4 and 1.5. 
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MALDI is the method of choice for recording molecules at high masses, 

up to several hundreds of kilodaltons, such as intact proteins, oligonucleotides, 

and carbohydrates. The success of MALDI is due to the physics of photo-ablation 

of the matrix and gas-phase chemistry of the excited matrix molecules. 

Application of a matrix solution to a tissue section extracts the molecules from 

the sample and leads to the formation of analyte-doped matrix crystals. This co-

crystallisation segregates the analytes from detrimental co-factors such as salts 

and disentangles and isolates the large molecules in a sea of matrix. Ablation of 

these crystals with a UV laser directs a cooperative motion of the matrix into the 

vacuum, in which the analyte is entrained. Ablation ejects matrix, entrained 

analyte, and clusters into the gas phase. Evidence for this entrainment 

mechanism is the near independence of the initial velocity of the analyte ions on 

the mass of the analyte but its dependence on the matrix and post ionisation of 

such clusters. 

Ablation of the analyte-entrained matrix into the gas phase is the 

mechanism by which intact macromolecules are desorbed. Equally important is 

the ionisation of the desorbed species as it greatly influences which ions are 

seen in the mass spectrum. Proton and cation transfer reactions occur 

throughout the ablated plume, the final products being determined by the 

relative proton/cation affinities of the species present in the plume. Breuker et 

al. have shown that when enough material is ablated to ensure many collisions 

within the plume, the analytes observed in the final spectrum are largely under 

thermodynamic control. Karas and Knochennmus have extensively reviewed the 

role of these in-plume processes45-48. To reduce the amount of cationised 

peptides and proteins in imaging mass spectrometry of tissue sections, which 

can complicate spectral assignment as well as lower signal intensities, the tissue 

sections are often desalted by washing in cold ethanol solutions or other solvent 

mixtures.  

UV and IR MALDI experiments have been performed, but UV MALDI is by 

far the most common due to its higher sensitivity for peptides and proteins and 

the lower amount of matrix removed49,50. However, in the case of labile 
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complexes, the softer ionisation method IR MALDI can be more suitable51. The 

ion signal dependence on the constituents of the plume can manifest itself as ion 

suppression effects, in which the presence of other analytes affects the signal of 

the analyte(s) of interest. Seeding tissue sections with some model peptides is 

normally sufficient to detect whether ion suppression is a complicating factor.  

Sample preparation and matrix deposition are important parameters in 

MALDI imaging, thus a lot of effort is being put in to these developments. 

Common matrix materials are cinnamic acid derivatives (e.g. sinapinic acid (SA) 

and 4-hydroxy-α-cyanocinnamic acid (HCCA)) and 2,5-dihydroxybenzoic acid 

(DHB). The proper choice of matrix leads to more sensitive analysis and is 

empirically determined for different molecular classes52. For tissue analysis of 

proteins, sinapinic acid provides the best signal whereas HCCA is suitable for 

lower molecular weight peptides53. On the other hand, DHB has been found to 

provide better signal for lipids54,55. To obtain higher spatial resolution sinapinic 

acid is suggested56. For ion fragmentation, matrices that produce ions with high 

internal energy are used57.  

In SIMS, the sample surface is bombarded with high-energy (5-25 KeV) 

primary ions (single- or polyatomic) that lead to the sputtering of ions and 

neutral species from the upper most region of the sample (SIMS is considered a 

surface sensitive technique). Biomolecular analysis using SIMS has traditionally 

been limited to low mass molecular fragments. However modern developments 

have increased the sensitivity of SIMS for larger molecular ions up to 1000 Da. 

This has been the result several distinct strategies for increasing the molecular 

ion yield. This includes the development of polyatomic primary ion sources (e.g. 

C60
+, SF6

-, Aun
+, Binm+)58,59, matrix deposition (matrix-enhanced SIMS, ME-

SIMS)52,60, and sample coating (Metal-Assisted SIMS, Meta-SIMS)61-64 with a 

thin layer of gold or silver (1 nm).  

The spatial resolution obtained in MALDI microprobe imaging is typically 

in the 100 - 200 μm range, limited by the size of the laser spot used30,56, and 50 

nm – 2 μm for SIMS65. Generally, SIMS provides high spatial resolution data 

about elements, low mass molecules and lipids while MALDI is used for low 
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spatial resolution peptide and protein analysis. The development of micrometer 

resolution microprobe MALDI imaging has been reported66, however decreasing 

spot size has been found to lead to decreasing sensitivity for high mass species. 

A decrease in sensitivity of two orders of magnitude was observed when a 

regular laser diameter of 100 μm was decreased to 7-8 μm67. In the mass 

microscope mode, the spatial resolution is about 4 μm68 and independent of the 

spot size of the ionising laser beam, but solely dependent on the ion optics of 

the instrument and the kinetic energy distribution of the generated ions. 

Microscope mode imaging mass spectrometry necessitates the use of time-of-

flight (TOF) instruments with specifically designed ion optics and detectors. The 

triple ion focusing time-of-flight, TRIFT, mass spectrometer transports a 

magnified ion image to a position-sensitive detector and uses three hemi-

spherical electrostatic analysers to provide energy focusing and thus high mass 

resolution. Mass spectra are recorded by measuring the time difference between 

pulsing of the ionisation source and arrival of ions at the detector. Recently, 

multi-turn time-of-flight mass spectrometers (MULTUM)69 also proved to be 

suitable for imaging in stigmatic mode. 

Besides MALDI and SIMS, desorption electrospray ionisation (DESI) 

should be mentioned here. DESI is a recent ionisation technique that can be 

used in imaging mass spectrometry70. Here, charged droplets and ions of 

solvent are electrosprayed onto the surface to be analysed. During their 

interaction with the surface the charged droplets can collect surface compounds. 

The resulting mass spectra are similar to normal ESI mass spectra in that they 

show mainly singly or multiply charged molecular ions of the analytes. DESI has 

attracted scientific attention from its introduction because it provides an ambient 

pressure technique for macromolecular analysis of different compounds on 

various surfaces (e.g. solids samples, (frozen) liquids, or biological tissues)71,72. 

This rapid and rather simple method, which can be readily implemented on 

existing ESI instruments, does not require any sample preparation70,73,74 and the 

ambient nature of the technique means that samples can be analysed in their 

native environment75. However, compared to other ionisation techniques DESI is 



1.4 Mass analysers and hybrid mass spectrometers used in IMS 

23 

less sensitive and the spatial resolution is low, since the size of the DESI 

ionisation beam is in the order of 0.5 to 1 mm. 

 

 

1.4 Mass analysers and hybrid mass spectrometers used in IMS 
 

 

Depending of the type of ionisation technique and the type of information 

needed, different mass analysers can be used in IMS. The 3D and 2D ion traps, 

Fourier transform ion cyclotron mass spectrometer (FTICR-MS), Orbitrap, and 

TOF-MS are five types of basic mass analysers in mass spectrometry. A 

schematic of these mass analysers is shown in the figure 1.4. As ionisation 

techniques, ESI is mostly used with ion traps. MALDI is usually coupled with TOF 

instruments.  

The type of mass analyser used in an IMS experiment is ideally 

determined by the questions that need to be address but is more often limited 

by their availability. In this section, a brief overview over the drawbacks and 

advantages of the mass analysers used in IMS is sketched. 

 

Ion traps An ion trap uses specially designed electrodes onto which a radio-

frequency (RF) time varying electric field is applied, to trap ions and subject 

them to mass analysis or tandem mass analysis (MS and MS/MS)76. MS/MS is 

the combination of two or more MS experiments. The aim of MS/MS experiments 

is either to get structural information by fragmenting the ions isolated during the 

first MS experiment, and/or to achieve better selectivity and sensitivity for 

quantitative analysis.  

 

The linear trap (two dimensional trap) uses a set of quadrupole rods to 

confine ions radially and a static electrical potential on end electrodes to confine 

the ions axially (see Figure 1.4b). 2D ion trap produces reasonable mass 

accuracy, mass resolution and sensitivity77,78. Imaging of small molecules in 
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tissue sections have been performed using a linear ion trap. Phospholipids and 

peptides in tissue sections were imaged and identified54,79,80. An ion trap can be 

a useful instrument in imaging due to its fragmentation possibilities and relative 

fast duty cycle. However it is limited to imaging of small molecules due to its 

relatively narrow mass range.  

FTICR-MS is more complex: it is operated at high vacuum (10-9 mbar) 

and uses a combination of electric and a strong magnetic field, providing high 

mass resolution, mass accuracy, and sensitivity81-84 (see Figure 1.4d; a detailed 

description can be found in Chapter 2). Up until recently, FTICR was considered 

by many to be expensive and not as easy to use as other instruments. The high 

potential of FTICR-MS has seen many improvements in the user interface, 

making it more accessible to non-experts as well as adding flexibility. FTICR-MS 

is not a very fast technique but it can be very attractive for IMS as its mass 

accuracy, mass resolution and many fragmentation options allow many 

biomolecules to be distinguished and identified. The first FTICR-MS imaging 

experiments have been recently shown85. 

 

Time-of-flight instruments 

The TOF mass analyzer86,87 can be a linear flight tube, a reflectron, TRIFT or 

MULTUM that separates ions based on their time-of-flight (velocity) as in Figure 

1.4e. It is a sensitive detector although the mass accuracy and mass resolution 

is not as high as for FTICR-MS. TOF instruments are the most commonly used 

instruments in IMS due to their speed, high sensitivity and good mass 

accuracy24. However, ion isolation and fragmentation, to obtain the structural 

fragments for its subsequent identification, is not possible with a simple TOF 

instrument. Modern TOF instruments are mostly hybrid instruments that 

combine the advantages of a TOF analyser with the identification capabilities.  

 

Hybrid mass spectrometers 

Not all mass analysers have the possibility of inducing the protein/peptide 

fragmentation required to obtain the structural fragments used for identification. 
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Different instruments can be coupled to obtain the desired information about the 

sample by performing MS/MS. Ion traps and triple quadrupole instruments can 

be used for ion fragmentation88,89. TOF analysers need to be coupled with ion 

collision cells (e.g. TOF- collision cell- TOF90; quadrupole mass filter- collision 

cell- TOF91). Generally, the ion fragmentation technique used in collision cells is 

collision-induced dissociation (ions fragment by collisions with gas). Hybrid TOF 

instruments are widely used in proteomics due to their ease of use. Hybrid TOF 

instruments are also very useful for IMS owing to their combination of speed, 

sensitivity, fragmentation capabilities as well as ion manipulation (e.g. to select 

one m/z value before detection to enhance the selectivity of the experiment).  

 

 
Figure 1.4. Mass spectrometers used in proteomic research. a) 3D quadrupole b) 2D quadrupole c) 

Orbitrap d) FTICR-MS e)  time-of-flight.  
 

 

1.5 FTICR-MS and molecular imaging 
 

 

As stated before, imaging experiments are usually performed using a TOF 

instrument. They are ideally suited to the pulsed nature of the ionisation 

techniques most commonly used (MALDI and SIMS). Developments of 

sensitivity, mass resolution, and spatial resolution have been the main focus in 

a) b) c) 

e) d) 
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imaging mass spectrometry. Now, the use of TOF instruments combined with ion 

traps allows ion fragmentation in a collision cell, thus peptide identification is 

also possible90.  

By performing imaging FTICR-MS experiments it is possible to exploit 

the high resolving power and high mass accuracy with multistage MS/MS75,81,92-

94, which allows peptide identification directly from tissue95. The high mass 

resolution of the FTICR-MS can reveal compounds, differently localized, that 

cannot be distinguished with lower mass resolution TOF-based mass 

spectrometers85. Explicit examples that demonstrate the added value of FTICR-

MS in imaging MS are described later in this thesis. Performing a high-resolution 

FTICR-MS imaging experiment is at the moment very time consuming, this 

being one of the aspects of FTICR-MS to be improved in the future. The 

instrument control methods development reported later in the thesis is an 

important factor in improving the speed of the experiments. 

Arguably the most important benefit of the FTICR-MS for IMS is profiling 

and imaging small tissue areas in order to identify unknown biomolecules, thus 

complementing regular MALDI-TOF imaging. 

 

 

1.6 Data acquisition and processing  

 

 
The development of new mass spectrometry techniques together with the 

demand for protein discovery have led to a huge increase in the number and 

size of MS datasets. Data acquisition software, processing and data reduction 

tools have been developed in the last decade. For rapid and accurate data 

acquisition, analysis, and interpretation new computing methods are required. 

Therefore, in addition to instrumental development, data acquisition and 

analysis software is important to produce reliable data for database search 

engines. The databases are based on algorithms that perform mass 
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spectrometry data analysis through a statistical evaluation of observed and 

theoretical spectra of proteins/peptides.  

 To allow the new, complex mass spectrometers to be used on a large 

scale, the data acquisition software should be flexible and easy to use. The 

current acquisition software is developed to perform smart experiments and to 

help in the process of data analysis. On-the fly decisions can speed up the data 

analysis, allow new experiments, and reduce the data during measurement.  

The amount and the size of the data provided by modern mass 

spectrometers are not compatible with manual analysis. Errors and 

inconsistencies that appear from manual analysis of complex data sets can be 

overcome by automation of mass spectral analysis and interpretation of the 

data. Furthermore, for imaging mass spectrometry data visualization tools need 

to be developed to provide an easy and rapid way to assess measurement 

quality and aid data interpretation.  
 

 

1.7 Scope of this thesis 
 

 

This thesis describes the development of FTICR-MS to study biological samples 

using for the first time, imaging FTICR-MS. To achieve this goal imaging 

experiments were performed on a (commercial) FTICR-MS and acquisition 

software and data processing methods were developed in-house. Furthermore, 

our FTICR-MS was modified to perform both ESI and MALDI imaging on the 

same instrument (work in progress).  

Chapter 2 supplies the reader with a description of fundamental aspects 

of FTICR-MS in general and our instrumental set-up followed by a discussion 

about advantages and disadvantages of FTICR-MS in IMS. 

Chapter 3 describes a workflow-based method that controls 

experiments on a FTICR mass spectrometer or any other type of scientific 

instrument and includes on-the-fly decision-making tools. The demonstrated 
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decision-making processes during acquisition enables new types of FTICR-

experiments, which are not possible on commercially available systems. A few 

experimental examples (DESI and liquid chromatography (LC)-FTICR-MS 

experiments) demonstrate the power and the simplicity of the method. 

Chapter 4 shows for the first time the results of imaging FTICR-MS 

experiments on a rat brain tissue section. Advantages, disadvantages and 

further improvements in this respect are evaluated. 

In Chapter 5 the development of a parallel processing technique for 

large data sets in a distributed computing environment is explained. The 

implementation of this novel approach, described and evaluated for LC-FTICR-

MS data, is demonstrated to significantly decrease the total processing time.   

In Appendix 1 the simulations and the experimental results of a new 

designed ESI ion source are described. Here, our goal is to increase the 

detection sensitivity by designing a linear accumulation octopole with enhanced 

ion ejection capabilities. The octopole design and implementation was the first 

step in the development of the instrument in order to combine ESI with MALDI 

imaging. 
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2 
Fourier Transform Ion Cyclotron Mass 
Spectrometry and imaging basic 
concepts                                     
 

 

This chapter is dedicated to a description of the principle of operation of FTICR-

MS and a depiction of our experimental set-up. Furthermore, the drawbacks and 

advantages of FTICR-MS in the field of imaging are described.  
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2.1 FTICR-MS principle of operation  
 

 

Fourier transform ion cyclotron resonance mass spectrometry is a technique that 

combines electric and magnetic fields to measure the molecular weight of ions in 

the gas phase. The cyclotron motion of ions in a magnetic field has its roots in 

1932 when it was used for proton acceleration to high kinetic energies for 

nuclear physics experiments96. It took however a few decades before Fourier 

transformation algorithms for image charge detection of the cyclotron motion of 

the ions were reported97,98. This marked the beginning of a new mass 

spectrometer era that offered unparalleled mass accuracy and mass resolution. 

Furthermore, FTICR-MS was going to be known for its non-destructive ion 

detection, unlike previous methods (and similar to the recently introduced 

Orbitrap), which allows the ions to be reused after detection. More details about 

this technique can be found elsewhere81,99. In this chapter, the basic of FTICR-

MS technique will be discussed. 

 

 

2.1.1 Ion motion in the cell 
 

 

The main component of FTICR-MS is the ICR cell, which is a Penning trap, 

located in the centre of a super-conducting magnet. Due to the magnetic field, 

considered here parallel to the z-axis, ions entering the cell follow a cyclotron 

motion in the x-y plane. All cell types consist of trapping, excitation and 

detection electrodes in various geometries81.  

An ion with charge q and speed v that enters the ICR cell experiences 

the combined force of the magnetic field B and the electric field E, which can be 

written as the Lorentz force (FL) equation (eq. 2.1): 
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FL = qE+q(v x B) (2.1) 

 

 
 
Figure 2.1. A schematic of a closed cylindrical cell. It consists of two trapping plates, two pairs of 

opposite electrodes for excitation and the other two for detection. 

 

The magnitude of the Lorentz force depends only on the charge, speed 

and the magnetic field strength, if the electrostatic force is considered 

negligible. The Lorentz force is equilibrated by the centripetal force oriented in 

opposite direction as is shown in Figure 2.2 therefore the following mathematical 

equation can be written:  
 

qvxyB = mv2
xy/r (2.2) 

 

with r the orbit radius of the ions in the cell and m, the mass of the ion. 

It can be seen that the Lorentz force changes just the direction of the velocity 

vxy but not its magnitude. First, by introduction of the angular frequency ωc as 

vxy/r and considering the magnetic field strength constant, ωc is dependent only 

the mass and the charge of the ion (eq. 2.3): 

 

ωc = qB/m or νc = qB/2πm (2.3) 

 

where νc = ωc/2π is the cyclotron frequency. Second, the frequency of the ion is 

independent of the orbit radius. Moreover, νc is independent of the velocity of 

the ions and thus independent of the kinetic energy of the ions and the cyclotron 
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radius. This is particularly important for FTICR-MS because, contrary to other 

mass spectrometric methods the spread in kinetic energy of the ions does not 

limit the mass resolution during FTICR-MS analysis. 

 

 
 

Figure 2.2. The cyclotron motion of ions in FTICR-MS. The ion velocity perpendicular to the uniform 

magnetic field generates a Lorentz force (perpendicular to both) that forces the ion to move in a circular 

orbit. 

 

The electrical field of the trapping electrodes was neglected in eq. 2.3 

but it can have a significant influence on the cyclotron motion. Positive voltages 

are applied to the trapping plates to trap positive ions (and negative voltages for 

negative ions). The ions contained by this trapping field oscillate along the axis 

of the cell with a trapping frequency ωz, given by equation 2.4: 

 

ωz = 
md
qVz

 (2.4) 

 

where VZ is the potential applied to the trapping electrodes and d is the length 

of the ICR cell. The radial field produced by the trapping potentials, E = VZr/2d2 

is opposite in direction to the inward-directed Lorentz force. With this electric 

field component equation 2.1 becomes: 
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mω2r = qBωr-q(VZR/2d2) (2.5) 

 

which is a quadratic equation with two distinct solutions: 
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where ωZ is the “trapping” oscillation frequency and ωC is the “unperturbed” 

cyclotron frequency. From these equations it is seen that the trapping potential 

has two effects on the ion motion: first, it reduces the cyclotron frequency, ω+ is 

the reduced cyclotron frequency, and secondly it forces the ions to follow a 

periodic motion at low frequency, ω-, called the magnetron motion. ω+ falls in 

the range 5 kHz – 5 MHz for a 7T magnet (mass range between 70 kDa and 100 

Da, respectively). ω- is the magnetron frequency and is in the order of 1-100 

Hz. 
Several ICR traps with different geometries have been developed 

ranging from the trapped-ion cell (1970)100 to the matrix-shimmed ICR trap 

(1999)101. Some of the early cells were rectangular, cubic, cylindrical, and later 

close-ended cylindrical102. Ion loss along the z-axis was one of the main 

disadvantages of these cells. The introduction of the infinity cell by Caravatti et 

al103, which uses segmented end caps to approximate a linear excitation field 

and thus reduce z-axis losses, provided a more robust instrumental 

configuration. A disadvantage of the infinity cell is the limited access for ion 

introduction through the small hole in the first trap electrode, which can limit ion 

transfer efficiency into the cell. The open-cell104 overcomes this problem. The 

large opening of the front trap electrode allows for efficient ion loading. 
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Furthermore, capacitive coupling of the open-trap electrodes to the central 

excitation electrodes means that the ions are excited with a near uniform 

excitation field thus minimizing z-axis ion losses105. Simultaneous trapping of 

positive and negative ions was achieved by so-called nested cells81. A more 

detailed description of different ICR cells can be found elsewhere106. 

 Currently, in most FTICR-MS set-ups, the ions are produced in an 

external ion source and transported into the ICR cell. Ions have to be 

decelerated in the cell in order to be efficiently trapped. There are a few 

methods to achieved this: using the retarding field produced by the trapping 

plates in so called gated trapping107,108, by sidekick trapping109 or through 

multiple collisions of the ions with a neutral gas (e.g. Ar), a method known as 

gas-assisted dynamic ion trapping (GADT)110. The gated trapping is the simplest 

way to trap the ions, but not efficient enough to trap ions with wide energy and 

m/z ranges. To increase the trapping efficiency, GADT and sidekick trapping are 

used. For GADT due to the extra time required for removing the collision gas, 

the length of the experimental sequence is considerably increased. Sidekick 

trapping uses the deflection of the ion beam from the main axis of the 

instrument during its introduction in to the ICR cell. In this way, the ions are 

trapped by the higher electrostatic potential present around the cell axis. This 

method has the advantage of trapping ions with a wide range of energy and 

mass-to-charge ratios. However, the fact that the ion cloud is displaced from the 

axis makes ion detection less efficient. 

 

 

2.1.2 Ion excitation and detection 
 

 

The mass / charge ratio of the ions in FTICR-MS can be determined by 

measuring the cyclotron frequency (eq. 2.3 and 2.7). However, at room 

temperature the radius of the motion is very small and the ions move 

incoherently, as a result no signal can be detected on the ICR cell plates. In 
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order to collect a signal it is necessary to excite the ion cloud into a coherent 

motion and close enough to the detection plates to induce an image current. It 

is this image current which is then amplified and recorded that constitutes the 

ICR transient for subsequent Fourier transformation and conversion into a mass 

spectrum81.  

Ions can be coherently excited by applying a RF electric field to the two 

opposite excitation electrodes of the cell, prior to the detection event. The RF 

pulse has the form (eq. 2.8): 

 

E(t) = 0E  cosωCtj = 
d
VPPα

 cosωCtj (2.8) 

 

where α is the geometrical constant of the ICR cell and VPP is the peak-to-peak 

amplitude of the RF excitation pulse. This linearly polarised electric field can be 

expressed as the sum of two counter-rotating components, EL(t) and ER(t) (eq. 

2.9 a and b): 

 

EL(t)= 2
0E

 cosωCtj - 2
0E

 sinωCti (2.9 a) 

ER(t)= 2
0E

 cosωCtj + 2
0E

 sinωCti (2.9 b) 

 

The component, ER(t), that rotates in the same sense and at the same 

frequency as the cyclotron motion of an ion can excite it to a higher orbit. 

Broadband excitation is applied to excite a wide m/z range and thus leads to the 

efficient detection of a large m/z window. The second component, EL(t), rotates 

ions in an opposite sense but is 2ω off-resonance and will not have an effect on 

the ion’s orbit. If all the excitation energy is converted into kinetic energy, 

 

A(texc.)=
2
0E q2texc./4m (2.10) 
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the final radius of the ions orbit becomes: 

 

r = 
0

.0

2B
tE exc  (2.11) 

 

Equation 2.11 shows that ions are excited to the same final radius 

independently of their mass or charge. Most excitation methods (rectangular 

pulse, single frequency excitation and frequency chirp) provide an excitation 

power that is not entirely independent of frequency97,98. A uniform excitation can 

be achieved by applying a Stored Waveform Inverse Fourier Transform 

(SWIFT)111 pulse which was introduced by Marshall in 1985112. In SWIFT the 

amplitude and frequency range is specified, and using an inverse Fourier 

transformation the excitation time domain pulse is calculated. 

For on-resonance frequencies the ions will absorb energy and will 

increase their orbit radius following an outward spiral motion while the RF-

excitation signal is applied. The coherent motion of the ions is detected when 

the cyclotron orbit radius of the ions is sufficiently large for the coherent packet 

of ions to induce an image charge in the detection plates. The detection plates 

are opposed to each other and positioned coaxially and at the same radius 

between the excitation plates as shown in Figure 2.1. An alternating image 

current is produced due to the periodical motion of the ions close to the 

detection electrodes. The frequency of this current matches the cyclotron 

frequency of the ions. This weak image current is amplified and converted into a 

voltage signal that gives the following time domain signal f(t): 
 

f(t) = )cos(
1

ii

M

i

t

i teN i ϕωτ +∑
=

−

 (2.12) 

 

where t is the length (in seconds) of the transient, ωi is the cyclotron frequency 

of the ions, Ni is the number of ions i and φi the phase of the ions. Collisions 
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with the background gas and charge repulsion cause a dephasing of the 

coherent ion motion and a decrease of the orbit radius. As a result, the time 

domain signal intensity will decrease with the damping constant iτ . The 

resolution of the mass spectrum is dependent on the length of the transient. An 

example of the time domain signal is presented in Figure 2.3.  

The transient signal (Figure 2.3a) decays with time and represents the 

sum of the individual sinusoidal signals of all ions. A frequency spectrum is 

obtained after Fourier transformation of the time-domain signal. By using eq. 

2.3 the mass spectrum is calibrated (Figure. 2.3b). Summing N repeated spectra 

improves the signal-to-noise ratio with a factor of N1/2. For ion isolation, 

undesired ions can be removed from the ICR cell by applying an excitation pulse 

to the excitation plates to radially eject the undesired ions out of the cell.  

 

 

 
 

 

 
Figure 2.3. a) Time domain transient measured at a magnetic field of 7T for the isolated 2+ charge 

state of substance P (M = 1347.83) and b) mass spectrum of the [M+2H]2+ isotope peaks obtained after 

Fourier transformation and m/z conversion of the time domain signal. 
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2.1.3 Fragmentation techniques 
 

 

Structural information about peptides and proteins can be obtained by using 

multiple fragmentation techniques. A precursor ion is first isolated and 

subsequently subjected to a dissociation technique. The resulting spectra 

contain a collection of dissociation products at different m/z values and 

intensities.  

Sequence information is obtained in MS/MS through cleavage of the 

peptide backbone. In Figure 2.4 the three predominant cleavages that can occur 

along the peptide backbone are shown. If the charge is retained on the N-

terminal site the fragments are termed a, b or c and if the C-terminal site 

carries the charge, the fragments are called x, y or z. The fragments a/x, b/y 

and c/z constitute complementary information on peptide structure. This 

nomenclatures was proposed by Biemann113 and Roepstorff114 and is now the 

common standard (see Figure 2.4).  

 

 

 
Figure 2.4. The nomenclature used for peptide backbone fragmentation. The ions containing the N-

terminus are a, b and c and the ions containing the C-terminus are x, y and z.  
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The MS/MS techniques used in FTICR-MS are Collisionally Activated 

Dissociation (CAD)115,116, Sustained Off-resonance Collision Activated Induced 

Dissociation (SORI-CAD)115,117, InfraRed MultiPhoton Dissociation (IRMPD)118,119, 

Surface Induced Dissociation (SID)120,121 and Electron Capture Dissociation 

(ECD)45,122-125.  

With collision-based dissociation techniques the precursor ion is 

kinetically excited with an RF pulse, on-resonance (CAD) or off-resonance 

(SORI) with the cyclotron frequency of the ion, to increase the kinetic energy of 

the ion. A part of the kinetic energy is converted into internal energy by 

collisions with the collision gas. When the ion reaches the dissociation threshold 

fragmentation occurs.  

When on-resonance excitation is used, the ions are kinetically excited to 

a higher orbit radius and hence a higher kinetic energy and collisions with the 

target gas take place. The time delay needed for relaxation of the excited ions 

and for pumping out the collision gas as well as the location where 

fragmentation occurs, far from the centre of the cell, makes detection less 

efficient. In addition, it has been shown that on resonance excitation distorts the 

ion cloud thereby reducing the time domain data and lowering the mass 

resolving power of the instrument115. Re-axialisation of the ion cloud in the cell 

can ameliorate this problem. 

SORI-CAD uses a low amplitude RF pulse that is 1000-1500 Hz off-

resonance with the cyclotron frequency of the isolated ion. The SORI pulse is 

alternately in- and out of phase and thus the ion is continuously (sustained) 

excited and de-excited, periodically expanding and contracting the cyclotron 

orbit (Figure 2.5).  

Modulation of the kinetic energy with SORI lasts seconds whereas in on-

resonance excitation this requires less then half a millisecond. A SORI excitation 

pulse is kept at low amplitude in order to produce fragments close to the axis of 

the ICR cell for efficient detection. SORI-CAD slowly raises the internal energy of 

the precursor ion, consequently it favours low energy fragmentation pathways. 
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On-resonance CAD and SORI-CAD are known to produce efficient 

fragmentation. However, they share some drawbacks such as introduction of a 

collision gas, unintentional excitation, ejection of dissociation products and 

distortions of the isotopic distribution. 

 

 
 

Figure 2.5. Time evolution of ion trajectory in (a) on-resonance and (b) SORI. Note that the average 

SORI radius is substantially smaller compared to the on-resonance excitation. 

 

SID is another collision-based dissociation technique. This method 

differs from the first two (on-resonance CAD and SORI-CAD) by the fact that it 

is based on ion-surface impact. Using this technique the internal energy of the 

ions is almost instantaneously increased in a single collision126,127 and, as no 

collision gas or RF excitation is used, the acquisition time for an MS/MS 

experiment is significantly shorter than for on-resonance CAD or SORI-CAD. 

However SID is only suited for small peptides, its efficiency being dependent on 

the size of the precursor ion.  

Another way to excite and dissociate the ions is by using IRMPD. In 

IRMPD ion activation is established by irradiation of the ion cloud with a 

continuous or pulsed infrared laser beam. Multiple absorptions of infrared 

photons lead to an increase of internal energy until the dissociation limit is 

reached. The benefit of the technique is that no excitation pulse and no collision 

B 
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gas are needed which considerably reduces the duty cycle. In addition, in IRMPD 

all selected ions can be simultaneously excited and the dissociation fragments 

are produced close to the cell axis.  

ECD is a relatively new technique. In ECD multiply charged cations are 

irradiated with low energy electrons. The type of fragments produced in ECD are 

different than those obtained with the other techniques (c/z ions). Less 

backbone cleavage selectivity is observed and therefore more of the sequence is 

covered. The main attraction of ECD is the fact that labile post-translational 

modifications are retained, allowing such modifications to be identified and 

localized. With CAD and IRMPD the labile modifications are lost prior to 

backbone cleavage, thus preventing their localization. Such observations were 

one of the causes of the long debate as to whether ECD fragmentation occurs 

before intermolecular vibrational energy redistribution (so called non-

ergodicity)46. The idea of non-ergodicity in ECD was predicated on the notion 

that the energetics of the gas-phase radical chemistry involved in ECD should be 

comparable to the closed-shell chemistry of even electron systems (as occurs in 

CAD and IRMPD of molecular ions)128,129. 
 

 

2.2 Experimental description of the instrument 
 

 

The experiments described in this thesis were performed on a heavily modified 

Bruker APEX 7.0e FTICR-MS unless otherwise stated. Beside instrumental 

development, the electronics, computer hardware, software and data processing 

of the FTICR-MS experiment were developed in house and all these are subjects 

of the following chapters. The aim of the thesis is to show the potential of 

FTICR-MS in imaging mass spectrometry, in addition to its established roll in 

proteomics.  

Figure 2.6 shows the instrumentation used in the majority of this thesis, 

including the nanoflow liquid chromatography system used for peptide 
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separation prior to electrospray ionisation in the biomarker discovery 

applications, figure 2.6a, and a schematic of the FTICR, figure 2.6b. 

 

a)  

 
b) 

 
 
Figure 2.6. a) LC system b) FTICR-MS set-up. 

 

The ESI source used in this thesis was designed and constructed in-

house and set to work in positive and negative ion mode. Positively charged ions 

were obtained by applying 1000-3000 V potential difference between the spray 

needle (PicoTipTM Emitter, New Objective Inc., Woburn, MA, USA) and the inlet 

of the mass spectrometer.  

The nanoLC-system (LCPackings, Amsterdam, the Netherlands) consists 

of an autosampler, a switching unit, a nanoflow system and a UV detector 

(Figure 2.6a). The switching unit is equipped with a reverse-phase capillary 

precolumn and is used for preconcentration of the sample at a flowrate of 30 
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microL/min. Peptide separation is then carried out on an analytical column using 

nanoflow elution at 300 nL/min.  

Ion transfer: The ions that emerge from the sampling capillary 

(stainlees steel capillary surrounded by a ceramic heated tube maintained at 

~200 C to aid desolvation) are focused by a tube lens through a skimmer into 

an RF-only octopole (Figure 2.6b). Collisional focusing inside the octopole130, the 

pressure in this region is about ≈ 10-2 mbar, provides a well-defined ion beam 

(in terms of spatial extent and kinetic energy distribution), necessary for high 

sensitivity. Ions can be accumulated and rapidly ejected by applying a pulsed 

axial field to the specially designed ejection rods located between the octopole 

rods. Ion packets are ejected with a time and energy distribution that better 

match the acceptance criteria of the ICR cell. A retractable current probe is 

situated after the octopole to enable the ion source to be tuned independently of 

the rest of the instrument, which significantly aids ion optical tuning. For high 

sensitivity it is imperative that the ions formed (and manipulated) in the source 

are transferred through the fringe fields of the ICR magnet131-134 and, for ESI 

the pressure gradient from atmospheric to ≈ 10-9 mbar38,130,135-137, with as high 

efficiency as possible138.  

FTICR-MS instruments have used electrostatic lenses132, electrostatic ion 

guides131 and radio-frequency (RF) multipole ion guides to transfer ions from an 

external ion source into the ICR cell133,134. Though new ion transport devices 

continue to be developed, for example the recent ion conveyor139, multipole ion 

guides have been shown to provide very efficient transport138 and kinetic energy 

control. 

The ion guides of the instrument consist of three multipoles (see Figure 

2.6). First, the octopole is 180 mm long (rod radius = 3 mm). When the current 

probe is retracted, three electrostatic lenses (conduction, extraction and probe 

lens) are used to focus the ions into the transfer quadrupoles (Q2 and Q3 in 

Figure 2.6b). These quadrupoles are 25.3 cm and 88.9 cm long, respectively. 

The cross-sections of the two quadrupoles are identical (0.25 cm rod diameter). 

The octopole has a separate RF power supply while the quadrupoles are 
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connected to one common RF power supply. Consequently, the quadrupoles 

always operate with identical RF voltage and frequency. All three multipoles 

have independent bias voltages in order to maximize sensitivity and manipulate 

the ions’ kinetic energy. A retractable gate valve, used for isolating the high 

vacuum cell, separates the second and third quadrupoles. Two electrostatic 

lenses (GV1 and GV2) are used to ensure efficient transmission in this region. A 

final electrostatic lens (end plate) is used to focus the ions into the ICR cell and 

to terminate the RF field. 

ICR cell: Two types of ICR cells were used for the work described in this 

thesis: a Bruker InfinityTM cell140 and a home-build capacitively coupled open 

cell141 (Figure 2.7).  The end caps of the infinity cell consist of segmented plates 

to approximate a linear excitation potential.   

 

 

 
 

 
Figure 2.7. Two types of ICR cells: (a) the InfinityTM cell and (b) the in-house made capacitively coupled 

open ended cell. 

4X 

4X 



2.2 Experimental description of the instrument 

45 

The electrodes of the open cell are made from copper and are surrounded by a 

ceramic jacket embedded with a heating element and a cooling pipe. The home-

built open cell allows the ions to be heated and cooled which enables the study 

of mechanistic aspects of ion reactions in the gas-phase.   

For both ICR cells, ions can be trapped more efficiently by raising the 

trapping voltages during ion trapping or by introducing collision gas (e.g. Ar) to 

kinetically cool the ions. An example of a typical experimental sequence 

involving precursor ion isolation and MS/MS is shown in Figure 2.8.  

 

 
 

Figure 2.8. Schematic of an FTICR-MS/MS experiment. For an FTICR-MS experiment only, ion 

isolation and ion fragmentation are not part of the sequence. 

 

The AMOLF FTICR-MS is equipped with a rich selection of MS/MS 

possibilities, including on-resonance CAD, SORI, IRMPD and ECD as well as 
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activated ion ECD. It had been reported that more efficient fragmentation, and 

thus more extensive sequence information, could be obtained by heating the 

ions prior to ECD. A novel set-up was implemented to enable activated ion ECD 

that ensured using IR and electron beams142. 

 

 

2.3 FTICR-MS in the field of imaging mass spectrometry 
 

 

Imaging mass spectrometry has been performed for over 40 years. During its 

evolution the main developments have concerned sensitivity, mass range, 

spatial resolution and detection speed. Consequently, mass analysers such as 

TOF have been the most suitable. However, high spatial resolution is not always 

the highest priority. For very complex systems that possess multiple compounds 

of similar mass (isobaric), high mass resolution would be very advantageous. 

Figure 2.9a shows an example of an imaging experiment that would 

benefit greatly from the high mass resolution of FTICR. In this experiment a 

MALDI-linear ion trap mass spectrometer was used to record the images of 

several lipids. The resolution of this instrument, typically nominal mass, is 

insufficient to distinguish between several lipids and some matrix-cluster 

background ions. In this example, phosphatidylcholine (16:0, 22:6) [M+Na]+, 

phosphatidylserine (16:0, 18:1) [M-2H+2Na]+, phosphatidylethanolamine 

(16:0, 18:1) [M-H+Na+K]+, and a matrix cluster ion all have a nominal m/z of 

828 and could not be resolved. In order to obtain images of specific lipids, 

MS/MS was used to distinguish the different isobaric ions. The isobaric ion, m/z 

828, was isolated and subject to collision-activated dissociation. As the different 

compounds produce different fragment ions, the intensity of the fragment ions 

could be used to generate images of each specific compound.  However this 

MS/MS strategy provides increased chemical specificity at the expense of two of 

the important advantages of mass spectrometry imaging, namely parallel 
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detection of multiple analytes and an non-targeted analysis. For the MS/MS 

strategy one needs to know which peaks can contain isobaric peaks. 

 

a) MS/MS based imaging mass spectrometry 

 
b) high mass resolution 

 
Figure 2.9. Use of MS/MS to obtain images of specific lipids a) and theoretical high mass resolution 

FTICR analysis of the same compounds. Note the DHB cluster ion is not in the m/z window of b) as its 

mass is too far away (easily resolvable). Taken from reference 79. 
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Figure 2.9b shows that with high mass resolution all of these ions would 

be clearly resolved and all of the chemically specific images would be obtained in 

a single experiment. Such high mass resolution analysis is highly advantageous 

for all lipid and pharmaceutical work. 

The high mass resolution of FTICR-MS is typically accompanied by high 

mass accuracy. High mass accuracy allows the analyst to be confident about 

their assignments and to assign an isotopic composition to low mass peaks 

(mass < 500) and to modifications. In addition, the FTICR-MS is equipped with a 

large battery of fragmentation techniques for MS/MS-based identification. 

Moreover, the results of MS/MS are provided with the same high mass 

resolution and accuracy of the regular MS analysis. The power of the FTICR-MS 

for obtaining structural information about biomolecules is now routine use for 

automated sequencing of proteins, including the identification and localization of 

post translational modifications. 

In these respects FTICR-MS can contribute much to the field of imaging. 

The high mass accuracy, mass resolution and many MS/MS available techniques 

are highly attractive and fulfil an important niche that is otherwise missing. The 

FTICR mass spectrometer has some characteristics that are quite different from 

the more routinely used TOF analysers, which will influence how the 

experiments are set-up, what instrumental configurations will be required, the 

data-handling and even the applications that can be addressed. The salient 

features that need to be considered are sensitivity, mass range, detection time 

and mass calibration (mass accuracy). 

 

Sensitivity - Sensitivity is crucial parameter in all biochemical analyses 

as it determines which problems are tractable. The TOF analyser is more 

sensitive than FTICR-MS. But the difference is falling. MALDI measurements on 

modern FTICR mass spectrometers report attomole to zeptomole sensitivity143. 

The difference is largely due to the fact that many FTICR mass spectrometers 

were not optimised for MALDI analysis. The multiple charging provided by ESI 

results in peptide and protein ions being located in the m/z region that can be 
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recorded with high mass resolution (and accuracy) with an FTICR. On the other 

hand the majority of ions produced by MALDI are singly charged, consequently 

large peptide and protein ions are located at higher m/z, where FTICR 

performance is less impressive. Consequently, a lot of the FTICR developments 

focussed on ESI-based applications. In turn these ESI developments have been 

exploited for MALDI analyses, and provide the technology behind much of 

today’s high sensitivity MALDI measurements. For example high sensitivity 

MALDI-FTICR measurements are performed by trapping ions in an external ion 

trap. In this way signal is accumulated without the accumulation of noise, as is 

the case when using signal-averaging methods.  

Mass Range – The mass resolution (and accuracy) of an FTICR 

measurement is a function of m/z, magnetic field strength, number of ions, and 

transient time. Figure 2.10 shows how the mass resolution varies as a function 

of m/z, for 1, 4.7, 7, and 9 T magnets and for transient durations of 1 ms and 1 

s.  It is clear that the highest resolutions are obtained in the low mass range, 

with a longer transient and a larger magnet. For example using a 7T magnet 

and a 1 s transient would provide resolution greater than 100 k for all ions less 

than 1 kDa, and thus would provide the performance indicated in figure 2.10.   

 
Figure 2.10. The theoretical resolving power of FTICR-MS decrease with m/z and increase with the 

magnetic field. The mass resolution can spectacularly increase if the acquisition time is longer. Taken 

from reference 81. 
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The strong reduction of resolution with increasing m/z is the reason 

MALDI of proteins is very seldom performed on an FTICR. For ions of m/z > 5000 

the resolution and accuracy of an FTICR-MS is equivalent or less than that 

provided by a TOF. Consequently, MALDI-FTICR imaging mass spectrometry is 

best suited to low mass applications. This includes peptides, lipids, vitamins, 

pharmaceuticals and metabolites.   

Detection Time – A typical MALDI TOF mass analysis takes less than 1 

ms. In MALDI imaging mass spectrometry it is normal to accumulate the signal 

of 100 – 200 laser shots per pixel. Modern instruments can perform this mass 

analysis, data processing and data storage in 1 – 3 s per pixel. A single high 

mass resolution FTICR analysis can be 1 s. Some time could be gained by 

moving to higher magnetic field as the time needed to acquire 100 k resolution 

using a 14 T magnetic is half that of a 7 T magnet. In order to record images on 

a time-scale of 1-3 s per pixel (3 s per pixel for a 100 × 100 pixel image 

corresponds to a total experiment time in excess of 8 hours), the ions from 

multiple laser shots need to be accumulated in an external ion trap and then 

injected into the ICR cell for detection. To decrease the time per pixel further, 

the accumulation of ions can be performed concomitantly with the FTICR 

detection event of a previous bunch of ions (previously accumulated in the 

external trap). Figure 2.11 shows a timing diagram in which the ions from 

multiple laser shots are accumulated during a FTICR detection event. If the 

external ion trap, used for ion accumulation, has a sufficient charge capacity 

then the ions from the 100 laser shots used to sample each pixel can be 

accumulated, and a single FTICR detection event would be sufficient to detect all 

ions. Including the sample stage translation (movement to another pixel) within 

the sequence would provide an analysis time of 1 – 3 s per pixel.   
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Figure 2.11. Timing diagram for multiplexed ion accumulation and detection for FTICR imaging mass 

spectrometry. 

 

For this multiplexed approach to succeed, one will first need to ensure 

that the loss of resolution due to excessive space-charge within the FTICR cell 

does not undermine the performance benefits of FTICR imaging mass 

spectrometry. Furthermore, the external ion trap should be large enough to 

ensure that its charge capacity is sufficient to store all of the ions of interest and 

with an ejection performance to match the acceptance criteria of the FTICR cell. 

The results included in appendix 1 show the design and performance of an ion 

trap specifically made for this application144. Additionally, the software control 

system should be flexible enough as well as provide sufficient feedback as to 

optimise each stage of the experiment (chapter 3) and the processing fast 

enough to ensure that data processing is fast compared to the speed of the 

experiment (chapter 5).   

 Mass Calibration (mass accuracy) – Ion accumulation over several 

MALDI shots improves not only the sensitivity of the measurements but can also 

provide the flexibility to include internal calibrants (thus providing the highest 

mass accuracy). This can be easily performed if the instrument is equipped with 

a double source (ESI/MALDI or MALDI/MALDI) that can be rapidly switched 

during an imaging experiment. If the magnetic field strength is stable and high 

(> 7 T) it is predicted that a first order calibration depends only on the density of 

ions (space charge) in the cell, and that the mass errors decrease with 
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increasing magnetic field strength145. Automatic gain control (AGC), high 

magnetic fields and designing larger ICR cells (reduced ion density) are 

alternative approaches to maintaining high mass accuracy. For imaging 

purposes AGC might not be suitable due to extensive sample consuption. 

 

In addition, to explicitly demonstrating the high mass resolution 

performance advantages of FTICR imaging mass spectrometry, three of the 

chapters concern developments in instrumentation, data acquisition software 

and data processing methods that are directly applicable to FTICR imaging mass 

spectrometry. Intuitive and flexible software, designed to enable a simple work 

flow methodology for designing and implementing new experiments (combined 

with numerous monitors of the experiment performance) readily allows imaging 

and AGC experiments, as well as allowing the analyst to devise new experiments 

(for example searching for the diagnostic ion pairs in isotope labelling 

experiments for relative protein quantitation). Data processing using grid 

computing provides the high through put capabilities for processing the 10k + 

spectra in a typical imaging experiment, on a time-scale that doesn’t adversely 

affect experiment time, and is fast enough to enable the analyst to interactively 

optimise the performance of the processing steps. An high capacity external ion 

trap allows the multiplexing of the ionisation and FTICR detection for short pixel 

analysis times. All of these developments are targeted at imaging mass 

spectrometry but are highly applicable to other areas, especially identification of 

the imaged molecules using the abundant MS/MS capabilities of the FTICR. 

Moreover, the identification capabilities of the FTICR can be utilized in isolation 

of its imaging capabilities, for example to complement a high spatial resolution 

analysis using a MALDI TOF instrument: FTICR-MS technique analysis of small 

tissue areas to elucidate the identification of unknown biomolecules. High spatial 

resolution images can be obtained with TOF instruments and after the 

identification of areas-of-interest, further FTICR-MS studies can be performed. 

High mass resolution experiments can be performed for localization of different 

compounds that are very close in mass. A fast, not very high mass resolution 
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experiments can be performed in the case MS experiments followed by of 

MS/MS for desired compounds. The combination of FTICR-MS and high-

resolution stigmatic TOF imaging provides both high mass and high spatial 

resolution. The FTICR imaging strategy extends the identification possibilities in 

direct tissue analysis and is a valuable tool in MS imaging instrumentation 

(Table 2.1).  

 

Instrument Mass resolution 
and accuracy 

Used spatial 
resolution 

Identification 
methods 

DESI-FTICR High => higher 
chance for peptide 
identification 

Low: 500 - 1000 
μm 

Multiple 
MS/MS 
techniques 

MALDI-FTICR High => higher 
chance for peptide 
identification 

Low - medium: 100 
- 250 μm 

Multiple 
MS/MS 
techniques 

MALDI-TOF Low => lower 
chance for peptide 
identification 

Medium: 1-200 μm CAD  

Stigmatic 
MALDI-TOF 

Low => lower 
chance for peptide 
identification 

High: 4 μm - 

SIMS-TOF Low => lower 
chance for peptide 
identification 

The highest: 50 nm 
- 1 μm 

CAD 

 
Table 2.1. Identification methods, mass resolution, accuracy and localization for the currently most used 

instruments in imaging mass spectrometry compared to FTICR-MS. 

 
A SIMS-FTICR-MS that combined a TOF analyser and an FTICR mass 

spectrometer in a single instrument has been reported, thus making the FTICR 

analysis of the areas selected in a SIMS imaging experiment more 

straightforward146. A single instrument approach is highly useful for SIMS 

analysis as surface contaminants can make sample transfer between different 

instruments problematic. For MALDI, surface contaminants are not a problem 

and so existing FTICR and TOF instruments can be combined provided a suitable 

position registration system is used. 
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 The advantage of IMS is that molecular measurements can be performed 

closer to the primary disease by examining different cellular areas. Spatial 

localization of peptides has to be combined with their identification to contribute 

to the biomedical field. In this context, FTICR-MS is an instrument that can bring 

important information about peptide structure by using its high mass accuracy 

and resolution and by making use of its multiple types of fragmentation 

methods.   
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3 
A novel workflow control system for 
FTICR-MS allows for unique 
on-the-fly data-dependent decisions  
 

 

In this chapter a novel workflow-based data acquisition and control system for 

FTICR-MS is presented that facilitates a fast on-the-fly decision making process 

for a wide variety of data dependent experiments. Several new workflow 

implementations demonstrate the flexibility and benefit of this approach for 

rapid dynamic experimental design on a chromatographic timescale. The 

different sequence, evaluation, decision and monitoring modules are described 

using a selected set of examples. During a tandem LC-FTICR-MS experiment the 

system is used to dynamically switch between various dissociation techniques 

such as ECD and SORI depending on the charge state of a tryptic peptide peak. 

The use of this workflow based system for imaging FTICR-MS using a DESI 

source demonstrates the possibility of external control of the workflow (e.g. the 

control of the sample stage). Moreover, this on-the-fly decisions method is used 

in LC-MS-based quantitative proteomics, e.g. the selection of labeled peptides 

followed by targeted fragmentation of the peptides that exceed a user-defined 

abundance ratio.  
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accepted for publication, 2008 
Ioana M. Taban, Bas van Breukelen, Yuri E.M. van der Burgt, Marc Duursma, Albert. J. R. Heck, Ron 
M.A. Heeren and Jeroen Krijgsveld, in preparation 
 



Chapter 3 

56 

3.1 Introduction of the workflow-based method 
 

 

FTICR-MS is an ion trapping technique that has become an important technique 

for studying complex biological systems11,81,84,147. Technical developments of the 

instrumentation and improvements in instrument control software over the past 

few years have resulted in an increased popularity of FTICR-MS. Proteomics 

studies greatly benefit from the unique features of FTICR-MS. Its high mass 

resolution148,149 combined with high mass accuracy makes the FTICR-MS ideally 

suited for rapid analysis of complex mixtures42,150-153. Resolving peptides of 

similar mass149 and the higher confidence related with an accurate peptide mass 

determination are clear advantages of FTICR-MS. Mass spectrometry based 

proteomics experiments often incorporate a liquid separation technique, such as 

liquid chromatography, to reduce the complexity of the sample prior to 

ionisation and mass analysis153-155. Nevertheless, it is common to find coeluting 

peptides of similar mass that can only be distinguished with the high-resolution 

of FTICR mass spectrometry. Another advantage of FTICR-MS is related to the 

number of tandem mass spectrometry techniques (MS/MS) available, such as 

SORI-CAD115,117, ECD46,122-125, and IRMPD118,119. Often these different 

fragmentation techniques result in complementary peptide sequence data. Thus, 

a combination of these MS/MS-methods is attractive, especially when they can 

be carried out in one single experiment. This latter aspect stimulated us to 

design and develop a workflow-based method that provides the user with the 

freedom to build experiments by making decisions on-the-fly, i.e. within one 

single experiment, and that integrates all the features of FTICR-MS. This 

development included both the implementation of new hardware, software and 

user interfaces. This method is aimed to be user-friendly and flexible, and 

package some of the complexity and instrumental expertise required to run 

modern FTICR instruments.  

One of the major benefits of the workflow-based approach is the 

modular structure of instrument acquisition and control elements. As such, a 
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workflow-based method is an important tool for the automation of MS/MS-

experiments. The number of applications of bottom-up proteomics (identification 

of proteins through the positive identification of their tryptic peptides) has 

increased with the advent of instrument decision-making algorithms that can 

automatically perform MS/MS-experiments on a selected precursor ion. These 

decisions are based on information obtained from a previous acquisition. Such 

algorithms are powerful and widely used in LC-MS experiments. Here, eluting 

peptides are analyzed continuously and based on full mass scan spectra the 

instrument switches automatically to MS/MS-mode and selects, for example, the 

most intense ion. These on-the-fly data-dependent experiments (DDE) are 

possible with commercial instruments from Thermo Finnigan (Intelligent Data-

Dependent tools, San Jose, CA), Bruker (SmartSelectTM, Bruker Daltonics, Inc., 

Billerica, MA), Waters/Micromass and Applied Biosystems (Information 

Dependent Acquisition, Foster City, CA). However, the criteria for selection of 

precursor ions are still limited, as well as the flexibility to select the type of 

follow-up MS/MS-experiment. To overcome some of these limitations we have 

chosen to develop a workflow-based method. It will be shown that this approach 

allows unique types of data-dependent experiments. In addition to the control of 

MS/MS-experiments, the workflow-based method is developed such that 

previously reported data-dependent features can be readily implemented. 

In this chapter the development and establishment of a workflow-based 

acquisition and control method for FTICR-MS is presented. This method both 

controls FTICR mass spectrometer in a flexible and user-friendly way and 

includes on-the-fly decision-making possibilities. The ability to make decisions 

during acquisition enables new types of FTICR-experiments, which are not yet 

possible or difficult to realize on commercially available systems. Moreover, a 

workflow-based method makes the operation of a complex system such as an 

FTICR-MS more intuitive and thus makes it more amenable to non-FTICR 

experts. The hardware implementation and the workflow-based acquisition and 

control software are described in this chapter. Different experimental workflows 

are presented and discussed. The implementation of one LC-FTICR-MS/MS 
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experiment and one DESI73,75 imaging experiment are shown to demonstrate the 

strength of our workflow- based method. 

 

 

3.1.1 Materials and methods 
 

 

Hardware 

Fast and flexible control of instrument parameters is important to take 

advantage of the FTICR-MS capabilities. Also, a modular design is necessary to 

allow fast integration of new features. The electronics and computer hardware of 

our FTICR-MS experiment consists of a PC host system, a PXI chassis with 

several commercially available data-acquisition boards, a wiring- and breakout 

box and in-house designed high speed, high quality signal amplifiers with 

various output levels. 

The host system is an Intel PentiumTM 4 (2.4GHz / 2 GB RAM) based 

computer. The PXI chassis is connected with a National Instruments MXI-3 

interface to the host PC. The PC system has a direct, high speed, fibre optical 

link to an 8 TB online storage system, using a fibre channel protocol. 

Furthermore we use a CCD camera, supplying close up images of the spray 

needle or a solid sample surface within the AWG3 (Arbitrary Waveform 

Generator version 3) control program. A schematic of the hardware layout is 

depicted in Figure 3.1.  

The control boards in the PXI-chassis (United Electronics Industries, 

Canton, MA; National Instruments, Austin, TX; ViewPoint, Rochester, NY) 

provide 40 analog outputs, 64 digital outputs as well as 8 analog inputs. The PXI 

chassis contains a NI 5411 Arbitrary Waveform Generator (40MS/s, 16MB) for 

RF excitation connected to a power amplifier - T&C AG 1021 for amplification of 

the excitation waveforms and a NI 5620 Transient Digitizer (64Ms/s 64MB) for 

detection connected to an in-house developed differential low noise signal 

amplifier. To eliminate spectral noise during detection the output of the ICR 
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excitation amplifier is only connected to the cell plates during excitation. This is 

achieved with a precisely timed fast relay switching circuit that was designed 

specifically for this purpose (see Figure 3.2a). A Time Frame Generator 

(Viewpoint DIO-64), two analog output boards (UEI, PDXI-AO-32/16 and NI 

6733) and a 400 kHz 14-bit multifunctional board (PDXI-MF-14/400H) are also 

located in this PXI rack.  

 

 
Figure 3.1. Block diagram of the FTICR-MS controller. 
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The wiring- and breakout box contains screw terminals that connect the 

analogue output signals from the Digital-to-Analogue Converter (DAC) -boards 

to the amplifiers. In this way the system can be easily expanded and or signals 

can be rerouted if necessary. Furthermore the analogue outputs have RC ((ow-

pass R=1kΩ, C=3.3nF) filters to reduce DAC glitches. 16 digital outputs (TTL 

logic level) are available for the instrument, e.g. gas-valves, probes, shutters. 

These outputs are buffered with line drivers (high impedance driver partno. 

74ALS541, low impedance driver partno. 74F3037) providing good signal quality 

over 10 – 15 m of cable.  

In the Amplifier rack there are 8 isolation amplifiers, 12 amplifiers with a 

-25 V to +25 V output range and 8 with a –100 V to +100 V output range. The 

outputs of these amplifiers connect to different parts of the instrument, e.g. 

trap-electrodes, ion optics, source-voltages, etc. The isolation amplifiers drive 

the high voltage amplifier (500 V output) as well as the quadrupole power 

supply.  

The ejection electrodes of the linear octopole ion trap in the system 

have to be switched on and off very fast to get the desired sensitivity 

increase144. A new octopole switching circuit was required, as the high-voltage 

power supplies do not provide a pulse rise time that was sufficiently short. The 

octopole ejection electrodes can be now switched on and off in less than 500 ns 

to the maximum value ± 500 V, depending on the capacitance of the cable using 

the in house developed switching circuit presented in Figure 3.2b. This fast 

switch from 0V used during ion accumulation in the octopole to ± a few 

hundreds volts at ejection time (for positive and negative ions, respectively) is 

needed to maintain the time and energy distribution of the ion packet as 

compact as possible. A compact ion cloud at the ejection time assures the 

optimum sensitivity (see appendix 1 for more details regarding the ejection 

electrodes). 
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Figure 3.2. a) Schematic of the switching relay circuit connected to the cell plates during excitation b) 

schematic of the fast switch circuit for the ejection rods of the octopole. 
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Workflow architecture and software 

The term “workflow” has been used in various fields and often refers to a 

sequence of data handling events. The use of a data workflow in MS-

experiments and related data processing has been reported earlier156,157.  Our 

acquisition and control software is markedly different and based on a flow 

control oriented model that is further referred to as AWG3. The workflow 

represents the actions that are required to complete an experiment, where the 

links between modules describe the order in which the actions are carried out. 

Underlying the workflow is a tree-based data-structure that contains all the 

settings and actions for a particular experiment. The nodes, represented by the 

modules of the workflow (see Figure 3.3), are object oriented in design, allowing 

for easy, modular expansion with new features, reuse of experimental settings 

(copy/paste functionality) and unlimited workflow configurations. The ease of 

expanding the workflow is an important characteristic that gives freedom to 

users to implement any new features they need to make their experiments 

possible. 

Data-dependent decisions are implemented using a combination of data 

acquisition, control, evaluation and decision modules. The recorded data are first 

evaluated in an evaluation module (described later) resulting in a “true/false” 

decision which determines which of two output links becomes active. The 

following sequence of events can be controlled through decision modules 

(described later). These modules employ user-defined expressions to decide 

which subsequent module will be used. The expressions can be simple boolean 

equations like “variable ‘x’ greater than / less than / equal to a value” but can 

also include complex mathematical functions with multiple variables, using the 

built-in formula parser. This allows for a greater variety of experiments and 

instrument control.  

All workflow properties are stored in variables, such as the initial 

voltages of the analog outputs, the width of a trigger pulse, charge of an ion-

cluster, and mass and intensity of a peak in a spectrum. This provides the user 

with the freedom to design wide varieties of workflows, and enables new types 



3.1 Introduction of the workflow-based method 

63 

of FTICR experiments. The modular implementation of the workflow allows fast 

integration of new features. The design of AWG3 supports a plug & play-model, 

which allows control of other external hardware parts such as an LC system or a 

sample stage. The user can change or add modules at any point in time even 

during acquisition. Similarly, the order of the modules and the different actions 

taken after the evaluation- or decision modules are controlled by the user by 

making the appropriate links.  

The workflow based AWG3 acquisition and control software is written in 

C++ with Microsoft Visual Studio. The previous version of158 is based on a pulse-

design system and is fully incorporated in the workflow approach. It is now the 

basis of the acquisition modules. The software uses several external libraries for 

hardware control, user interfacing and mathematical functions (National 

Instruments NI-DAQ, UEI PowerDaq, Rogue Wave Stingray Studio 2003, Intel® 

Signal Processing Library 4.5). Fourier transformations are performed with the 

freely available FFTW library version 3.1.2. It is one of the faster, highly 

optimized transformation libraries available for general purpose CPUs. For 

example: a 1M double precision floating point transformation takes little less 

than 100ms on a standard Intel™ Pentium4 3GHz processor159. 

AWG3 controls all the hardware timing and output signals. It provides 

the user-interface and stores/retrieves all data required to carry out FTICR-MS 

experiments. It runs on Microsoft Windows 2k or XP platform ensuring a familiar 

and intuitive environment for novice users.  

The analog and digital output signals to the FTICR-MS hardware, the 

output range, name, type and secure limits of the signal are defined in a 

configuration file (awg.INI) allowing an experienced user to easily add or modify 

system signals. In this way the user can customize the organization of the 

signals and settings. The GUI (graphical user interface) provides different 

tabbed pages that display the static state of the output signals, the workflow 

diagram and the state of the other modules. The user can modify and arrange 

this tabbed lay-out to his/her own specifications using a simple configuration 

file. 
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All experiments, workflows and settings are stored on a high capacity 

network drive in a custom defined XML format (http://www.w3.org/XML), an 

open standard ideal for future data extensions and data exchange. The transient 

(raw) data is stored in a binary format without any header information. With 

each acquired measurement an entry is made in a database with experimental 

metadata, including information about the sample, the user name, storage 

location, date/time and measurement name. This database allows for easily 

searching and indexing experiments, retrieving their settings and/or viewing the 

results. The acquired data are inspected or post processed with the in-house 

developed software AWE (Arbitrary Wave Editor) described earlier158. A link to a 

knowledge exchange database, developed in our group, enables geographically 

separated researchers to store all metadata belonging to their 

experiments/research projects, including the necessary links to the existing 

storage facility to raw and processed data (knowex.amolf.nl)160. 

 

Samples preparation 

Acetonitrile (BioSolve, the Netherlands) and acetic acid (JT Baker, Phillipsburg, 

USA) were used without prior purification. A tryptic digest of savinase (Sigma, 

USA) was prepared using trypsin (Promega, USA) at a concentration of 20 

nmol/mL. Typically, 2 microliter of this solution was injected on the LC-system 

for analysis. The nanoLC-system (LCPackings, Amsterdam, the Netherlands) 

consists of an autosampler, a switching unit, a nanoflow system and a UV 

detector. The switching unit is equipped with a reverse-phase capillary 

precolumn (C18 PepMap 100, internal diameter 0.3 mm, length 1 mm) and is 

used for preconcentration of the sample at a flowrate of 30 microL/min. Peptide 

separation is subsequently carried out on an analytical column (C18 PepMap 

100, internal diameter 0.075 mm, length 15 cm) using nanoflow elution at 300 

nL/min. The eluents used were 1% acetic acid and 5% acetonitrile in water (A) 

and 1% acetic acid and 10% water in acetonitrile (B The gradient used for the 

separation of peptides was 0-30 min 0-50% B, followed by 30-35 minutes 50-

90% B. The nanospray source connecting the LC-system to the mass 
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spectrometer was built in-house and equipped with New Objective Picotips™. 

The nanospray source connecting the LC-system to the mass spectrometer was 

built in-house and equipped with New Objective Picotips™.  

Two standard peptides in 1 mg/ml concentration, Val5-Angiotensin II 

and Lys-des-Arg9-Bradykinin (Sigma, Germany) were manually applied on 

sandblasted plexiglass for desorption electrospray ionisation DESI experiments. 

Methanol/water 1/1 and 0.1 % acid acetic was sprayed at 3 µl/min.  

All the peptide mass measurements were performed in the positive ion 

mode using a modified Bruker APEX 7.0 T FTICR-MS equipped with a 7 T 

superconducting magnet and an infinity cell161. The ions generated by the 

electrospray ion source are externally accumulated in a linear octopole ion-

trap144 (typical accumulation time 0.4 seconds) prior to transfer to the ICR cell 

via two RF-only quadrupole ion guides. The ions were trapped in the ICR cell 

using gas assisted dynamic trapping. DESI nozzle pressure was 9 bars for all 

experiments. The spray impact angle was 60° and the spray tip-to-stage 

distance was 1-3 mm. 

 

 

3.1.2 Description of the modules used in the workflow-based 
method AWG3 
 

 

The workflow consists of modules and links. Each module represents an action 

or combined actions in a measurement. Different sequential actions are 

connected through links in the workflow. A general workflow is depicted in 

Figure 3.3 This schematic provides a presentation similar to that of the user 

interface. Additional details are accessed by opening the module of interest. A 

basic workflow contains a start- and stop module, at least one acquisition and 

control sequence, and one or more evaluation- and decision modules. These 

latter two modules have two outputs that influence the order of actions in the 
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workflow. An event viewer module visualizes the status of any variable in the 

data tree. It monitors and records all actions during an experiment and is not 

linked to any other module. Depending on the type of results expected from an 

experiment, different types of modules can be added or designed to the 

workflow. Screenshots of AWG3 workflow and modules can be found on 

www.amolf.nl/fticrms. 

 

Figure 3.3. General workflow-based experiment. 

 

The sequence module contains all time-dependent outputs of the 

instrument. The sequence shows all the signals in a timeline representation. This 

timeline resembles the GUI sequence from the previous AWG158 system. Apart 

from the analog and digital signals there is a special signal called 

“AWG/transient digitization” (AWG/TD) for the excitation and detection of the 

ions in the cell. Here one or more excitation pulses or combined excitation and 

transient detections can be inserted. Any type of excitation waveforms can be 

generated and modified on-the-fly for the manipulation of ions. A sequence 

module can either contain an FTICR-MS experiment (i.e. a survey scan) or an 

MS/MS-experiment using a certain fragmentation method. 

Each sequence is followed by an evaluation module that extracts a wide 

range of information from a recorded mass spectrum on-the-fly. The input and 

output variables of the evaluation modules are given in Table 3.1. The 

information is passed on from one module to another to facilitate the decision 

making process. When this evaluation process results in no information (“no 
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signal in the mass spectrum”), this module is linked back to a previous sequence 

module (see Figure 3.4). Based on different criteria, the user defines which 

signals are considered for further experiments. This is useful for example in LC-

MS applications, in which only a certain amount of masses need to be selected 

for MS/MS-experiments due to a continuously changing elution profile. Different 

types of evaluation modules are available, which are described further in the 

next sections.  

In the PeakPicker evaluation module ions are annotated using the in-

house developed algorithm based on criteria such as mass range, neighbouring 

data points, mass window, and peak threshold162. The obtained peak list is 

sorted based on its m/z or intensity values (either in ascending or descending 

order). A mass exclusion list can be implemented to exclude calibration 

compounds, interferences or other undesired mass regions. From a peak list the 

total ion current of a mass range above a set threshold can be recorded in the 

so-called IonCurrent module. Alternatively, in a ClusterList module all detected 

peaks are clustered together using a peak clustering algorithm162, based on 

parameters such as mass precision, charge range, maximum number of peaks in 

one cluster, and the isotopic ratios. Other evaluation modules are the so-called 

TargetList, used to include predetermined specific m/z-values for an experiment. 

The ListTest module can be used to dynamically add (automatically) m/z 

exclusion values during the experiment. The latter is of particular use for LC-

applications, in which previously sequenced peptides are bypassed. The 

AnalogInput module is a different type of evaluation module, in which one or 

more external voltages can be monitored. The voltage is sampled with a 14bit 

ADC (analog to digital conversion) and its value can be used in the workflow, as 

a parameter to control and modify instrument settings or to facilitate the 

decisions making process. For example, the signal from the UV detector of the 

LC can be sampled and can be used to make decisions in the workflow.  

 Either evaluation modules or decision modules can establish branching 

in the workflow. The main difference between the evaluation modules and the 

decision modules is that the evaluation module passes on information (i.e. 
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metadata) to the next module whereas the decision modules merely provides a 

true/false decision. All the different evaluation modules have two output links in 

order to facilitate on-the-fly decisions. When the user wants the program to 

make a decision based on the value of a variable, an additional decision module 

is needed, which operates by evaluation of a user-defined expression. Different 

variables such as the charge of a cluster, the peak- or cluster intensity or the 

number of peaks in a cluster are extracted from one or more evaluation 

modules. Algorithmic expressions are employed by the decision modules to 

make a decision how the workflow proceeds. For example, a second sequence 

module containing an MS/MS experiment can be started after the initial MS 

sequence. The output of an evaluation module is used to provide a list of m/z-

values that is passed on to the next sequence module to enable automatic 

generation of SWIFT pulse for the isolation of the precursor ions111. Also more 

trivial decisions can be made on-the-fly: is it necessary to repeat the 

measurement, or should it be carried out using different instrumental settings? 

The broad potential of this workflow will be discussed in the results section, 

followed by a typical LC-MS/MS and DESI imaging example. 

 

Module Input Output 
PeakPicker Mass spectra 

acquired in Sequence 
Peak list of m/z and intensity 
values.  

IonCurrent Peak list  Total ion current/selected ion 
current 

ClusterList Peak list  Cluster list of monoisotopic peak 
values of isotopic clusters and 
their charge state, intensity and 
peak resolution  

TargetList User defined m/z values prior 
experiments 

m/z values 

ListTest m/z values dynamically added 
during experiment via 
PeakPicker or ClusterList 

m/z values 

AnalogInput External input Recorded external input values 
 

Table 3.1. Input and output information used for different evaluation modules in AWG3. 
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 All workflows contain one or more event viewer modules. The 

information in this viewer can be considered as a “system log” of all recorded 

values during the execution of the workflow. For example, in a typical MS/MS-

experiment this module logs all the clusters observed in full mass survey scans, 

and logs, which clusters are selected for further fragmentation analysis. Using 

this module any variable can be graphically shown and stored in the course of 

the experiment. More variables can be plotted either in the same or different 

graphs by opening different tab pages. 

 

 

3.1.3 Results and discussion 

 

 

The workflow concept allows new features to be easily designed and 

implemented taking full advantage of the on-the-fly evaluation and decision 

making possibilities. We tested a great variety of different workflows in AWG3 

and used these for various different applications, ranging from simple data-

dependant MS/MS, LC-FTICR-MS/MS to imaging mass spectrometry. It is 

however not the purpose to discuss here all these workflows in detail, or to 

show all possible examples. Some of the data-dependent experiments described 

can also be carried out on commercial instruments such as Thermo’s LTQ-FT or 

Bruker APEX Ultra. The examples shown here will demonstrate the extended 

capabilities of the innovative workflow approach described in this section 

compare to the commercial instruments. In Table 3.2, an overview of different 

types of experiments already implemented using AWG3 is presented, showing 

the versatility and potential of this workflow-based approach. A more detailed 

description of selected experiments is provided in the next section and is 

referenced to the corresponding numbers in this table. 
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One of the advantages of AWG3 is that it allows easy implementation of 

automatic gain control (exp. (1) in Table 3.2). It has been shown that 

accumulation of an excessive charge in the FTICR cell results in decreased mass 

accuracy163. Highest mass accuracy is achieved when a well defined number of 

ions is loaded into the ICR cell for analysis107,164. This keeps the effects of space 

charge constant throughout the experiments and leads to an improvement in 

the magnitude and stability of the mass accuracy. In addition internal reference 

masses are required to correct for the space charge related frequency shifts165. 

The internal calibrant can be mixed with the analyte before entering the 

MS145,166 or it can be sequentially accumulated using different procedures167-170. 

However, such experiments alone are not sufficient to obtain optimal mass 

measurements accuracy (MMA) during LC-FTICR-MS experiments. It has been 

shown that internal calibration combined with adjustment of the accumulation 

time in an external linear quadrupole trap (to control the amount of ions 

entering the cell) improves mass accuracy down to 2 ppm171. Therefore, the 

adjustment of the amount of ions in the ICR cell leads to an improvement of 

mass accuracy. The augmentation of mass accuracy increases the resulting 

database query scores for peptide and protein identifications153. In our 

instrument, the amount of ions in the FTICR cell is controlled by adjusting the 

ion accumulation time in the linear octopole trap, based on the total ion current 

determined in a survey scan. The workflow is used to adjust the number of ions 

in the ICR cell to the desired constant amount. In an LC-MS experiment it was 

verified that the total ion current determined in a high-resolution scan was 

constant compared to the ion current detected in survey scan.  
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Set-up Experiment using on-the-fly 
decisions in AWG3 

Experiment using AWG3 

FTICR-MS Survey scan followed by high-
resolution scan 
1. Implement automatic gain control 
2. Select peaks for accurate mass 
determination 
3. Start high-resolution scan when a 
compound enters the system (e.g. loop-
injection) 

 

 

FTICR-MS/MS Survey scan followed by one or 
multiple MS/MS scans 
4. Add masses to an inclusion- or 
exclusion list 
5. Precursor isolation using an 
automatically generated SWIFT 
excitation pulse 
6. Neutral loss triggered MS/MS 
7. Apply different MS/MS-methods on 
one species 
8. Dynamically switch between 
different MS/MS-methods 
(IRMPD, ECD, SORI-CAD) depending 
on peak properties 
9. Variable number of selected peaks 
for MS/MS 
(e.g. three most abundant for ECD and 
one for SORI-CAD) 
10. Vary the number of accumulated 
scans for MS/MS 
11. Carry out additional MS/MS scan 
based on evaluation of the first 
MS/MS-spectrum  
12. Carry out “quick” survey scans in 
irrelevant parts of LC 
13. Monitor specific mass differences 
(e.g. characteristic for a post-
translational modification or 
isotopically labeled peaks) 

 

 
 

Miscellaneous 14. FTICR-MS coupled with matrix-
assisted laser desorption ionisation 
(MALDI) source 
15. FTICR-MS coupled with desorption 
electrospray ionisation (DESI) source 
16. External signal from xy-stage 
controller is used to trigger data 
acquisition 
17. Record external signal from LC 
(e.g. UV detector) and use as an 
control variable 
18. MS and MS/MS in imaging 
combines with all previous possibilities 

 

 

 

Table 3.2.  Different types of FTICR-MS experiments using AWG3 for on-the-fly decisions based on 

different evaluation modules. 
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The selection of a certain peak for accurate mass determination (exp. 

(2) in Table 3.2) has been reported by Olsen et al.172 using the so-called SIM 

option in the LTQ-FT172. With AWG3, the same result can be obtained in multiple 

ways, i.e. the accurate mass analysis of a single peak (or isotope cluster) in the 

ICR-cell can be carried out either after SWIFT-isolation or after isolation in a 

quadrupole or ion trap in a hyphenated system. 

Many different data-dependent MS/MS-experiments have been 

established in the field. Clearly, the generation of a dynamic inclusion- or 

exclusion list, and the automatic isolation of a precursor ion are pivotal (as exp. 

(4) and (5) in Table 3.2). Examples have been shown on data-dependent CAD 

and ECD triggered by a neutral loss (exp. (6) in Table 3.2)173,174. One of the 

unique features of AWG3 is the ability to apply different MS/MS-methods on one 

species and dynamically switch between these methods based on on-the-fly 

decisions (exp. (7), (8) and (9) in Table 3.2). These decisions are either based 

on total ion intensity, on precursor ion abundance or on charge state or a 

combination of these variables. The number of selected peaks from a survey 

scan may vary for each method (exp. (10) in Table 3.2). The number of MS/MS-

experiments (accumulation of spectra) that can be carried out on an eluting LC-

peak depends on the type of fragmentation method. For instance, SORI-CAD 

requires more time than ECD due to pumping requirements. During an LC-

experiment it is convenient to shorten the FTICR acquisition time as much as 

possible in irrelevant parts of the chromatogram. With the LTQ-FT this can be 

done by using different segments, provided the analyst knows already which 

time parts of the LC-run contain the relevant peaks. AWG3 is demonstrated to 

switch automatically between different FTICR acquisition methods based on 

information obtained in a “quick” survey scan (exp. (12) in Table 3.2).  

An additional new feature is the on-the-fly screening for specific mass 

differences between different clusters in a survey scan. This information is used 

to monitor isotopically labeled peptides for quantitative proteomics and to trace 

post-translationally modified peptides through specific in-source neutral mass 

losses (exp. (13) in Table 3.2). Finally, the combination of hardware and 
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software described in this chapter is used for the implementation of new 

experimental FTICR-MS scenarios such as the automated MS and MS/MS 

imaging using the possibility to control a xy-stage with AWG385 (exp. (18) in 

Table 3.2). In these experiments an external status signal coming from the xy-

stage controller was monitored and employed to start and stop data acquisition 

(exp. (16) in Table 3.2.). Two examples will be shown in the next paragraphs of 

experiments (8) and (15) from Table 3.2. 

 

LC-MS/MS dual MS/MS workflow 

In this section the results from a LC-MS/MS workflow are discussed to illustrate 

the strength of making on-the-fly decisions with the AWG3 workflow control 

system. Clearly, it is advantageous to have automated tandem mass 

spectrometry for nanoLC-FTICR experiments. Moreover, making on-the-fly 

decisions during peptide elution regarding which MS/MS technique should be 

used on each eluting peptide improves the quality of MS/MS-spectra and thus 

identifications in automated high-throughput approaches. 

A tryptic digest of savinase was used to test the workflow-based method 

for applying either SORI-CAD or ECD. The workflow of the LC-MS/MS 

experiment is shown in Figure 3.4a. Executing the workflow starts with 

recording a single mass spectrum in the module called SurveyScan 

(approximately 2 seconds). Then, the signals in the spectrum are peak-picked 

and clustered on-the-fly in modules called PeakPicker and ClusterList, 

respectively. Note that if no peaks or no clusters are found another SurveyScan 

is recorded. In principle, a cluster list can contain multiple mass values from 

different co-eluting peptides. All these masses in the cluster list are compared 

with those already present in the module ListTest. This ensures that no time is 

wasted on repeated MS/MS of previously analysed peptides. A new SurveyScan 

is recorded if no additional masses are present in the cluster list compared with 

the ListTest. When a new peptide mass is detected the workflow enters a new 

decision module. In this example, based on the charge state of the cluster, it is 

decided whether this peptide is selected for ECD (charge state > 1) or SORI-
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CAD (charge state = 1). This on-the-fly decision process takes just a few 

milliseconds. After an ECD-experiment has been carried out in the module 

Sequence_ECD, it is in principle possible to select a second peptide from ListTest 

for fragmentation. However, in this case ECD consumed a considerable amount 

of time (approximately 3 seconds per scan, 10 spectra were recorded and 

summed) so we decided to start a new SurveyScan after each MS/MS-

experiment. Similarly, for time consumption reasons after each SORI-CAD 

experiment a new SurveyScan was acquired. At the end of the workflow the 

user defines the maximum number of experiments to be carried out in a simple 

decision module. 

The analysis of the data from this example is shown in Figures 3.4b-d. 

In Figure 3.4b the contour plot of the mass spectra of all SurveyScans is shown. 

The numbers in this plot indicate eight m/z-values of five different tryptic 

peptides that are in agreement with the molecular masses of the theoretical 

digest of savinase. These five different peptides are sufficient for identification of 

savinase, however in more complex protein mixtures such peptide mass 

fingerprinting methods are insufficient and MS/MS experiments are needed for 

protein identifications. From the data recorded with event viewer module it was 

confirmed that the five multiply charged savinase peptide peaks were selected 

for ECD MS/MS. The singly charged m/z-values 1100.6 and 1200.6 

(corresponding to peaks 6 and 8 in Figure 3.4b) were selected for SORI-CAD 

fragmentation.  

As an example of peak selection after on-the-fly evaluation, SurveyScan 

number 35 is shown in Figure 3.4c. From this spectrum m/z = 911.0 was 

selected for ECD. The resulting ECD-spectrum is shown in Figure 3.4d, which is 

in excellent agreement with the doubly charged peptide “VAVLDTGISTHPDLNIR”. 

Nine z-fragments and one c-fragment are assigned, resulting in 63 % peptide 

sequence coverage. It is evident that such high quality MS/MS spectra add to 

the confidence of protein identifications in more complex mixtures. 
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Figure 3.4. a) Workflow of automated ECD experiment b) 3D visualization of the SurveyScan for tryptic 

digested savinase (x = m/z, y = scan number, z = intensity);1-AQSVPWGISR (z = +2) 2-NPSWSNVQIR 

(z = +2) 3-NTATSLGSTNLYGSGLVNAEAATR (z = +3)  4-VAVLDTGISTHPDLNIR (z = +2)  5-

GVLVVAASGNSGAGSISYPAR (z = +2) 6-AQSVPWGISR (z = +1) 7-

NTATSLGSTNLYGSGLVNAEAATR (z = +2) 8-NPSWSNVQIR (z = +1) c) selected  spectrum –of 61 

recorded-  from SurveyScan d) selected ECD spectrum 4-VAVLDTGISTHPDLNIR (z = +2). 
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This LC-MS/MS workflow demonstrates the power of on-the-fly 

decisions. Precious sample and analysis time are saved compared to first 

measuring a full LC-MS trace, then creating a list of peaks-of-interest, and then 

running the sample again targeting these peptides for ECD. Previously, Cooper 

and co-workers175 reported data-dependent LC-MS/MS (ECD) experiments on 

proteomic samples. Using an LTQ-FT instrument, they recorded high-resolution 

MS- and MS/MS scans in an alternating way in the ICR cell. Singly charged 

peptides were dynamically excluded from ECD-experiments. The two most 

abundant peaks from each survey scan were selected, on-the-fly, for ECD 

fragmentation by first using the ion trap for isolation of the precursor ion, and 

then carrying out ECD in the ICR cell. Using the approach presented in our work, 

the singly charged species are not lost but subjected towards SORI-CAD. In 

addition, in AWG3, the type of MS/MS-experiment may vary from species to 

species depending on the user-defined selection and decision criteria. In this 

way complementary MS/MS information is automatically provided. An 

experiment were the compounds of interest were subjected to ECD and SORO-

CID with LTQ-FT was performed by Koekher et. all176. In their work, if the ion of 

interest was multiply charged, ECD followed by SORI-CID was performed for all 

peptides. Compared with this experiment, we can make now the decision when 

do we want to perform ECD or SORI-CID, in this way saving time and sample. 

 

DESI-FTICR imaging workflow 

A workflow was designed for a DESI-FTICR-MS imaging experiment to 

demonstrate how external signals can be used to control a complex experiment. 

The workflow is shown in Figure 3.5a. In this case external input monitoring and 

evaluation modules are used to determine when the sample stage has arrived at 

a certain position and then triggers FTICR data acquisition. Upon completion of 

the DESI-FTICR-MS scan at one position the workflow directs the sample stage 

to the next position. 

Figure 3.5 additionally demonstrates the utility of the high mass 

resolution of FTICR mass spectrometry in imaging mass spectrometry85. Three 
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droplets containing nominally isobaric peptides were spotted on sandblasted 

plexiglass: Val5-Angiotensin II (m/z = 1032.5261), Lys-des-Arg9-Bradykinin 

(m/z = 1032.5625) and a mixture of these two peptides. From Figure 3.5 it 

follows that the peptides were present in a very narrow mass range but with 

different spatial distributions (as expected from spotting of three droplets). The 

images were composed and visualized by using in-house software177. The pixel 

size of the image is 1 × 1 mm, the image containing 6 × 25 pixels. The selected 

mass window was 0.01 Da. The lower mass resolution of TOF mass 

spectrometers cannot resolve these components and so the distinction cannot 

be made. This example clearly demonstrates the advantage of high mass 

resolution FTICR in imaging mass spectrometry and the flexibility of AWG3 in 

accommodating very different types of experiments. 
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Figure 3.5. a) Workflow of an automated DESI experiment b) selected spectrum of m/z = 1032.5261 c) 

selected spectrum of m/z = 1032.5625 d) selected spectrum from the region with both peptides e) DESI-

image of m/z = 1032.5261 f) and m/z = 1032.5625. 
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3.1.4 Conclusions and outlook 

 

 

The implementation of the workflow-based method AWG3 has shown its 

importance of making decisions on-the-fly. This FTICR acquisition software is 

easy to use and to adjust owing to the modular design. We tested and 

established a wide variety of workflow control scenarios on our 7T FTICR-MS 

instrument. Two different workflows are presented to exemplify the functionality 

of our control system. The first workflow describes automated ECD- and SORI-

CAD experiments. Based on information resulting from a survey scan, peaks are 

selected on-the-fly for one of these fragmentation methods. ECD was performed 

only on ions with a charge state higher than 1+ and the singly charged ions 

were fragmented using SORI-CAD. The flexibility in choosing MS/MS method 

increases the information from each LC-run. As an example, one of the ECD 

spectra obtained from an automated LC-FTICR-MS/MS (ECD) experiment of 

trypsin digested savinase was shown, including nine z-fragments and one c-

fragment (63 % peptide sequence coverage). The second workflow exemplifies a 

DESI experiment for imaging MS purposes. The external information from a 

moving xy-stage was used to ensure the position of the sample stage is fixed at 

the subsequent raster position before initiating the next DESI mass analysis. 

The AWG3 workflow control system enables both MS- and MS/MS-

experiments to be performed on FTICR mass spectrometers in one single 

experiment or workflow. Based on decisions on-the-fly, the system can 

dynamically switch between different fragmentation methods within one 

workflow (e.g. SORI-CAD, ECD and IRMPD), and the parameter settings of each 

MS/MS-experiment may vary from scan to scan (e.g. the number of 

accumulated scans or number of selected peaks). AWG3 is already used to 

control imaging FTICR experiments demonstrating the system’s experimental 

flexibility. Although this chapter deals with workflow based control of FTICR-MS 

experiments the system described can be readily employed for the control of 
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many other scientific instruments ranging from mass spectrometers and ion 

beam lines to high end UHV compatible scanning probe systems. 

 

 

3.2 On-the-fly data-dependent decisions in quantitative 
proteomic studies  
 

 

In proteomics, quantitation of proteins is important to determine the difference 

in protein composition of samples obtained under different experimental 

conditions. To date, several methods for protein quantification have been 

developed178. The most common are based on staining intensity of proteins after 

gel separation (e.g. difference gel electrophoresis-DIGE179), or on ion intensities 

of peptides analysed by mass spectrometry180. The latter approach is often used 

in combination with liquid chromatography mass spectrometry where the task is 

to find quantitative differences in highly complex mixtures. This can be achieved 

by comparing ion chromatograms of samples run in parallel, which requires time 

alignment correction for any experimental differences that might occur between 

the separate runs. The alignment issue is avoided using isotope labeling 

approaches developed over the past couple of years, such as stable isotope 

labeling with amino acids in cell culture (SILAC)181 or even the whole animal, 

stable isotope labelling in mammals (SILAM)182 and isotope-coded affinity tags 

(ICAT)183 which incorporate heavy isotopes (13C, 15N) into proteins. When these 

proteins (or their digests) are mixed with an unlabeled reference sample and 

analysed by LC-MS, labeled and unlabeled peptides can be distinguished by a 

characteristic mass difference, while their ion intensities directly reflect their 

relative abundance in the original samples.  

Although quantitation in isotope labeling and label-free approaches is 

different, they have in common that protein identification depends on mass 

spectrometric fragmentation. A typical mass spectrometric workflow consists of 
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MS scans detecting chromatographically separated peptides, triggering 

intermittent MS/MS events for peptide fragmentation. From these fragmentation 

spectra peptides are identified, which are subsequently quantified from MS 

intensities in the same run. In this scenario, the problem is in the time 

constraint in the acquisition of a maximum number of MS/MS spectra for 

sufficient depth in peptide identifications. Sacrificing too many data points in the 

MS scans would prohibit proper quantitation. This dilemma relates to the 

phenomenon that in data-dependent triggering of MS/MS often the highest 

peaks are selected for fragmentation, which are not always of high biological 

interest and relevant for quantitative studies. Maximizing the number of MS/MS 

scans then is a way to drill down to the lesser abundant peaks, but compromises 

quantitation. Yet another aspect often encountered in comparative proteomics 

studies is that the vast majority (>90%) of all identified proteins do not change 

in abundance. Thus, these proteins are mostly of limited value to biologically 

explain the difference between the samples, and it could be argued if the 

MS/MS-time needed to identify them is well spent. 

One solution to these issues is in the decoupling of quantitation and 

identification in two consecutive runs of the same sample. The first run would 

then consist of MS scans only which would be used for quantitation purposes, 

resulting in an inclusion list of only those features that seem of interest for 

identification in the second run. This is in fact common practice in the case of 2D 

gel electrophoresis, where only those spots are selected that show a difference 

in abundance, which can then be analysed by mass spectrometry for protein 

identification. This two-step process can also be applied to (multidimensional) 

LC-MS experiments if many samples can be compared before peaks that meet 

certain criteria are selected for identification. This has been done by label-free 

approaches180,184 and there are no fundamental reasons why this could not be 

applied to experiments utilizing stable-isotope labeling as well. The major 

bottleneck however is the time needed to analyse multiple MS ion 

chromatograms, e.g. from a 2D LC-MS experiment, and proper bioinformatic 

and statistical tools for time-alignment, peak extraction and peak integration. 
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Consequently, the time between the first (MS) and second (MS/MS) run may be 

considerable, potentially giving rise to changes in experimental conditions, which 

may affect the experiment. 

Here we describe an efficient method to circumvent most of these 

issues. It comprises the quantitation of labeled peptides on-the-fly, followed by 

targeted fragmentation of only those peptides that are labelled and exceed a 

user-defined abundance ratio. In short, MS (survey) scans are processed on-

the-fly including automatic peak picking and detection of peptides pairs with an 

expected (user-specified) mass difference corresponding to the isotope label 

used. Subsequently the software determines the peak ratio and only those 

peptide (feature) pairs that exceed a specified difference in abundance are 

selected for fragmentation (MS/MS). This is a time-efficient approach where only 

those peptides are fragmented that are of potential biological interest, thereby 

liberating time for MS detection and quantitation purposes. This approach is 

highly flexible because it accommodates any mass difference introduced by the 

isotope label in the same time, and a combination of mass criteria when multiple 

labels are used. Also, thresholds can be set to trigger different type of MS/MS 

methods. Furthermore, it circumvents the need to repeat the experiment 

thereby reducing consumption of (biological) material and experiment time. All 

together, this provides a time-efficient tool to quantify labeled peptides on-the-

fly in quantitative proteomic studies with novel flexibility in making intelligent 

data-dependent decisions. 

 

 

3.2.1 Samples and methods 
 

 

Sample preparation 

Acetonitrile (BioSolve, the Netherlands) and acetic acid (JT Baker, Phillipsburg, 

USA) were used without prior purification. All the lysines and all N-termini of the 

peptides in a tryptic BSA-digest (Sigma) were dimethylated using 
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formaldehyde185. The dimethylation was performed by using either "normal" or 

"deuterated" formaldehyde (CH2O and CD2O, respectively, both from Sigma) 

through reductive amination, resulting in “light-labeled" and “heavy-labeled" 

BSA-peptides (4 Da mass difference between them).  

5 microliter of this solution was injected on the LC-system for analysis. 

The nanoLC-system (LCPackings, Amsterdam, the Netherlands) consists of an 

autosampler, a switching unit, a nanoflow system and a UV detector. The 

switching unit is equipped with a reverse-phase capillary precolumn (C18 

PepMap 100, internal diameter 0.3 mm, length 1 mm) and is used for 

preconcentration of the sample at a flowrate of 30 microL/min. Peptide 

separation is subsequently carried out on an analytical column (C18 PepMap 

100, internal diameter 0.075 mm, length 15 cm) using nanoflow elution at 300 

nL/min. The eluents used were 1% acetic acid and 5% acetonitrile in water (A) 

and 1% acetic acid and 10% water in acetonitrile (B). The gradient used for the 

separation of peptides was: 0-30 min: 0-50% B, followed by 30-35 minutes: 50-

90% B. The nanospray source connecting the LC-system to the mass 

spectrometer was built in-house and equipped with New Objective Picotips™.  

All the peptide mass measurements were performed in the positive ion 

mode using a modified Bruker APEX 7.0eT FTICR-MS equipped with a 7 T 

superconducting magnet and an open cell161. The ions generated by the 

electrospray ion source are externally accumulated in a linear octopole ion-

trap144 (typical accumulation time 0.4 seconds) prior to transfer to the ICR cell 

via two RF-only quadrupole ion guides. 

 

Experimental 

A pool of heavy and light peptides was injected in a ratio of 5:3 into a LC-FTICR-

MS system. First, a mass spectrum is recorded in the module SurveyScan. Then, 

the signal is peak picked above a certain threshold and clustered by using the 

evaluation modules PeakPicker and ClusterList, respectively. If no peaks or 

clusters are found in these modules a new mass spectrum is recorded. Further, 

in the Labeling module, pairs of heavy labeled- light labeled peptides with a 
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mass difference of 4 Da are found and recorded. A user-defined expression 

takes care of selecting m/z values only if they differ in intensity in a certain 

percentage that can be defined by the user. To make this decision, a decision 

module is implemented. For every new cycle, the added masses are compared 

with the one found in ListTest module. For peptides recorded and analysed in a 

previous experiment, the workflow starts again with a survey scan. For new-

recorded values, a SORI experiment is carried out by automatic selection of the 

m/z value that corresponds to the highest intensity of the peak pair. In this 

experiment the heavy-labeled peptide is selected, due to the original mixing 

ratio. Again, a user-defined experiment is defined for performing MS/MS only for 

the highest m/z value. The whole experiment is performed for a pre-defined 

numbers of runs that cover the period when the peptides are eluted, and then 

the experiment is automatically stopped. Optionally, if the signal persists for a 

sufficiently long time, additional MS/MS experiments with different dissociation 

techniques can be used to provide further information about the peptide 

sequences.  

 

 

3.2.2 Results 
 

 

The acquisition and control software is markedly different and based on a flow 

control oriented model186 and it is described in Section 3.1.  

In the workflow presented in Figure 3.6 the mass spectrum recorded in 

the SurveyScan is passed to the evaluation modules for further processing. 

Then, in a decision module a decision is made on-the-fly which way the 

experiment continues. In this example, when a pre-defined difference of 4 Da 

between the first monoisotopic peaks of two different clusters is detected, the 

experiment continues with an MS/MS experiment of the peak of interest. If no 

pairs with the specific mass differences of 4 Da is found, a new mass spectrum 

in SurveyScan is recorded.  
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Figure 3.6. Workflow of automated targeted on-the-fly selection of labeled peptides. 

 

In Figure 3.7a, a contour plot is shown of the mass spectra from all 

survey scans of the experiment. As an example, in Figure 3.7b a zoom-in is 

shown of the detected heavy labeled – light labeled pair from survey scan 

experiment number 64. A more extensive description of the workflow method 

modules and their use are described in a previous paper. In this work, we 

implemented a new Labeling module. By using this module pairs of ions or 

clusters that differ in mass with one or more pre-defined values, Δm, are 

searched during an on-line LC experiment. To calculate this difference, different 

criteria such as the monoisotopic peaks, the most intense peak of a cluster are 

used. Δm is given with a certain precision and can be varied by the user 

depending on the precision and resolution of the mass analyser.  

A variable is included to define a maximum multiplicity of the number of 

labels. In addition, multiple Δm values can be included in the Labeling module, 

when more than one type of label has been used in the experiment. After 

processing of the incoming information, the output of this module is a list with 

m/z values and other characteristic values of the heavy labeled compounds with 

their light labeled counterparts (see Table 3.3).  

 
 

Only pairs labeled-unlabeled 
are considered 

Only pairs exceeding a pre-defined 
ratio of labeled-unlabeled pair 
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Figure 3.7. a) 3D visualization of the SurveyScan for tryptic digested BSA (x = m/z, y = scan number, z 

= intensity) b) selected spectrum –of 64th recorded-  from SurveyScan; Y*ICDNQDTISSK* (z = +2) and 

Y*ICDNQDTISSK* (z = +2); c) zoom of the labeled ion selected for SORI experiment d) selected SORI 

spectrum of Y*ICDNQDTISSK* (z = +2); Y* = tyrosine containing two methyl-groups (163 + 28 Da), K* = 

lysine containing two methyl-groups (128 + 32 Da), K* = lysine containing two heavy methyl-groups 

(128 + 28 Da). 
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Module Input Output 
Labeling m/z values and intensity 

values recorded in PeakPicker 
or ClusterList modules (charge 
state and peak resolution are 
added if input is given by this 
module) 

list of m/z values, intensity 
values, charge and number of 
peaks of labelled and 
unlabelled species and the 
multiplicity of the labelled 
species per spectrum 

 

Table 3.3. Input and output information for Labeling module. 

 

Compared to the commercial systems, our workflow-based system offers 

more flexibility as well as the possibility to design new experiments that are not 

possible otherwise186. Recorded parameters such as charge, number of peaks, 

intensities can be readily used in the decision-making. Decisions can be made by 

user-defined logical expressions if the most intense, the less intense or both 

selected masses (heavy-light labeled) are selected for MS/MS. In Figure 3.7c, 

the isolation spectrum is shown followed by the SORI experiment of the most 

intense peptide of the pair, Y*ICDNQDTISSK* (z = +2). In this way, five more 

heavy labeled – light labeled peptides (12 % coverage) of BSA were found and 

the heavy labeled peaks were automatically subjected to MS/MS and identified, 

without any time-losses in selection of the light labeled lower-intensity 

counterparts.  

Additionally, a pre-defined ratio between the intensity of the heavy 

labeled – light labeled pair can be set in such a way that in complex biological 

samples only if this ratio exceeds a certain value further analysis is performed. 

Furthermore, the implementation of the ClusterList module is very important for 

labeling experiments. Using the decharged masses in the decision making 

process, prevents the analysis of the same peptide multiple times. 

Another unique feature of this workflow-based approach is the possibility 

of carrying out different MS/MS methods on one species and dynamically switch 

in one experiment between these methods based on decisions on-the-fly186. For 

instance, based on charge state, it can be decided if the m/z value is subjected 

to different dissociation techniques, such as SORI or ECD. SORI experiments can 
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be performed for peptides with charge +2 and ECD experiments can be 

performed for peptides of high charge state. Thus, by making on-the-fly 

decisions using recorded parameters from any module implemented in the 

workflow, relevant information can be obtained and time and sample is saved. 

 

 

3.2.3 Discussion and conclusions 
 

 

We demonstrated here how our software works for experiments of labeled 

peptides. Certainly, biological applications would benefit from our acquisition 

software based on a workflow method. It is a flexible and user-friendly method 

that allows on-the-fly selection of labeled peptides followed by targeted 

fragmentation of the peptides that exceed a user-defined abundance ratio. Only 

in this way automatic analysis of differences in protein expression of low 

abundant species is now possible. Moreover, different on-the-fly fragmentation 

methods can be used in one single experiment, thus increasing the chance of 

peptide identification. 
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4 
Imaging of peptides in the rat brain 
using MALDI-FTICR mass 
spectrometry 
 

 

Analytical methods are pursued to measure the identity and location of 

biomolecules down to the subcellular (μm) level. Available mass spectrometric 

imaging methods either compromise localization accuracy or identification 

accuracy in their analysis of surface biomolecules. In this study imaging FTICR-

MS is applied for the spatially resolved mass analysis of rat brain tissue with the 

aim to optimise protein identification by the high mass accuracy and online 

MS/MS capabilities of the technique. Mass accuracies of 6 ppm or better were 

obtained in the direct MALDI-analysis of the tissue together with a spatial 

resolution of 200 μm. The spatial distributions of biomolecules differing in mass 

by less than 0.1 Da could be resolved, and are shown to differ significantly. 

Online MS/MS analysis of selected ions was demonstrated. A comparison of the 

FTICR-MS imaging results with stigmatic TOF imaging on the same sample is 

presented. To reduce the extended measuring times involved it is recommended 

to restrict the FTICR-MS analyses to areas of interest as can be pre-selected by 

other, faster imaging methods.  

 

 

 

 

Ioana M. Taban, A.F. Maarten Altelaar, Jens Fuchser, Yuri E.M. van der Burgt, Liam A. McDonnell, 
Gökhan Baykut, Ron M.A. Heeren, J. Am. Soc. Mass Spectrom., 2007, 18, 152-161 
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4.1. Introduction 
 

 

In several diseases like Alzheimer’s, cancer, obesity, etc., malfunctioning 

proteins or protein fragments (i.e. peptides) plays a crucial role. Changes in 

protein function can be caused by a number of events such as altered 

localization23,187,188, posttranslational modifications189-192, or expression 

levels23,193. Studying these events is a challenging area because of the dynamics 

of the cellular proteome and the sensitivity of the molecules of interest to 

fluctuations in their natural surroundings. Recently imaging mass spectrometry 

(IMS) has been recognized as a proteomic tool for in situ spatial analysis of 

(diseased) tissue6,11. MALDI-MS has been shown to be able to determine the 

localization of native biomolecular components like proteins and peptides in 

tissue32,33,194-196. Often, the data includes several unknown species with a spatial 

distribution that indicates it is associated with a disease or biochemically-altered 

region of the tissue. A strategy that combines high mass resolution mass 

spectrometry with imaging has the potential to directly identify these unknown 

compounds. In addition to the high mass resolution online tandem mass 

spectrometry further can aid in compound identification. 

In most laboratories, TOF is used for peptide imaging directly from 

biological tissues. Both, MALDI27,36 and SIMS 197-199   approaches can provide 

good mass resolution images (~104). MALDI can be used for the analysis of high 

mass species (up to 100 kDa) at low spatial resolution (pixel size > 25 μm)32. 

Very high spatial resolution is obtained using SIMS (pixel size < 1μm198, 

however its sensitivity rapidly decreases with increasing mass, making the 

technique less suited for protein analysis. Surface modification techniques such 

as Metal Assisted SIMS or Matrix Enhanced SIMS can be used to extend the 

useable mass range to small peptides and proteins25,64,196,200-207. 

Two mass spectrometric imaging approaches currently exist: microprobe 

and microscope mode imaging. In microprobe IMS experiments, the ionisation 

beam is rastered over the sample surface acquiring a mass spectrum at each 
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x,y-coordinate. Mass resolved images or spectra from regions of interest are 

then extracted from the dataset. The spatial resolution obtained in MALDI 

microprobe imaging is typically in the 100-200 μm range, limited by the size of 

the laser spot used30,56. The development of micrometer resolution has been 

reported66, however decreasing spot size has been found to lead to decreasing 

sensitivity for high mass species. An alternative approach for high spatial 

resolution IMS is the mass microscope. Here the spatial resolution is about 4 

μm68 and independent of the spot size of the ionising beam, but solely 

dependent on the ion optics of the instrument and the kinetic energy distribution 

of the MALDI-generated ions. The desorbed molecules retain their original 

spatial distribution during the TOF analysis and are projected onto a position 

sensitive detector. The mass microscope can record the spatial information from 

within the spot of the MALDI laser beam with 4 μm spatial resolution (600 nm 

pixel size). By using laser spots of 200 μm diameter, a high-resolution image is 

obtained with each laser shot. Because the mass microscope is also a TOF mass 

analyzer, an image is obtained for each analyte. In a microprobe experiment, 

this spot would constitute a single pixel for each analyte68. 

By using MALDI-FTICR-MS it is possible to combine high resolving 

power, high mass accuracy, and the possibility of performing multistage MS/MS 

experiments81,92-94 allows peptide identification directly from tissue95. The FTICR 

imaging strategy extends the identification possibilities in direct tissue analysis 

and is a valuable tool in MS imaging instrumentation. 

For the first time, MALDI-FTICR-MS was used for imaging of rat brain 

tissue sections. In the study described in this chapter, the left half of a rat brain 

tissue section was imaged with FTICR-MS and the right half with the mass 

microscope MALDI-TOF. The resulting images were compared to demonstrate 

the strength of the high mass resolution, accurate mass measurements made 

with the FTICR-MS and its added value to imaging experiments. In addition on-

line FTICR-MS fragmentation techniques were used to identify a neuropeptide 

found during the tissue analysis. 
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4.2 Experimental 
 

 

Tissue sections 

Experimental procedures were in accordance with the European directives 

(86/609/EEC) and approved by the Commission on Laboratory Animal 

Experiments of the University Medical Centre Utrecht. Male Wistar rats (Crl:WU) 

weighing 350 g were obtained from Charles River. Rats were decapitated 

without prior anesthesia, and brains were dissected and frozen in liquid 

isopentane, cooled to -50 ºC on dry ice, and then stored at -80 ºC until 

sectioning. The 10-μm-thick rat brain tissue sections were cut at Interaural 

7.2/Bregma -1.8 mm208, using a cryomicrotome. Sections were thaw-mounted 

on Indium-Tin-Oxide-coated glass slides and were stored at -80 ºC until use. 

Prior to mass spectrometry, tissue sections were slowly brought to room 

temperature in a desiccator. 

The rat brain tissue sections were washed twice in 70% cold ethanol 

(Biosolve, Valkenswaard, The Netherlands) for 1 minute. After washing the 

tissue sections were allowed to dry for 30 min after which the matrix was 

applied53 using a TLC sprayer209,210 (30 mg/ml of 2,5-dihydroxybenzoic acid in 

50:50  ethanol/water and 0.1% trifluoroacetic acid). The sample was then 

covered with a 3 nm layer of gold using a plasma sputter coater (Quorum 

Technologies, Newhaven, U.K.). 

 

Mass spectrometry  

FTICR-MS FTICR-MS experiments were performed on an APEX III FTICR mass 

spectrometer (Bruker Daltonics, Billerica, MA, USA)211  equipped with a 7 T 

superconducting magnet and a combined Electrospray/MALDI source 

(“CombiSource”).  

During FTICR-MS experiments, collision gas was pulsed into the medium 

pressure chamber housing a hexapole ion trap before firing the nitrogen laser (λ 

= 337 nm, laser repetition rate = 20 Hz, laser spot diameter 200 μm on the 
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target). The ions, cooled by collisions, were captured and accumulated in the 

hexapole (10 laser shots per spectrum) located in the front of the target and 

then further guided to the cell for mass analysis or tandem MS experiments. 

Isolation and fragmentation were performed in different sections of the ion 

guides before ions enter the ICR cell for some of the MS/MS experiments 

presented in the chapter.  

CompassTM software was used to control the instrument. Atlas Control 

software was additionally used to control the sample stage. This enabled an 

accurate setting of the step size for the imaging experiments. Each image of half 

a brain section spans an area approximately 7.2 × 8.4 mm and comprises 24 × 

42 pixels of 300 × 200 μm dimensions.   

 

TOF MALDI-TOF experiments were performed on a heavily modified 

TRIFT II (Physical electronics, Eden Prairie, MN) instrument incorporating an ion 

optical microscope68,212,213. The TRIFT II mass spectrometer is equipped with a 

Nd:YAG laser (λ = 355 nm, repetition rate = 10 Hz, oval spot = 150 × 200 μm). 

The data recording for the microprobe and microscope analysis is done 

simultaneously in this TRIFT set-up. The sample stage was continuously moved 

at 100 μm/s while recording 150 × 200 μm TIC (total-ion-count) images and full 

spectra with each laser shot. To cover half of the rat brain tissue section 65 line 

scans (the distance between two line scans is 120 μm), each containing 850 

individual single-shot images were acquired. The size of each pixel for the TOF 

microprobe images overlaying the TIC stigmatic image was chosen to be 10 × 

120 μm.  

 

Data processing The visualization software, DataCubeViewer, allows 

the generation of selected ion images from the FTICR-MS data set. The 

minimum mass window that can be selected is 0.1 Da. This value was used for 

all images shown in this chapter. The intensities of the selected mass range are 

binned together. In the resulting image white represents the highest relative 
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intensity. The spectra of individual linescans can be examined with the in-house 

AWE and AWE3D software158. 

For the TOF images, the individual TIC single-shot images were 

combined to form a linescan and subsequently all linescans were assembled to 

construct the total image, using in-house software (Spatial Image Composer)177. 

The position-correlated TOF mass spectra were used to generate microprobe 

images of specific peaks using the same software.  

 

 

4.3 Results and discussion 
 

 

Imaging 

In this study a comparison between microprobe MALDI-FTICR-MS imaging and 

microscope TOF-MS imaging is made. The symmetry of a rat brain tissue section 

makes it an ideal sample for such a comparison. In order to ensure a fair 

comparison, the two techniques were applied to opposing halves of a single 

tissue section and multiple replicates made for confirmation. Two different brain 

tissue sections were imaged and different areas of interest on other brain 

tissues sections and pituitary gland sections were studied. An optical inspection 

of the sample during the various stages of the experiment ensured that the 

transfers between mass spectrometers did not lead to the loss of matrix 

material. All the analyses were performed within 48 hours from their 

preparation.  

The use of DHB matrix provides more intense signals in MALDI FTICR-

MS of neuropeptides and less fragmentation of the ions compared to other 

matrices. Figure 4.1 shows the total mass spectrum of the MALDI-FTICR-MS 

analysis of the left side of the rat brain tissue section together with some 

representative images of the selected ions. It is clear from the figure that this 

approach can provide a wealth of biochemical information and that various 
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biomolecules have significantly different spatial distributions. The selected ion 

images show the distribution of the mono-isotopic peak of the compounds. 

 

 
Figure 4.1. a) Total MALDI-FTICR spectrum of the left side of the rat brain tissue b) the rat brain with 

white representing the highest relative intensity for each m/z value. 
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Peptide identification is greatly facilitated using accurate mass FTICR-

MS, even allowing positive identification if the proteome is small and the mass 

accuracy sufficiently high42. Variation in the total number of ions entering the 

ICR cell will affect the mass accuracy, thus calibration of the spectra with an 

internal calibrant is required for such peptide identification. Alternatively, known 

lipids located in the brain can be used as internal calibrants as these lipids are 

present in all spectra. Here we have restricted ourselves to external calibration.  

The observed variation of the mass accuracy of phosphatidylcholine 

(m/z = 760.5856) and vasopressin are shown in Figure 4.2a,b for this externally 

calibrated imaging dataset.  

 

 
 

Figure 4.2. Mass accuracy of PC and vasopressin for the FTICR image of the left side of the rat brain 

tissue section. Neutral masses were used for calculations. 

 

This figure was generated by examining the mass accuracy of the 

selected peaks above a set noise threshold for all linescans contained in the 

image. The number of points in Figure 4.2b is limited because vasopressin is 

present in a limited number of locations in the tissue. The mass accuracy of 

these compounds after external calibration is found to be approximately 6 ppm 

or lower. The number of laser shots was chosen so that the number of ions 

trapped in the ICR cell was not excessive, thus ensuring high mass accuracy. 

Internal calibration would improve the accuracy even further.  
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Figure 4.3.  a) Selected region of the FTICR summed spectrum of half of the rat brain tissue section b) 

FTICR selected ion images of the first isotope of three different compounds c) Region of interest 

analysis reveals the spectrum of each individual component d) Selected region of the summed 

spectrum of half of the rat brain tissue section e) The TOF selected ion image of m/z = 1294. Due to a 

technical problem a part of a line scan of TOF experiments is not present in the selected ion images. 
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Figure 4.3 demonstrates the utility of high mass resolution FTICR mass 

spectrometry. Figure 4.3a shows a selected region of the total mass spectrum. 

The three different compounds and their isotopes, m/z = 1293.6771, 

1293,7527, 1293.9119, present in this very narrow mass range show the high-

resolution and quality of the FTICR-MS data. Moreover these three species 

exhibit a different spatial distribution in the rat brain as shown in the images in 

Figure 4.3b. Figure 4.3c shows the corresponding region-of-interest spectra, 

providing spectral information on the three individual components (Note the 

small differences in mass reflect the different number of ions generated in 

different positions, the cause of the 6 ppm mass errors). The lower mass 

resolution of the TOF imaging, which requires a constant extraction field, cannot 

resolve these components and so this distinction cannot be made and the image 

combines the spatial distribution of each component (Figures 4.3d and 4.3e). 

This example clearly demonstrates the advantage of high mass resolution FTICR 

in imaging mass spectrometry over medium mass resolution TOF. 

Figure 4.4a shows a comparison of MALDI-FTICR (left side of the brain) 

and MALDI TOF imaging experiments (right side of the brain), Figure 4.4b an 

optical image taken after the imaging experiments, and Figure 4.4c a schematic 

of the rat brain tissue section at Bregma –1.8 mm. The distribution of the 

neuropeptide vasopressin (green) is included in Figure 4.4a. As can be seen the 

vasopressin is localized around the third ventricle, between the supraoptic 

nuclei, in agreement with previous studies214-216. The FTICR-MS images are 

microprobe images, whereas the TOF images are microprobe images for 

selected ions overlaying the TIC stigmatic image (grey scale). This overlay 

allows the localization of the peptides within the brain to be readily identified.  

All images are not smoothed. As can be seen the vasopressin distributions 

acquired with the two techniques are very similar. This demonstrates that 

compounds of interest localized with the ion optical microscope time-of-flight 

can be imaged with high mass resolution on the FTICR-MS on the same tissue 

section. 
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Figure 4.4. FTICR (left) and TOF (right) images of a) the distribution of Vasopressin m/z = 1084.44 on 

the brain section in green. For clarity in the right hand side TOF image the vasopressin distribution is 

overlain on the total ion image in black and white. b) Optical image with FTICR-MS laser tracks on the 

left clearly visible. c) Schematic representation of the anatomy of the rat brain tissue section with the 

specification where the tissue was taken from the brain. 
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A further advantage of using FTICR-MS for direct tissue imaging and 

profiling is the availability of multistage tandem mass spectrometry for peptide 

sequencing and identification. Different dissociation techniques such as SORI-

CAD, IRMPD and CAD in an external linear ion trap are available with the FTICR 

set-up. Figure 4.5a shows the MS/MS spectrum of vasopressin obtained by CAD 

in an hexapole located prior to the ICR cell. The accurate parent ion mass and 

the accurate masses of the b6 and b8 fragment ions were sufficient for positive 

identification of this neuropeptide. Only a few fragments were CAD generated 

(even for high collisions energies) due to the presence of a disulfide bond. 

Figure 4b shows the IRMPD spectrum of m/z = 2028, which is very abundant in 

the rat brain (see Figure 4.1a). Despite many fragments obtained with both 

IRMPD and SORI-CAD (not shown) the identity of this ion remains elusive.  

 

 
 
Figure 4.5. a) CAD of Vasopressin b) IRMPD for m/z = 2028. 

 

 

4.4 Conclusions 
 

 

For the first time, FTICR-MS imaging of endogenous neuropeptides and lipids 

was performed directly on rat brain tissue. The high mass resolution of the 
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FTICR-MS can reveal the localization of different compounds that cannot be 

distinguished with lower mass resolution TOF based imaging techniques. To 

perform a high-resolution FTICR-MS imaging experiment of an entire rat brain 

tissue section is very time consuming (almost 1 day for this brain tissue 

section). However, imaging of small-areas of interest combined with MS/MS 

analysis makes the approach a valuable tool. The real benefit of the technique is 

imaging small tissue areas to elucidate the peptide sequences of unknowns, thus 

complementing high spatial resolution stigmatic TOF imaging.
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5 
Parallel processing of large datasets 
from nanoLC-FTICR-MS measurements  
 

 

A new approach for automatic parallel processing of large mass spectral 

datasets in a distributed computing environment is demonstrated to significantly 

decrease the total processing time. The implementation of this novel approach is 

described and evaluated for large nanoLC-FTICR-MS datasets. The speed 

benefits are determined by the network speed and file transfer protocols only 

and allow almost real-time analysis of complex data (e.g. a 3 gigabyte raw 

dataset is fully processed within 5 minutes). Key advantages of this approach 

are not limited to the improved analysis speed, but also include the improved 

flexibility, reproducibility and the possibility to share and re-use the pre- and 

post-processing strategies. The storage of all raw data combined with the 

massively parallel processing approach described here allows the scientist to re-

process data with a different set of parameters (e.g. apodization, calibration, 

noise reduction), as is recommended by the proteomics community. This 

approach of parallel processing was developed in the Virtual Laboratory for e-

Science (VL-e), a science portal that aims at allowing access to users outside the 

computer research community. As such, this strategy can be applied to all types 

of serially acquired large mass spectral datasets such as LC-MS, LC-MS/MS and 

high-resolution imaging MS results. 

 

 

Y.E.M. van der Burgt, I.M. Taban, M. Konijnenburg, M. Biskup, M.C. Duursma and R.M.A. Heeren, J. 
Am. Soc. Mass Spectrom, 2007, 18, 145-151 
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5.1 Introduction 
 

 

FTICR-MS in biomarker discovery 

Nowadays mass spectrometry (MS) is the method of choice for the systematic 

analysis of a proteome11. Moreover, mass spectrometry-based proteomics is 

now one of the key-players in systems biology, i.e. the integrated approach of 

different technical disciplines to study the physiological processes in a cell or 

tissue217. The number of researchers using MS for protein and peptide analyses 

is still rapidly increasing. Multiple instrumental developments have made MS 

accessible to a broader research community and enabled automatic data 

acquisition. In clinical research mass spectrometry has opened new ways of 

(early) detection of diagnostic biomarker molecules. Their identification is done 

by differential analysis of protein expression patterns in patient and control 

samples. These patterns often change dramatically as a result of a disease and 

are thus helpful in early detection. Additionally, detection of such biomarkers 

can also play a significant role in prevention. In search for these biomarkers 

FTICR-MS is a powerful tool due to its distinguishing feature of ultrahigh mass 

resolution. In a proteomics set-up, FTICR-MS provides high mass precision and 

high mass accuracy of complex peptide mixtures, thus enabling peptide and 

protein identifications with high confidence. It is well-known that the variation in 

protein concentration by more than ten orders of magnitude is one of the major 

challenges in proteomics is in Anderson et al.154. The peptides that originate 

from high abundant proteins usually cause suppression of the low abundant 

peptide ions in ESI. A protein or peptide separation step such as gel 

electrophoresis or on-line LC is necessary to reduce the complexity of the 

mixture. The FTICR mass spectrometer is perfectly suited for on-line coupling to 

a nanoLC-system provided adequate differential pumping is applied. NanoLC-

FTICR-MS runs typically take 30-60 minutes and with an ICR scan time of 1-2 

seconds this results in 900-3600 individual transients. These transients occupy 4 

megabytes of disk space each and Fourier transformation is required to obtain 
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corresponding mass spectra. The processing of these data has become a more 

time-consuming task than the LC-MS experiment itself and usually is carried out 

after the measurement. From these considerations the need for automatic 

processing and improvement of speed is evident. In this chapter we present new 

methodologies for processing large mass spectral datasets in a fully automated 

way. It will be shown that the total analysis time decreases dramatically upon 

using a flexible distributed computing environment. The increased processing 

speed enables on-line data analysis 

 

Parallel processing of large mass spectral datasets 

The analysis and interpretation of complex mass spectra has always been a 

challenging task for scientists in the field. Despite all modern computer facilities 

expert manual examination of a mass spectrum is still very common and 

necessary in an MS laboratory and thus remains an indispensable skill. However, 

it is evident that the amount and size of mass spectral datasets generated by 

modern mass spectrometers are incompatible with manual analysis. Examples of 

such large MS based datasets are found in high-throughput proteomics 

experiments218 as well as high-resolution imaging MS experiments219. In a 

research lab real-time analysis of the experiments is pursued so that results can 

be used to adjust the parameters of the following experiment. Manual analysis 

of complex datasets is often inconsistent, incomplete and error prone. Thus, the 

automation of mass spectral data analysis and interpretation of peptide profiling 

measurements is pivotal for the extraction of valuable information from each 

experiment and remains a key challenge in bioinformatics. Automation not only 

tackles the increasing data volumes but also allows repeated use of data 

analysis strategies with different parameters or datasets. This automated 

approach improves both flexibility and repeatability of analysis of large MS 

based datasets.  

The need for automation was already recognized after the first ESI 

experiments220 and has been further developed since221-223. Modules for 

distributing the computational MS/MS data searches have been described224. 
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Here we present a new approach that combines preprocessing and post-

processing of serially acquired mass spectral datasets (e.g. LC-FTICR-MS 

datasets) in a distributed computing environment. The speed of processing 

increases by making use of multiple connected computers instead of one. This 

type of processing is further referred to as parallel processing, resulting in a 

decreased total analysis time. The processing of one single FT mass spectrum 

(in computer science referred to as a job) easily takes 3-4 seconds, mainly 

determined by the data transfer time and the peak picking algorithms. As a 

result, sequential processing of all jobs from one LC-FTICR-MS dataset (for 

example 2000 spectra) amounts to a total processing time of at least 2 hours. A 

parallel distribution of this workload (i.e. jobs) over different computers 

significantly decreases the total processing time. The requirements and details 

of a parallel set-up are described in the experimental section. In short, a 

computer network (cluster) usually consists of machines (nodes) that run the 

same operating system and share a data storage facility. The server starts 

processing the raw data using the available nodes. In the final post-processing 

step, the server summarizes the results and sends these to the data storage 

system as processed data, also referred to as metadata. Additionally, the 

metadata describes how, when and by whom the data set was collected. Thus, 

all acquisition and processing parameters are stored, enabling tracking and re-

use of all such variables. It is also possible to use different computer clusters 

simultaneously, which are managed by a central server. In this type of data 

processing a so-called grid-approach is used. In a grid environment the nodes 

are platform independent and may be located at different geographical sites225. 

It is beyond the scope of this chapter to discuss the intricate details of data 

processing using a grid. Here, the processing speed of large mass spectral 

datasets will be evaluated on both single processors (such as a desktop PC) as 

well as dedicated computer clusters. The work on automated data processing of 

large LC-FTICR-MS datasets described in this chapter was embedded in the 

Virtual Laboratory for e-science (VL-e). VL-e provides a science portal for 

distributed analysis, e.g. creation and submission of jobs on a distributed 
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computer system in a grid. Furthermore, VL-e aims at allowing access to users 

outside the computer research community thus facilitating new scientific 

collaborations in grid environments. 

An alternative way to speed up the processing of large data sets is 

reducing the data during the measurement (“on-the-fly”). This approach is 

implemented in the hardware of the LTQFT. Here, the original measurement 

(raw data) is discarded and only the reduced mass spectra are saved. Clearly 

the advantage is that processing of the data is finished immediately after the 

measurement. Unfortunately, this step is not a loss-less procedure and excludes 

the possibility of re-processing the raw data with a different set of parameters. 

Thus, the storage of all raw data is recommended, enabling future re-analysis or 

re-processing with a new set of parameters (e.g. calibration, apodisation) 226. 

As an example, the parallel data processing approach described was 

tested using an algorithm that was developed specifically for processing datasets 

obtained from nanoLC-FTICR experiments. The serial mass spectra from LC-

FTICR-MS are perfectly suited for parallel processing, because the spectra are 

(at least for the initial analysis) independent of each other, i.e. they can be 

analysed separately. The set-up of the algorithm is modular, which enables easy 

addition of new processing modules or change of parameters or routines. In this 

way the algorithm can be used for all types of LC-MS and LC-MS/MS datasets. 

The modular (workflow) nature of this approach also enables automated 

processing of other types of large mass spectral datasets such as the results 

obtained from high-resolution mass spectral imaging experiments219, 

 

 

5.2 Methodology 
 

 

Algorithm for processing large FTICR-MS datasets 

The main objective of this work is to enable processing of complex and large 

mass spectral datasets in a fully automated way using computational resources 
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in the grid. To this end, an algorithm is developed that facilitates processing of 

large MS datasets in parallel. Basically, this PP-VLAM algorithm (Parallel 

Processing Virtual Laboratory Amsterdam) consists of two parts. In the first part 

a mass list for each mass spectrum is generated. The subsequent second part 

generates a summary for the full dataset (written as an xml output file). The 

contents of the first part of this algorithm depends on the type of mass 

spectrometer used, whereas the latter part of the algorithm is generic and thus 

applies to all kinds of different LC-MS datasets (e.g. obtained from quadrupole, 

ion trap or time-of-flight instruments). Note that this approach also enables 

parallel processing of other two-dimensional mass spectral datasets, such as 

linescans in mass spectral images219. As an example, the PP-VLAM algorithm is 

described for datasets obtained from nanoLC-FTICR-MS experiments in Figure 

5.1.  

 

Figure 5.1. Structure and workflow of the PP-VLAM algorithms for parallel processing of datasets 

obtained from nanoLC-FTICR-MS experiments. 

 

In the first part a transient file (raw data) is located and, if necessary, 

transferred via the network to the actual processing computer. Then the 
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transient is Fourier-transformed and calibrated yielding a mass spectrum. The 

required processing parameters such as zero-filling, apodisation, calibration and 

peak picking parameters have initially been user-defined. After the mass 

spectrum is obtained, different sets of isotopic peaks from a single molecular or 

fragment ion entity (i.e. isotopic cluster) are identified using either the Senko 
221,222 or our in-house developed AMOLF routine (as described later). The 

monoisotopic mass of each identified isotopic cluster is calculated and 

summarized in a so-called mass list. These steps in the first part of the 

algorithm are repeated until all transients are processed and all mass lists have 

been completed. This approach and its corresponding algorithms is extremely 

suitable for massively parallel processing. The server collects all the data after 

processing all transients in parallel, and uses a second post-processing 

algorithm to group all mass lists in order to generate a so-called group list. In 

the following sections the design and the performance of the PP-VLAM algorithm 

are discussed in more detail. 

 

Parameter file and file transfer protocols 

The parameters for data processing are specified in a so-called properties file. In 

this file the location of the data is defined together with all user-defined 

parameters that are further used in the PP-VLAM algorithm (e.g. apodisation, 

threshold, mass tolerance). Different file transfer protocols were implemented, 

such as the windows network protocol, scp, sftp, gridftp or mpicopy, or by using 

the grid application toolkit (GAT, www.gridlab.org). The communication between 

the server and the compute nodes is via remote method invocation (rmi), 

implemented either in Java or the Ibis language. 

 

Peak picking, noise filtering and the peak list 

Peaks are identified by searching through the mass spectrum until a value is 

found exceeding a user-defined threshold. The area in the proximity of the m/z 

value where this occurs is subsequently searched for a local maximum (peak 

picking). The search area for this local maximum is defined by a mass width and 
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the number of neighbouring data points to check. After the local maximum is 

found, the peak position (m/z) is defined at the middle of the full peak width at 

half height (FWHM). When the resolution of a peak is higher than the theoretical 

Fourier resolution ((f*Ttransient)/2227) the peak is considered as a noise signal and 

discarded. Note that all peaks that are not recognized as a local maximum are 

not further analysed in the algorithm. It is therefore crucial to detect as many 

local maxima (peaks) as possible during the peak picking routine. The result of 

this approach is an extensive peak list. 

 

Single processing results: Isotopic cluster identification, decharging and 

the mass list 

The peak list contains a significant amount of redundant information. A single 

peptide will generate different isotopomers and can present itself in different 

charge states. To reduce this complexity the peak list is converted into a mass 

list where all redundant information is reduced to one single mass entry for each 

compound. To achieve this a sequence of deisotoping and decharging modules is 

introduced. 

Decharging of the isotopic clusters after determination of their charge is 

performed using either the Senko221 or the Zscore algorithm223,228. For the 

analysis of our peptide spectra, an in-house (AMOLF) developed routine was 

used for cluster identification and compared with the results from Senko and 

Zscore. The AMOLF-routine matches a specific m/z-distance Δm/z between two 

different peaks to a certain charge state q (q = 1, 2, 3…) defined as in equation: 

 

Δm/z = (Mneutron/q) * (1 ± σ) (5.1) 

 

where Mneutron is the mass difference in Dalton between two consecutive 12C/13C 

isotopic peaks belonging to the same compound and q the charge state of the 

cluster and σ is the user specified precision with which this distance is employed. 

Using different values for σ enables the analysis of mass spectra 

obtained from different instruments with different peak resolutions. In addition, 
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the ratio of the intensities of the first and second isotope is determined, and 

should be in agreement with expected numbers of the compounds analysed 

(e.g. for tryptic peptides this ratio is approximately between 3 and 0.3 for 

peptides with masses of respectively 500 Da and 5000 Da). The results from the 

two different decharging routines will be discussed in more detail in the section 

results and discussion. 

After processing a certain transient (or mass spectrum) a list of masses 

is generated. All peaks from a spectrum are summarized in a table with their 

original charge state, their intensity and resolution (FWHM), and the position in 

the isotopic cluster. Note that at this stage a peptide (or any type of compound) 

that is detected with two (ore more) different charge states in one mass 

spectrum results in two (or more) almost identical peptide masses in the mass 

list. The user defines whether or not these different mass determinations from 

the same peptide are averaged. When using sub-ppm mass accuracies the 

consideration of two different peptide masses of the same peptide proved to be 

important, as will be exemplified in the section results and discussion. 

 

Final processing result: Grouping and the group list 

The first part of the algorithm (either sequential or parallel processing) results in 

a separate mass list for each spectrum. Depending on the type of experiment 

multiple mass lists may contain redundant information. These entries in the 

mass lists are grouped together to further reduce the complexity and 

redundancy of the parallel processing results. In this second part of the process 

cycle two grouping criteria are used. A scan number range is defined to ensure 

that the masses found belong to the same LC-peak. A mass range is defined (or 

tolerance) to ensure that the mass spectral peaks found belong to the same 

molecule. The user may additionally define a minimum amount of scans in which 

a certain mass was detected (“group size”). In the case of chromatographic 

separation prior to mass analysis the mass of each eluting peptide is measured 

in different (sequential) scans if the LC-peak is wide enough. Thus, different 

peptide masses are considered as a single eluting LC-peak provided they are 
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within a specific mass and time-range. Moreover, this algorithm enables the 

selection of (consecutive) scans within an eluting LC-peak and it is possible to 

generate a group list of a certain part from an LC-run. The resulting group list, 

which is actually a peak list of all eluting peptides during one specific LC-FTICR 

experiment, can be used for further data analysis such as database searching.  

 

xml output file 

The xml format is used for storage of the processed data. This format is 

encouraged by the HUPO Proteomics Standards Initiative (PSI) that defines 

community standards for data representation in proteomics  (See the website: 

http://psidev.sourceforge.net/ms/index.html229). All metadata are stored in an 

xml file, i.e. all parameters that were used for processing the mass spectral 

dataset are documented. This xml file can be easily converted to the mzdata 

format (See the website: http://psidev.sourceforge.net/ms/index.html). 

Additionally, all the processing results from both the first and the second part of 

the algorithm (mass lists and the group list) are stored in the same xml file. 

Each time a specific dataset is processed using different parameters a new xml 

file is generated, allowing for proper comparison between different processing 

results. 

 

 

5.3 Experimental 
5.3.1 NanoLC-FTICR-MS 
 

 

The nanoLC-system (LCPackings, Amsterdam, the Netherlands) consists of an 

autosampler, a switching unit, a nanoflow system and UV detector. The 

switching unit is is equipped with a reverse-phase capillary precolumn (C18 

PepMap 100, internal diameter 0.3 mm, length 1 mm) and is used for 

preconcentration of the sample at a flowrate of 30 microL/min. Peptide 
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separation is then carried out on an analytical column (PepMap 100, internal 

diameter 0.075 mm, length 15 cm) using nanoflow elution at 300 nL/min. 

Typically, the injection volume was 2 μL. The eluents used were 1% acetic acid 

and 5% acetonitrile in water (A) and 1% acetic acid and 10% water in 

acetonitrile (B). The gradient used for the separation of peptides was: 0-30min: 

0-50% B, followed by 30-35 minutes: 50-90% B. The nanospray source 

connecting the LC-system to the mass spectrometer was built in-house and 

equipped with New Objective Picotips™. 

All the peptide mass measurements were performed in the positive ion 

mode using a modified Bruker APEX 7.0eT FTICR-MS equipped with a 7 T 

superconducting magnet and an infinity cell144. The ions generated by the 

electrospray ion source are accumulated in an octopole ion-trap (typical 

accumulation time 0.4 seconds) prior to being transferred to the ICR cell via two 

quadrupole ion guides. The ions were trapped in the ICR cell using side-kick. In 

this way, a typical scan time was 1.3 seconds. All experimental parameters were 

controlled using software and hardware developed in-house as part of the 

continual evolution of this proteomics / fundamental studies instrument.  

The results of the nanoLC-FTICR-MS experiments are displayed in the 

AWE3D module (Arbitrary Waveform Editor), which is part of the AWTools 

software package144. This software is written in C++ and can be used for a first 

evaluation of chromatographic separation, mass spectral resolution and 

sensitivity/intensity. It displays total and selected ion currents as well as 3-

dimensional representation of the data. The whole data set can be recalibrated 

or apodised, zero-filled in this mode.  
 

 

5.3.2 Samples and protein identifications 
 

 

NanoLC-FTICR-MS measurements of two different protein samples were used to 

check the performance and outcome of the PP-VLAM algorithm, namely a tryptic 
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digest of 20 μM/mL savinase (Sigma, USA) and a tryptic digest of a protein 

mixture (50 μM/mL BSA (Sigma, USA), 50 μM/mL ovalbumin (Sigma, USA) and 

50 μM/mL lysozyme (Fluka, Germany)). For protein identification, the peptide 

masses were submitted to a Mascot database search (MatrixScience, UK) with a 

mass tolerance of 20 ppm using the SwissProt database. 

Also, different clinical cerebrospinal fluid (CSF) samples from breast 

cancer patients with leptomeningal metastasis (brain tumor) were used. The 

control samples originated from headache patients without brain tumors. All 

samples were subjected to trypsin digestion (Promega, USA) after addition of 

0.2% Rapigest (Waters, USA) in a 50 mM ammoniumbicarbonate buffer. These 

CSF samples were provided by the Erasmus Medical Center (EMC) in Rotterdam 

and have been part of a more extensive biomarker study based on MALDI-TOF 

measurements230. 

 

 

5.3.3 Programming software PP-VLAM and parallel processing 
 

 

The PP-VLAM algorithm is written in Java and all features are Java 

implementations, i.e. the algorithm is platform independent and thus runs on 

every operating system. This enables in principle the use of all computers that 

are not used at full capacity in the laboratory. The PP-VLAM algorithm will be 

made available to the scientific community through the internet within the 

framework of the Virtual Laboratory for E-science (VL-e). Due to its modular 

setup this software is not limited to the FTICR data discussed in this chapter but 

can be easily adjusted for a variety of mass spectral datasets. 

For parallel processing of mass spectral datasets several workers 

(computer nodes) request jobs (each consisting of one spectrum to be 

processed) upon their availability. All jobs are managed by a central server and 

the computational resources are linked via TCP/IP connections. The Java 

program code is stored centrally on a file server to ensure that every computer 



5.3 Experimental 

115 

node will access the same version. The properties file (containing the user-

specified set of processing parameters) can be stored in any location accessible 

by the server. The processing details are only read by the server module, which 

passes them on to the worker modules. Each node transfers and processes raw 

data (mass spectral file) separately and returns the results to the server. The 

server and worker modules can run either on one or on separate computers. The 

server and worker programs can be started manually, in batch or by any other 

system that has the ability to execute programs, e.g. a grid job. Each worker 

requests the processing parameters as specified in the properties file once. On 

receipt of a job request the server responds with details about a job, such as the 

filename. Then the worker loads the corresponding mass spectrum from the 

data storage system. When the worker has processed the job, it returns the 

resulting mass list to the server and requests a new job. The server stops and 

compiles a concise report when all jobs have been processed. The final result list 

is generated as an xml file (as described earlier) that is stored locally or on the 

central data storage system. 

 

 

5.3.4 Computer hardware 

 

 
The measurement data is stored on a 5.5 TB storage system (SGI Origin 300) 

that is linked by a 2 Gigabit fibre channel connection to the acquisition computer 

(FTICR-MS acquisition). Different computer platforms were used to test the 

performance of the analysis software. The single desktop PC was a Pentium4 

processor (3.2 GHz) with Hyper Threading and 1 GB RAM. The PC cluster 

consisted of 5 personal computers running either Windows NT, 2000 or XP, or 

Linux as an operating system. The internal computer cluster that was used is 

located at AMOLF and consists of 38 compute nodes, each equipped with dual 

AMD opteron 2.2 GHz processors. The nodes are internally linked via 1 gigabit 

Ethernet connections and externally via a 1 gigabit glass fibre connection. The 
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Dutch national computer cluster that was used (“Lisa”) is located at SARA 

(Dutch Supercomputing Centre www.sara.nl. For details on the mpicopy protocol 

see www.sara.nl/userinfo/lisa/usage/progavail/index.html, “special utilities”) 

and consists of 630 compute nodes, each equipped with dual Xeon 3.4 GHz 

processors. The nodes are linked via 1 gigabit Ethernet connections and run on 

a Debia Linux operating system. 

 

 

5.4 Results and discussion 

5.4.1 Evaluation of the PP-VLAM algorithm using protein 
standards 
 

 

Two different nanoLC-FTICR mass spectral datasets were used to evaluate the 

performance of the described PP-VLAM algorithm. Five peptides from the 

resulting group list from a tryptic digest of savinase were assigned within a 

mass accuracy of 3 ppm after internal calibration. The total sequence coverage 

(s.c.) in this case is 30%. From a tryptic digest of a protein mixture (containing 

three well-defined proteins, see experimental section), 17 peptides from BSA 

(s.c.= 31%), 11 peptides from ovalbumin (s.c.= 41%) and 6 peptides from 

lysozyme (s.c.= 56%) from the group list were assigned all within a mass 

accuracy of 20 ppm. The lower mass accuracy of peptides in the protein mixture 

compared to savinase partly results from peptide concentration differences in 

the protein mixture. For example, peptides that elute in high concentration 

cause overloading of ions in the ICR cell and thus increased mass shifts. 

Moreover, in the protein mixture the relative intensity of a single peptide 

compared to the total ion intensity at different time points varies between 5% 

and almost 100% negatively affecting the mass measurement accuracy.  

In conclusion, these results demonstrate the ability of the PP-VLAM 

algorithm to process complex nanoLC-FTICR data in an efficient way. The 
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application of the PP-VLAM algorithm to a peptide mixture generates a peak list 

that is very well suited for database searches and thus protein identification. 

 

Evaluation of the Senko and AMOLF routine for isotope cluster 

identification 

For cluster identification and decharging of peptide peaks the Senko and AMOLF 

routine both proved to be extremely powerful (in terms of computing speed and 

total amount of identified clusters) compared to the Zscore- and averagine-

based routine223. The latter two methods are more suited for mass spectral 

analysis of intact proteins. A detailed comparison between the Senko and AMOLF 

routine was performed using the standard protein datasets described earlier. For 

savinase, all 5 identified tryptic peptides were found using either the Senko or 

AMOLF routine for isotope cluster identification. For the protein mixture, all 34 

identified tryptic peptides were found with both the Senko and AMOLF routine. 

Additionally, using the AMOLF routine 2 more peptides (from BSA) were 

identified. In general, the mass list contained approximately 20% more peptides 

using the AMOLF routine compared to the Senko algorithm. This results from the 

less stringent requirement that only two peaks above a defined threshold are 

enough for an isotope cluster in the AMOLF routine, whereas in the Senko 

routine all other peaks in the cluster area are also taken into account. 

 

 

5.4.2 Scan precision and mass accuracy 
 

 

Usually, each eluting chromatographic peak is mass-analysed multiple times 

during an LC-MS experiment. In practice, each mass spectrum (scan) from one 

peptide results in a slightly different peptide mass. This variation in detected 

peptide mass, further referred to as scan precision, is dependent on different 

factors such as the type of instrument used, the chromatographic resolution and 

the ion intensities itself. As mentioned before, the high mass accuracy of FTICR-
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MS is a well-distinguished feature. In modern FTICR analysers this accuracy has 

improved towards sub-ppm levels. Clearly, high mass accuracy improves the 

reliability of database searches and moreover it helps to identify peptides that 

are not in a database (e.g. unsequenced species, post translational 

modifications)231,232. The advantage of the PP-VLAM algorithm compared to 

other processing software packages is that all the different peptide masses are 

stored in the xml file and thus can be analysed in more detail. In this way the 

precision of the data can be improved significantly after data acquisition. As an 

example, in Figure 5.2 the elution profile of a BSA peptide (theoretical mass 

688.3656 Da) in the protein mixture is shown.  
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Figure 5.2. NanoLC-elution profile of a singly protonated BSA peptide. The dotted line indicates the 

theoretical mass of this peptide, the squares show the FTICR-measured masses in each scan. Upon 

post-acquisition selection of scan numbers the difference between the highest and lowest measured 

peptide mass decreases 4-fold, thus improving scan precision. 

 

The peptide masses (shown as squares) are measured after external 

calibration. The difference between the highest and lowest measured mass is 22 

ppm. Clearly, in the tail of the eluting peptide the variation increases. Upon 

user-defined selection of scan numbers (retention time) as indicated with the 
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circle the scan precision improves 4-fold. This information can be further used in 

an iterative way to internally re-calibrate the spectra and thus improve the mass 

accuracy after the data acquisition. Often a peptide is mass analysed at two (or 

even more) different charge states. From Figure 5.3 it can be seen that using 

the PP-VLAM algorithm a singly and a doubly protonated BSA peptide can be 

analysed separately. In this case, the scan precision of the doubly protonated 

species can be improved to 3.6 ppm.  
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Figure 5.3. NanoLC-elution profile of a singly and doubly protonated BSA peptide. The different charge 

states of the same peptide result in different scan precisions. It is thus recommended to analyse these 

different species separately. 

 

 

5.4.3 Visualization of peptide profiles from CSF samples: “a real 
life example” 
 

 

More advantages of the here described processing and analysis tools are 

exemplified using a dataset obtained from nanoLC-FTICR-MS measurements of 
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cerebrospinal fluid (CSF) samples. The cerebrospinal fluid encloses the brain and 

is thus an ideal medium to investigate diseases that affect the central nervous 

system (CNS) such as Alzheimer disease or brain tumours. The details of the 

samples are given in the experimental section. In general, the objective is to 

compare peptide profiles of healthy and diseased individuals for detection of 

possible biomarkers. Each nanoLC-FTICR-MS measurement yields a large and 

complex dataset, and processing and visualization of each dataset is pivotal for 

proper comparison and thus extraction of valuable information. 

As an example, all sequential FTICR mass spectra acquired during one 

nanoLC-experiment of a CSF sample are shown in Figure 5.4a. Obviously, the 

manual comparison of such plots is extremely tedious and error-prone. 

Application of the PP-VLAM algorithm to this specific dataset results in an xml 

output file that contains between 100 and 200 peptide masses (depending on 

the processing parameters). Clearly, such a list of peptide masses can be easily 

compared with those derived from replicate measurements (repeatability of the 

LC-MS measurement of one sample) or with other samples (e.g. patient and 

control comparison). For comparison of the xml output files we developed a tool 

for visualization of either the mass lists or group lists from one or multiple 

samples (see Figure 5.1 for explanation of the terms mass and group list). In 

Figure 5.4b an example is shown for a CSF sample (same as in Figure 5.4a) 

processed with different parameters. In this case the specific dataset is 

visualized for apodised and non-apodised raw data, clearly showing the 

similarities and differences between these two types of processing. The 

complexity of this plot is far less compared to the spectral data in Figure 5.4a. 

In addition, vertical lines that result from chemical and electronic noise in Figure 

5.4a are efficiently removed in the processed data set. In a similar way, this 

viewer enables visual comparison of replicate measurements or of different 

samples. 
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Figure 5.4. a) NanoLC-FTICR-MS measurement of a trypsin digested cerebral spinal fluid (CSF) 

sample displayed with the AWE3D software. The m/z-values are plotted on the x-axis, the scan 

numbers (linear with nanoLC retention times) on the y-axis and the peak intensities on the z-axis (out-

of-plane). b) Visualization of a processed nanoLC-FTICR-MS measurement of a digested cerebral 

spinal fluid (CSF) sample. The peptide masses are plotted on the x-axis (from 1450 to 1980 Da) and the 

scan numbers (corresponding to retention time) on the y-axis (50-450). A peptide mass is visualized 

provided that it is detected in at least 3 sequential scans with a mass precision � of 0.05 Da (see 

methodology). Here, different processing results are overlaid in one plot, i.e. no apodisation on the raw 

data (light grey squares), apodisation and AMOLF isotope cluster identification (grey triangles) and 

apodisation and Senko isotope cluster identification (black circles). The inserts show the similarity 

between AMOLF and Senko cluster identification results (i.e. each triangle is overlapped by a circle). 

However, without apodisation additional clusters are detected or the cluster is observed at a slightly 

different peptide mass. 

a) 

b) 
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5.4.4 Speed benefits of distributed computing of large mass 
spectral datasets 
 

 

Several hardware configurations ranging from a single desktop computer to 

supercomputers (clusters) were evaluated for parallel processing of large mass 

spectral datasets. For a dataset obtained from nanoLC-FTICR-MS of the protein 

mixture (877 spectra, 3.4 gigabyte) the total processing time was more than 2 

hours using a single desktop computer. Using a cluster of five desktop 

computers the processing time decreases to 0.5 hours, however this time is 

limited by the file transfer speed (i.e. the speed depends on the quality of the 

internal network between the computers and the central raw data storage). A 

summary of the results on different clusters is given in Figure 5.5. It is clear 

that even on a dedicated computer cluster the amount of spectra that are 

processed per minute is limited by the network speed. This limitation in speed 

up of distributed computing is well-known from computer sciences. The transfer 

of raw data from the central storage site outside the cluster to the multiple 

computer nodes becomes inefficient using more than seven nodes. As an 

alternative, the total raw dataset from an LC-MS experiment can be locally 

stored on the shared storage of the cluster itself or copied temporarily to all 

individual nodes using the mpicopy protocol (this takes less than 3 minutes, 

SARA Dutch Supercomputing Center, www.sara.nl. For details on the mpicopy 

protocol see www.sara.nl/userinfo/lisa/usage/progavail/index.html, “special 

utilities”). In the latter case the total 3.4 gigabyte dataset is processed on 40 

computer nodes within 2 minutes, resulting in a total processing time less than 

5 minutes.  
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Figure 5.5. Increase in processing speed of a large mass spectral dataset using a distributed 

computing environment. The speed in the cluster is limited by the sftp transfer speed of raw data from 

the central storage facility to the computer nodes (black circles). The processing speed is improved up 

to 12 computer nodes when the raw data is stored on the cluster itself (grey circles). Note that the total 

processing time depends on the other activities of the cluster when using more than 15 nodes. This 

variation in processing time is smaller when using an mpicopy protocol where up to 50 computer nodes 

can be assigned (white triangles). 

 

 

5.5 Conclusions 
 

 

Automatic processing of large mass spectral datasets in a distributed computing 

environment allows for a substantial reduction of the analysis time. We showed 
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full processing of a 3 gigabyte raw dataset from a nanoLC-FTICR-MS experiment 

is within 5 minutes using an in-house developed algorithm on a dedicated 

computer cluster. Due to its modular set-up the algorithm can be applied to all 

other types of hyphenated or serial mass spectral datasets (e.g. LC-MS, LC-

MS/MS, imaging MS). In our approach the storage of all data is preferred to 

discarding raw data during the measurement, thus enabling future re-analysis or 

re-processing using a new set of parameters. Furthermore, automatic 

processing improves the repeatability of the analysis over the more error-prone 

manual analysis. The ability to reuse the parallel processing modules described 

in this chapter in a distributed workflow environment allows for new scientific 

collaborations to be realized in the virtual laboratory. This in turn enables the 

scientists to share processing tools and strategies and enhances the quality of 

experimentation with large mass spectral datasets. 
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A1 
SIMION analysis of a high performance 
linear accumulation octopole with 
enhanced ejection capabilities 
 
 
Here, we present the results of extensive SIMION 7.0 modelling of a new linear 

octopole ion trap. The octopole was designed to increase the efficiency of an 

electrospray ion source coupled to a FTICR mass spectrometer. This 

improvement was achieved by applying a pulsed axial field to the octopole to 

eject the ion packet with a time and energy distribution that better match the 

acceptance criteria of the FTICR cell, thus increasing the trapping efficiency and 

sensitivity. The axial field was produced by applying a pulsed dc potential to the 

custom-designed ejection electrodes located between the octopole rods. The 

time and energy profiles of the ejected ion packets for several electrode shapes 

were calculated and are discussed in terms of their compatibility with efficient 

trapping of the ion packet in the FTICR cell. Preliminary experimental results 

show increased signal using the dc ejection electrodes of approximately 100 %. 

 

 

 

 

 

 

 

Ioana M.Taban, Liam A. McDonnell, Andreas Römpp. Iliya Cerjak and Ron M.A. Heeren, Int. J. Mass 
Spectrom., 2005, 244 (2-3): 135-143  
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A1.1 Introduction 
 

 

The application of high performance mass spectrometric methods for biomedical 

analysis has increasing requirements for sensitivity. Often studies involve the 

analysis of low copy number molecules in a pool of high abundant 

proteins42,152,233-235. Chromatographic separation234,236-239, capillary isoelectric 

focussing240, and capillary electrophoresis152 have all been used to reduce the 

complexity of the samples entering the mass spectrometer at any specific time 

and to concentrate each analyte. Such hyphenated experiments now permit 

attomole measurements. However, there are still applications where increased 

sensitivity is desired. High-throughput proteomics applications and specifically 

the search for biomarkers (up- and down-regulated proteins, post-translation 

modifications and point-mutations have all been associated with disease) would 

benefit from increased sensitivity and a higher dynamic range.  

FTICR-MS is an ion trapping technique98 that distinguishes itself from 

other types of mass spectrometry: high spectral resolution, for example 

resolving two peptides that differ in mass by less than the mass of a single 

electron149, and high mass accuracy make the FTICR ideally suited for rapid 

analysis of complex mixtures42,150-152,241,242. To be compatible with fast 

separation techniques the ions must be trapped in the FTICR cell preferably 

without using a trapping gas. The acceptance criteria for the FTICR infinity 

cell140 for non gas-assisted trapping with sidekick are: a trapping time window 

within 0.2-0.4 ms and kinetic energies of ions lower than 2 eV per charge, for 

ions with m/z lower than 2000243. 

The sensitivity of an FTICR experiment is influenced by many factors, 

including efficiency of ion generation, ion-transport and ion detection. 

Improvements in all aspects continue unabated99,138,139,171,244-246. Collisional 

cooling of ion beams in 2D-multipoles, operated in an RF-only mode, have 

improved the performance of FTICR mass spectrometers and are now widely 

used in all types of mass spectrometer130,131,133,134,136,137,247-254. Through 
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collisions, the buffer gas reduces the kinetic energy of a particle beam and 

focuses it on the longitudinal axis of the guiding multipole. This low-energy ion 

beam can then be focused and transported with high efficiency into the next 

region of the instrument. It has been shown that if ions are kinetically cooled 

and accumulated before being pulsed out of the multipole, sensitivity and 

dynamic range of the experiments are increased138,249,252. 

However, there is still scope for improving the performance of these 

linear ion traps. When many ions are present in a linear ion trap, the sensitivity 

of the measurement can decrease. Space-charge-induced ion discrimination in 

the multipole can lead to the absence of many expected analyte peaks255 and 

multipole storage assisted dissociation (MSAD; space-charge-induced collision-

activated dissociation inside the multipole) can lead to fragmentation of the ions 

of interest256-259. Furthermore, the trapping capability of linear ion traps is worse 

for native bio-macromolecules and their complexes, because their native 

conformations have smaller collision cross-sections than their de-natured 

analogues260. Though improved trapping has been achieved using increased 

collision-gas pressure, this causes MSAD to be more problematic256. 

A longer linear multipole ion-trap would alleviate many of the above 

problems: in a large ion-trap space charge effects occur at larger ion numbers, 

so the potential for MSAD and ion-discrimination is reduced, and non-covalent 

complexes have more time to collisionally cool, thus a greater fraction can be 

trapped. One drawback of a longer trap is that the time distribution of the 

ejected ions is larger because it takes a longer time for ions located at the 

beginning of the multipole to move to the end where they can experience the 

ejection field supplied by the exit lens (during accumulation this lens provides a 

trapping field). Longer multipoles can lead to lower sensitivity since only a small 

fraction of the ions accumulated in the multipole are trapped in the FTICR cell. 

Normally, the multipole length is chosen as a compromise between the ejection 

time distribution and space-charge considerations.  

The time-distribution of the ejected ion packet can be shortened by 

creating an axial field in the multipole261. This would allow the analyst to benefit 
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from the advantages of a longer multipole outlined above. An axial ejection field 

can be created in several ways without significantly affecting the RF multipole 

field. Any perturbation of the RF field can reduce the m/z transmission window. 

The methods that have been used to date are:  

• Segmented multipole rods – by applying a different dc bias to each 

segment an ejection field can be created with minimal RF-field distortion 
262. In practice, however, because alignment of the segments is key to 

the design, engineering must be meticulous. 

• A set of rings surrounding the multipole – by applying different dc 

potentials to these rings, an axial field is created with low distortion of 

the RF field. This design is robust. However, the dc potentials that must 

be applied to the rings are prohibitively high247,263. 

• Tilted or conical multipole rods – perturbs the RF trapping field making 

trapping of the incoming ions in the multipole less efficient 263,264. 

• Tilted dc wires located inside an octopole265 – don’t affect the RF field 

significantly, but these wires must be thin making the construction quite 

fragile and difficult to shape.  

• T-shaped electrodes located between quadrupole rods261 – in this case, 

four extra electrodes (T-shaped) were placed between the quadrupole 

electrodes, to which the same dc ejection voltage is applied. By shaping 

these electrodes, a linear axial field was created through the 

quadrupole. The setup is simple and the field distortion small. 

 

To increase the efficiency of external accumulation for large ions and to 

minimize detrimental space-charge-induced artifacts such as MSAD and space-

charge induced discrimination, we designed an elongated linear octopole ion 

trap. To ensure efficient ejection from the octopole, efficient transfer to, and 

trapping in the ICR cell we added eight T-shaped ejection electrodes, located 

between the octopole rods, to create an axial field. Extensive simulations were 

conducted to optimise the time and energy distributions of the ions ejected from 

the octopole to match the trapping characteristics of the FTICR cell.  
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A1.2 Description of the simulated accumulation octopoles 
 

 

The octopole will be used to accumulate ions generated by ESI37, and MALDI27. 

Consequently, ions covering a wide range of m/z need to be accumulated, a task 

best suited to a higher order multipole 266. The wider m/z range and higher 

charge capacity of the octopole compared to that of lower order multipoles (e.g., 

twice higher than a quadrupole267) led to the decision to base our ion trap on an 

octopole. To increase the multipole order above eight doesn’t yield 

improvements in performance that would justify the technological complications 

needed for its realization268. To our knowledge this is the first time a linear 

octopole ion trap equipped with shaped, non-linear, ejection electrodes is 

considered to enhance the sensitivity of the source of an FTICR-MS 

The octopole is 180 mm long, made of 8 circular rods of 6 mm diameter. 

The field radius of the octopole was chosen such that the ratio rrod/r0 = 0.355. 

This ratio has been shown to be a good approximation for the ideal octopole 

field269. To maximize the fraction of ions trapped in the linear octopole, the 

beginning of the octopole was bevelled so that octopole fits inside the skimmer 

of the electrospray ion source. The skimmer and a single electrostatic lens at the 

end of the octopole provide the axial trapping field for the ions. Figure A1.1 

shows a schematic of the octopole design. 

Various T-shaped electrodes placed between the octopole rods were 

investigated. Here, the evaluations of three electrode geometries are reported. 

These are shown in Figure A1.1c and are: 

i) Linear-positive – the stem is initially 4 mm and decreases linearly 

with distance to 0 mm at the end of the octopole.  

ii) Linear-negative – the stem is initially 0 mm and increases linearly 

with distance to 4 mm at the end of the octopole.  

iii) Curved – the stem of the T-shaped electrode is initially 4 mm and 

decreases in size non-linearly to zero. 
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Figure A1.1. a) The ion source includes a skimmer, an accumulation octopole with ejection electrodes 

and an exit lens, le. b) cross-section of the accumulation octopole including the T-shaped ejection 

electrodes (at the deepest point of the stem d = 11.6 mm), and c) longitudinal view of the three ejection 

electrodes reported here. 

 

The thickness of the steam is 1 mm in all situations. The two linear 

electrode configurations produce a non-linear ejection field, whereas the curved 

electrodes were designed to produce a linear ejection field. An ejection field for 

positive ions is produced by applying a positive potential to the linear-positive 

and curved ejection electrode geometries whereas a negative-potential is 

required for the linear-negative geometry.  

 

 

A1.3 SIMION simulations 
 

 

The purpose of this work was to approximate a collisionally cooled ion beam that 

is trapped in a long octopole ion trap and to investigate the effects of axial 
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ejection fields on the time and energy distributions of the ejected ion packets. 

These analyses were performed using SIMION 7.0270. The scaling used in the 

SIMION simulations of the octopole was 5 grid units per mm (gu/mm). 

The simulation results reported here pertain only to the analysis of low abundant 

ions: under conditions of high space charge the ejection field will be effectively 

screened by the ion-cloud. Moreover, improvements in sensitivity are not 

required for intense ion currents. In addition, SIMION does not approximate 

space-charge particularly well and cannot run the groups of ions required for its 

space-approximations in a radio frequency device in a practical time. For these 

reasons, ion-ion interactions were not taken into account. These simulations 

were performed specifically to increase the sensitivity for the analysis of low 

abundance ions, to trap and transfer these ions to the ICR cell as efficiently as 

possible; those experiments that require improvements in efficiency and that 

are best described by the simulation constraints.   

Ions of mass equal to that of cytochrome c, 12360 Da, and with charges 

of  +1 and +15 were used in the simulations. To approximate the ion beam 

emitted through the skimmer of an electrospray ion source the initial positions, 

angles and times of the incoming ions were randomised through the ranges 0 ≤ 

[y, z] ≤ 0.5 mm, 0 ≤ θ ≤ 2°, 0 ≤ t ≤ 4 ms with an initial energy of 10 eV for +15 

ions and 3 eV for singly charged ions. Note the initial energy of the ions has no 

effect for the evaluation of the ejection time and energy distributions because 

the ions are thermalised prior to the ejection pulse. For each set of parameters 

1000 cytochrome c ions were initiated at the beginning of the accumulation 

octopole. The radio-frequency voltage used for these simulations was 800 V 

peak-to-peak and the frequency was 0.88 MHz. This voltage was sufficient to 

trap ions with m/z = 12360, but lower voltages can be used for a smaller m/z 

range.  

An accumulation-ejection pulse sequence, which involves the skimmer, 

the dc ejection electrodes, and the exit lens, is shown in Figure A1.2. The ions 

were accumulated for 14 ms (thermalised) using 5 V applied to the skimmer and 

10 V to the exit lens and 0 V to the ejection electrodes. To eject ions 150 V was 



Appendix 1 

132 

applied to the skimmer, – 1 V to the exit lens and 200 V to the ejection 

electrodes (-200 V for the linear negative configuration).  

 

 
Figure A1.2. Accumulation-ejection pulse sequence used for accumulation and ejection of ions. The 

difference te (ejection) – t0 (accumulation) represents the accumulation time. A new cycle starts at the 

time t = t0′. The RF voltage is applied throughout simulations.  Vskimmer accum = 5 V, Vskimmer ejec = 150 V, 

Vexit lens accum = 10 V, Vexit lens ejec = -1 V, Veject electrodes accum = 0 V, Veject electrodes ejec= 200 V. 

 

The hard spheres algorithm267 was used in order to estimate the 

collisional cooling in the simulations, using the cross-section of cytochrome c 

determined from ion mobility spectrometry. The cross section of gas phase 

cytochrome c has been shown to be charge dependent271.   

This algorithm is an approximation of ion - molecule collisions that is 

valid for the range of kinetic energies present here. Collisional relaxation from 

the initial velocity to the thermal equilibrium velocity follows the law: 

 

v = v0e-t/τ (A1.1) 
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Here, v0 is the initial velocity of the ion, v is the velocity at a time t, and τ 

corresponds to the relaxation time, defined by formula: 

 

τ  = 3(m+mg)/4mgnσukT,    ukT = (8kT/πmr)1/2 (A1.2) 

 

where mr is the reduced mass (mr  = mmg/(m+mg)), T is the temperature of the 

collision gas and k is the Boltzmann constant. n is the number density of the gas 

molecules and σ is the collisional cross-section. m and mg represent the mass of 

the ion, and the mass of the collision gas, respectively. Using a pressure of 10-3 

mbar throughout the simulated octopole, the relaxation times were calculated to 

be 2.5 and 1.1 ms for +1 and +15 ions, respectively. These were implemented 

in SIMION through a user program that damps the ion’s velocity according to 

the above equation but does not modify the instantaneous direction of the ions. 

For the pressure assumed here and the large cross-section of the analyte ions, 

such viscous damping is a good approximation of the large number of collisions 

experienced by each ion. 

This simulation of an accumulation octopole enables a qualitative 

assessment of the performance of an octopole with ejection electrodes for the 

accumulation and ejection of low abundant ions. In agreement with the 

simulations preliminary experimental results demonstrate the higher sensitivity 

of this new octopole when voltage is applied to the dc ejection electrodes and an 

axial ejection field is generated. 

 

 

A1.4 Results and discussion 

 

 
The time and energy distributions of the ions ejected from the octopole are 

compared for the three configurations shown in Figure A1.1c and for an octopole 

without an axial field. These distributions were recorded at the exit of the 

octopole and at the FTICR entrance (quadrupole ion guides transport ions from 
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the octopole exit to the cell, see Figure A1.3; more details can be found in 

reference161). All three octopole configurations transported ions covering a wide 

m/z range with high efficiency (100 %), thus demonstrating that the ejection 

electrodes do not significantly distort the RF field of the octopole (results not 

shown). Note that the ion transmission through the exit lens depends on the 

voltage applied to the exit lens and the size of the aperture. 

 

 
Figure A1.3. Schematic of the 7 T external electrospray FT-ICR set-up. The accumulation octopole, 

the following two quadrupoles and the lenses located at the entrance and exit of the multipoles were 

simulated using two potential arrays. A higher resolution array, 5 gu / mm, was used to model the 

accumulation octopole and a lower resolution array, 2 gu / mm, was used to model the two transfer 

quadrupoles and transfer lenses. The two arrays were joined in the middle of the exit lens, where the 

field lines are almost linear, and using identical potentials on the exit lens in both arrays. Due to low 

pressures no damping of the velocity is considered in the transfer quadrupoles. The voltages applied to 

the transfer optics and the two quadrupoles are: Vpp Q2,3 = 200 V, Vprobe lense = -2 V, VGV1 = -20 V, VGV2 = -

70 V, Vend plate = -1 V, Vbias Q2 = -2 V, Vbias Q3 = -1 V. 

 

Figure A1.4a shows the axial dc potential gradient of the linear-positive 

and linear-negative designs (0 V applied to the octopole electrodes). As can be 

seen, the axial field is very steep in the areas influenced by the skimmer and the 

exit lens potentials. Between the skimmer and the exit lens the dc ejection 

electrodes of both configurations provide an average axial potential gradient of 

0.3 V/cm (non-linear) along the octopole when 200 V is applied to the dc 

ejection electrodes. This potential gradient has been shown to be optimum for a 

segmented quadrupole linear ion trap that was used to accumulate ions for 

FTICR experiments, larger ejection fields decreasing sensitivity248. Closer 

examination of Figure A1.4a reveals that the linear-negative configuration has a 
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shallow potential gradient at the beginning of the octopole and a steeper 

potential gradient at the exit (in the region without influence from the skimmer 

and the exit lens). This profile will cause the ions located near the beginning of 

the octopole to be accelerated more slowly than those located near the end, a 

profile not favourable for a narrow time spread.  

In order to investigate the performance of a linear ejection field, curved 

ejection electrodes were designed. The field at the centre of the octopole was 

measured as a function of the stem length of the ejection electrode; the stem 

length was then varied along the length of the ejection electrodes such that a 

linear ejection field was produced. Figure A1.4b shows the dimensions of these 

curved ejection electrodes.  

Figure A1.4c shows the axial potential profiles for the curved and linear-

positive geometries, resulting in linear and non-linear axial potential gradients, 

respectively. Energy and time distributions were recorded at the exit of the 

accumulation octopole for the curved and linear-positive configurations and 

without an axial field (Vdc electrode = 0 V).  

Figure A1.5 shows the time and energy distributions for z = +15 

cytochrome c ions at the octopole exit. The ejection time spread was almost 

identical for the curved and linear-positive ejection electrodes (approximately 

0.23 ms), whereas without an axial field the time spread was much larger, 12 

ms. The time spread of 0.23 ms corresponds to approximately 3 V, z= +15 ions 

moving across the 180 mm length of the octopole. The analogous time spread 

for the singly charged ions was approximately 0.88 ms with the ejection field 

and 22.64 ms without the ejection field (results not shown). Though larger 

energies (22 - 43 eV, or 1.5 - 2.9 eV per charge) were obtained for the curved 

ejection electrodes than for the linear-positive configuration (19 - 36 eV, or 1.3 

- 2.4 eV per charge), both energy ranges can be accommodated by the FTICR 

cell. However, closer examination of the energy - time distribution of the linear 

positive configuration reveals that the ions that are ejected first have the 

highest energy. The ions located at the beginning of the octopole experience a 
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larger ejection field and have overtaken the ions located closer to the exit. 

Figure A1.5 also shows the corresponding time and energy histograms. 

 
It can be seen that more ions with lower kinetic energies were ejected 

by the linear-positive configuration than with the curved configuration. The 

energy distribution from the octopole without an axial field is much narrower, 

but has the drawback of a much larger time spread. Note the time spread isn’t 

Figure A1.4. The axial dc potential along 

the accumulation octopoles working in 

ejection mode for: a) linear-positive (+) and 

linear-negative (∗) configurations; b) linear-

positive  (+) and curved (∗) configurations. 

The potential profile during accumulation is 

the same for all three configurations (ο). The 

dashed lines show the place where the field 

of the skimmer and the exit lens effect the 

axial potential during the ejection time. 

During accumulation Vskimmer = 5 V, Vexit lens 

= 10 V and Veject electrodes = 0 V. During 

ejection Vskimmer = 150 V, Vexit lens = -1 V and 

Veject electrodes = 200 V for the linear-positive 

ejection electrodes and Vskimmer = 5 V, Vexit lens  

= -5 V and Veject electrodes = -200 V for the 

linear negative design. 
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thermal because the times were recorded after the ions have been ejected from 

the octopole and passed through the – 1 V field of the exit lens. 

Simulations of the entire ion transfer system, two quadrupole ion guides 

and electrostatic lenses (Figure A1.3), were used to determine the time and 

energy distributions at the entrance of the FTICR cell. These results can be seen 

in Figure A1.5. 

 
Figure A1.5. Time and energy distributions of the ion packet at the exit lens of the octopole (z = +15 

ion). The first column shows a scatter plot of the time and kinetic energy distributions, and histograms of 

the kinetic energy distribution (middle) and the time distribution (bottom), for the ion packet ejected from 

the linear positive ejection electrodes configuration. The second and third columns show the results 

obtained for the curved electrode configuration, and with no axial field. Ions are accumulated 14 ms and 

then ejected. Only the period of ejection is shown in this figure (t = 0 is defined as the time when ions 

enter the octopole). 
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Because the ions with higher energy had overtaken those with lower 

energy for the linear-positive configuration, the time spread encompassing the 

majority of the z=+15 ions (90 %) at the entrance of the cell is larger than that 

for the curved configuration (1.17 ms and 0.77 ms, respectively). The mean and 

the width of the kinetic energy distributions were smaller for the linear-positive 

configuration, but the time spread was smaller for the curved ejection electrodes 

configuration at the FTICR entrance (i.e. better bunching). 

 

 
Figure A1.6. Time and energy distributions of the ion packet at the entrance of the ICR cell (z = +15 

ion). The first column shows a scatter plot of the time and kinetic energy distributions, and histograms of 

the kinetic energy distribution (middle) and the time distribution (bottom), for the ion packet ejected from 

the linear positive ejection electrodes configuration. The second and third columns show the results 

obtained for the curved electrode configuration, and with no axial field.  Only the period of ejection is 

shown in this figure (t = 0 is defined as the time when ions enter the octopole). 
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Due to the short trapping time window of the cell a more compact ion 

cloud at the entrance to the FTICR cell will lead to more efficient trapping, thus 

increased sensitivity. For both axial potential configurations the ion energy was 

within the acceptable limits thus the octopole that gave a shorter trapping time 

spread is considered to be the better choice. Again, without an axial ejection 

field the time spread is too large for efficient transfer and trapping of the ions in 

the FTICR cell (Figure A1.6).  

An estimate of the increase in sensitivity for +15 cytochrome c ion, m/z 

= 824, was made by comparing the maximum density of ions at the cell in the 

time distributions of the curved- and no-ejection electrode configurations, and a 

trapping window of 0.2 – 0.4 ms. The octopole with the curved ejection 

electrodes was estimated to be 4-5 times more sensitive because of improved 

time-focusing at the FTICR cell. 

Figure A1.7 shows preliminary experimental results obtained with an 

accumulation octopole of the curved electrode configuration. The ions generated 

from ESI of 5 μM cytochrome c in 69:29:2 water:methanol:acetic acid were 

accumulated in the octopole for 0.4 s before being transferred to the ICR cell for 

detection. As can be seen, the signal intensities with the ejection field, upper 

spectrum, were approximately 100 % stronger than that with no ejection field 

(0 V applied to ejection electrodes, bottom figure). Furthermore, these 

sensitivity improvements were observed for several charge states of cytochrome 

c indicating that sensitivity improvements can be made over m/z ranges 

compatible with LC-MS experiments of low abundance peptides, the application 

of interest. It also demonstrates that the time-of-flight effects of external trap 

FTICR experiments243, which will be more pronounced with time-focused 

ejection, do not overwhelm the sensitivity gains from time-focusing of the 

ejected ions. 

Before concluding it is pertinent to question why the experimentally 

measured improvement in sensitivity was less than that estimated using the 

simulations. 
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Figure A.1.7. Experimental mass spectra of cytochrome c when 200 V (upper figure) and 0V (lower 

figure) where applied to the ejection electrodes of the curved ejection electrode configuration. The 

arbitrary y-scales on both figures are identical. 

 

The simulations represent an approximation of a real octopole ion trap. 

Uniform pressure throughout the octopole and negligible space charge effects 

are arguably the two most important. The pressure in an ESI experiment is not 

uniform. Figure A1.3 shows that the octopole ion trap is the second stage of a 

differentially pumped apparatus. Consequently a pressure gradient will exist 

along the length of the trap. Higher pressures at the beginning of the octopole 

will lead to greater viscous damping that can hinder ion ejection. This effect 

would increase the time spread of the ejected ions and thus decrease the 

available sensitivity gains.  

As explained in the section describing the simulations, ion-ion 

interactions were not included for practical and reliability reasons. Space charge 

can shield the ions from the ejection field (higher space charge leads to a less 

effective the ejection field), thus reducing the time focusing at the FTICR cell 

and the sensitivity gains obtained. Additionally, high space charge increases the 
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radial size of the ion cloud in the octopole. Consequently, fewer ions might be 

transferred through the exit lens of the octopole accumulation device. The 

simulations showed that 70 % of the m/z = 12360 (z = +1) passed through the 

exit lens with a 4 mm diameter hole but 100 % of the m/z = 824 (z = +15) 

because ions of larger m/z (m/z = 12360) are less radially confined by the RF 

field of the octopole than ions of smaller m/z267,272. Space charge will broaden 

the cloud even more272, resulting in less confined ion beams, so lowering the 

sensitivity compared to simulations. 

The lower (but still significant) sensitivity gains of the preliminary 

experimental results, with respect to the simulation estimation, could reflect the 

pressure gradient across the octopole and / or space charge effects. While the 

latter will be diminished for ions of low intensity, the application of interest, an 

improved understanding of the physics of ion accumulation and transfer to the 

ICR cell could enable further sensitivity gains to be attained.  

 

 

A1.4 Conclusions  
 

 

Here, we have used simulations to investigate a long octopole ion trap that 

either has an axial potential gradient or no axial potential gradient for external 

accumulation and efficient transfer of ions to an FTICR-MS analyser cell. The 

time and energy distribution of the ions at the exit of the octopole and at the 

entrance of the cell show that the octopole with curved ejection electrodes 

(linear axial field) lead to higher sensitivity, 400-500 %. Preliminary 

experimental results showed that these ejection electrodes increased the ion 

signal from ESI of cytochrome c by approximately 100 % and that sensitivity 

improvements spanned an m/z range compatible the LC-MS of complex peptide 

solutions. The different degree of improvement between the simulations and 

preliminary experiments is most likely due to the approximations inherent to the 

simulations and will be the subject of a future experimental investigation. 
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Summary 
 

 

Understanding a living biological system requires understanding of knowing how 

different biomolecules work together in the organism. In order to understand 

the ongoing processes that take place in a biological system, an experiment that 

provides chemical, spatial as well as temporal information would be ideal. 

However, at this moment there is no instrument or method that gives this 

information in an one-step experiment. 

 Currently, fluorescent microscopy is the most used technique to localize 

biomolecules. Antibodies labelled with a fluorophore or colorant bind to the 

molecules of interest, which can then be localized by optical microscopy. 

Combining the chemical specificity provided by the label with the very high 

spatial resolution and sensitivity of optical microscopy allows localization of 

different molecular species in cells and tissue sections.  

 Although fluorescence microscopy is a widely used technique, in imaging 

experiments it has a major drawback, which is the limited amount of known 

molecules that can be analysed in a single experiment. Furthermore, using 

labels to obtain chemical specificity makes it difficult to specifically target 

posttranslational modifications and these labels might interfere with the natural 

behaviour, and thus localization, of the molecules under investigation.  

 Imaging mass spectrometry (IMS) provides unique chemical specificity 

and the possibility to map the distribution of multiple, unknown compounds in a 

single experiment without labelling. As any technique, IMS has its own 

challenges. Significant progress has been made in improving the speed and 

spatial resolution of IMS. Now, methodological and instrumental improvements 

are moving towards developments that give not only information about chemical 

specification but also chemical identification. In this context, new 

instrumentation and methods for IMS are described in this thesis.  
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 Chapter 1 introduces imaging mass spectrometry as an alternative 

technique to the traditional imaging techniques for the study of different 

compounds in biological tissue sections. Proteins represent an important class of 

molecules in any biological system. In order to gain understanding of many 

biological processes it is necessary to obtain information about the structure, 

function, identity, quantity, spatial localization and temporal changes of 

proteins. Mass spectrometry established itself as an important tool in 

proteomics. Now, the development of spatially resolved mass spectrometry 

combined with compound identification could answer new biological questions. 

Nevertheless, new challenges have to be further addressed.  

To introduce IMS, ionisation techniques and instruments related to IMS 

are described in this chapter. Different ionisation techniques are used depending 

on the type of application. In IMS, matrix-assisted laser desorption ionisation 

(MALDI) and secondary ion mass spectrometry (SIMS) are the methods mainly 

used. In SIMS, the sample is bombarded with high-energy primary ions resulting 

in ion desorption. The primary ion beam is rastered over de sample surface, 

recording a mass spectrum at every point (microprobe mode). The resulting 

high-resolution image (50 – 100 nm) is constructed after the data acquisition. 

SIMS is limited to imaging of low molecular weight species due to the extensive 

fragmentation that takes place during the bombardment with high-energy ions. 

To increase the mass range, different techniques, briefly discussed in this 

chapter, have been developed.  

MALDI is a soft ionisation technique. The analyte is dissolved in a 

suitable matrix that absorbs the energy of the laser used to illuminate the 

sample. For MALDI imaging experiments not the laser is rastered over the 

surface but the sample stage is moved in the laser field. The spot size of the 

laser can be between 50 to 200 µm resulting in an image resolution significantly 

lower than in SIMS experiments. In order to improve the obtainable spatial 

resolution in MALDI, microscope mode experiments are performed. In this 

stigmatic ion imaging mode, specially modified ion optics are used to retain the 

original spatial distribution of the ions during time of flight analysis, after which 
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the ions arrive at their conjugate image points on a 2D position sensitive 

detector. In microscope mode imaging, the spatial resolution depends on the 

quality of the ion optics and the detector. 

Another (new) ionisation technique which is used in this thesis is 

desorption electrospray ionisation (DESI). DESI in principle requires no sample 

preparation and is used under ambient conditions. Here, charged droplets and 

ions of solvent are electrosprayed onto the sample surface resulting in 

desorption and ionising of analyte molecules. 

 In IMS, the need for analyte identification becomes more and more 

important. Currently there are several different approaches for chemical 

identification. In this regard, mass accuracy and the possibility to perform 

different forms of ion fragmentation is important. Time-of-flight (TOF) 

instruments are mainly used in IMS because of their speed and high spatial 

resolution capabilities. In this thesis, Fourier transform ion cyclotron mass 

spectrometry (FTICR-MS) is introduced as an IMS technique. FTICR-MS is shown 

to be important in IMS because of the added information obtained about the 

compounds of interest. In this respect the FTICR-IMS data acquisition and 

analysis is as important as instrumental developments and improvements in this 

direction are discussed. 

Chapter 2 is dedicated to FTICR-MS mass spectrometry. Principles of 

operation and how this instrument can position itself in IMS are described. 

FTICR-MS provides a very good mass resolution and accuracy as well as many 

different types of fragmentation. FTICR-MS cannot provide the spatial resolution 

as is obtained with TOF instruments, however it can be used as a 

complementary technique in IMS. The benefits and the drawbacks of this 

instrument in IMS are discussed in this chapter.  

 In order to achieve our goal, a novel workflow-based data acquisition 

and control system for FTICR-MS was developed. In Chapter 3 new software is 

presented, which allows flexibility in experimental design and decisions to be 

made on-the-fly. Sequence, evaluation, decision and visual viewer modules are 

presented. To demonstrate the benefit of the modular build software, different 
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experiments with standard peptides are performed. An advantage of the 

modular build software is that it allows external control, such as the movement 

of the sample stage, by implementing a module that reads the external output. 

A desorption electrospray ionisation (DESI) experiment was described showing 

the use of this method in imaging experiments. Furthermore, novel experiments 

were implemented in the workflow where on-the-fly decisions are made in order 

to switch dynamically between different fragmentation techniques. Using 

complementary fragmentation techniques increased the chance of compound 

identification. A last example shows that our software allows on-the-fly decisions 

in LC-MS-based quantitative proteomics, e.g. the selection of labeled peptides 

followed by targeted fragmentation of the peptides that exceed a user-defined 

abundance ratio.   
 In Chapter 4, an FTICR-IMS experiment on rat brain tissue is described. 

An evaluation of the use of FTICR is made and possible improvements are 

assessed. A comparison between an FTICR-MS and stigmatic TOF imaging 

experiment is shown. The high mass resolution of FTICR-MS allowed to 

differentially localize compounds with very small mass difference. This could not 

be done using the lower mass resolution TOF instrument. To reduce the 

measuring time, FTICR-MS imaging should be restricted to analysis of areas of 

interest that can be pre-selected after an imaging measurement with faster 

imaging techniques. Imaging of small areas of interest combined with MS/MS 

analysis makes this approach valuable, thus complementing the high spatial 

resolution stigmatic TOF imaging approach.  

 Running an imaging experiment with FTICR-MS creates a very large 

amount of data. The higher the mass resolution of the experiment, the longer 

the acquisition and post-processing time. To deal with gigabytes of raw data a 

new approach for automatic parallel processing in a distributed computing 

environment is developed. In Chapter 5 this approach is demonstrated for large 

nanoLC (liquid chromatography)-FTICR-MS datasets. The speed benefits are not 

the only advantage of using this approach. The storage of raw data combined 

with the use of the parallel processing strategy allows the reprocessing of the 
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same set of data with different parameters (e.g. noise reduction, apodisation, 

calibration). This strategy, shown for LC-FTICR-MS data sets of cerebral spinal 

fluid samples, is also applicable for FTICR imaging experiments.  

 The final result of all the described developments will be the 

implementation of a switchable double source (ESI/MALDI) on the FTICR-MS 

instrument for combined high throughput proteomics and IMS. In Appendix 1 

the design and the results of a high performance linear accumulation octopole 

with enhanced ejection capabilities is presented. The octopole designed 

presented here, increased the measurement sensitivity by a factor of two. The 

implementation of the octopole was the first step in the development of our 

instrument in order to combine the existing ESI (electrospray) with imaging 

FTICR-MS. 
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De samenvatting 
 

 

Het begrijpen van een levend biologisch systeem vereist begrip van hoe 

verschillend biomoleculen in het organisme samenwerken. Om de aanhoudende 

processen te begrijpen die plaats vinden in een biologisch systeem, zou een 

enkel experiment dat zowel de chemische compositie, de ruimtelijke informatie 

als de veranderingen in de tijd weergeeft ideaal zijn. Nochtans, is er geen 

instrument of methode die deze informatie in een een-stapexperiment geeft.  

Momenteel is fluorescentie microscopie de meest gebruikte techniek om 

biomoleculen te lokaliseren. Antistoffen etiketteren met een fluorophore of 

kleurstof binden met de moleculen van belang, die dan door optische 

microscopie kunnen worden gelokaliseerd. Het combineren van de chemische 

specificiteit van het etiket met de zeer hoge ruimtelijke resolutie en gevoeligheid 

van optische microscopie maakt de lokalisatie van verschillende moleculen in 

cellen en weefsel mogelijk.  

Hoewel fluorescentiemicroscopie een veel gebruikte techniek is in 

beeldexperimenten heeft het een aantal belangrijke nadelen. Ten eerste moeten 

de te onderzoeken moleculen bekend zijn  en kunnen er maar een beperkt 

aantal in een enkel experiment worden geanalyseerd. Daarnaast is  het moeilijk 

om posttranslationele wijzigingen te detecteren en zouden de etiketten het 

natuurlijke gedrag en dus de lokalisatie, van de moleculen onder onderzoek 

kunnen beïnvloeden.  

Beeldmassaspectrometrie (IMS) verzorgt unieke chemische specificiteit 

en de mogelijkheid om de distributie van een veelvoud aan onbekende 

moleculen in een enkel experiment in kaart te brengen zonder te etiketteren. Als 

techniek heeft IMS zijn eigen uitdagingen. Beduidende vooruitgang is al 

gemaakt in het verbeteren van de snelheid en ruimtelijke resolutie van IMS. 

Momenteel bewegen methodologische en instrumentale verbeteringen richting 

ontwikkelingen die niet alleen informatie over chemische specificatie geven maar 
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ook chemische identificatie. In deze context worden nieuwe instrumentatie en 

methoden voor IMS beschreven in dit proefschrift.  

Hoofdstuk 1 stelt beeldmassaspectrometrie voor als een alternatieve 

techniek voor de de studie van verschillende moleculen in biologische weefsels. 

Eiwitten vertegenwoordigen een belangrijke klasse moleculen in biologische 

systemen. Om de vele biologische processen te kunnen begrijpen is het 

noodzakelijk om informatie over de structuur, functie, identiteit, hoeveelheid, 

ruimtelijke lokalisatie en veranderingen in de tijd van eiwitten te verkrijgen. 

Massa spectrometrie heeft zichzelf gevestigd als een belangrijk werktuig in 

proteomics. Nu wordt met de ontwikkeling van ruimtelijk opgeloste massa 

spectrometrie plaats bepaling gecombineerd met moleculaire identificatie wat 

nieuwe wegen opent om biologische vragen te beantwoorden. Niettemin moeten 

nog altijd veel uitdagingen aangepakt worden.  

Om IMS voor te stellen worden ionisatietechnieken en instrumentatie 

welke betrekking hebben op IMS beschreven in dit hoofdstuk. Verschillende 

ionisatietechnieken worden gebruikt, afhankelijk van het soort toepassing. In 

IMS matrix-geassisteerde laser desorptie ionisatie (MALDI) en secundaire ionen 

massa spectrometrie (SIMS) zijn de meest gebruikte methoden. In SIMS wordt 

het monster gebombardeerd met hoog energetische primaire ionen wat 

resulteert in ion desorption. De primaire ionenbundel wordt over het 

monsteroppervlak gerasterd, en registreert een massa spectrum op ieder punt 

(microprobe modus). Het resulterende hoge resolutiebeeld (50 – 100 nm) wordt 

opgebouwd na het verzamelen van al de gegevens. SIMS is gelimiteerd tot de 

analyse van moleculen met een laag moleculaire gewicht, tengevolge van de 

extreme fragmentatie die plaats heeft tijdens het bombardement met hoog 

energetische ionen. Om het massabereik toe te laten nemen zijn verschillende 

technieken ontwikkeld welke kort worden besproken in dit hoofdstuk..  

MALDI is een zachte ionisatietechniek. Het monster wordt in een 

geschikte matrix opgelost  om de energie van de laser te absorberen. Voor 

MALDI beeldexperimenten wordt niet de laser gerasterd over het oppervlakte, 

maar wordt het monster oppervlak door het laserveld bewogen. De afmeting 
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van de laserspot kan tussen de 50 en 200 µm zijn, wat resulteert in een 

beeldresolutie beduidend lager dan in SIMS experimenten. Om de ruimtelijke 

resolutie in MALDI te verbeteren, worden microscoopmodus experimenten 

verricht. In deze gestigmatiseerde ion beeldmodus wordt speciale ionen-optiek 

gebruikt welke de oorspronkelijke ruimtelijke distributie van de ionen tijdens de 

vluchtanalyse, intact houdt en de ionen aan hun gekoppelde beeldpunt op een 

2D positie gevoelige detector afbeeldt. In microscoopmodus, hangt de 

ruimtelijke resolutie af van de kwaliteit van de ionen optiek en de detector.  

Een andere (nieuwe) ionisatietechniek die in dit proefschrift wordt 

gebruikt is desorptie electrospray ionisatie (DESI). DESI vereist in principe geen 

monstervoorbereiding en wordt onder omgevings omstandigheden gebruikt. Hier 

worden geladen druppeltjes en ionen van oplosmiddel op het 

monsteroppervlakte gesprayed wat in desorptie en ionisatie van monster 

moleculen resulteert.  

In IMS wordt de noodzaak aan molecuul identificatie steeds belangrijker. 

Momenteel zijn er enkele verschillende benaderingen voor chemische 

identificatie. Hier is massa nauwkeurigheid en de mogelijkheid om verschillende 

manieren van ionen fragmentatie te verrichten belangrijk. Vluchttijd (TOF) 

instrumenten worden hoofdzakelijk gebruikt in IMS wegens hun snelheid en 

hoge ruimtelijke resolutiecapaciteiten. In dit proefschrift wordt transformatie 

Fourier ioncyclotron massa spectrometrie (FTICR-MS) geïntroduceerd als een 

IMS techniek. Aangetoond wordt dat FTICR-MS belangrijk is in IMS vanwege de 

aanvullende moleculaire informatie die verkregen wordt. In dit geval is de 

FTICR-IMS gegevensverzameling en analyse even belangrijk als instrumentele 

ontwikkelingen en verbeteringen in deze richting worden besproken.  

Hoofdstuk 2 wordt aan FTICR-MS gewijd. Principes van operatie en de 

plaats van dit instrument in IMS worden beschreven. FTICR-MS heeft een heel 

goede massaresolutie en massa nauwkeurigheid evenals vele verschillende 

soorten fragmentatie. Met FTICR-MS kan niet dezelfde ruimtelijke resolutie 

worden verkregen als met TOF instrumenten, echter het kan worden gebruikt 
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als een complementaire techniek in IMS. De voordelen en de nadelen van dit 

instrument in IMS worden in dit hoofdstuk besproken.  

Om ons doel te bereiken hebben we een nieuwe workflow gebaseerde 

gegevensverzameling en controlesysteem voor FTICR-MS ontwikkeld. In 

Hoofdstuk 3 wordt nieuwe software geïntroduceerd, met hoge mate van 

flexibiliteit in experimenteel ontwerp en die toestaat beslissingen ’on-the-fly’ te 

maken. Sequentie, evaluatie, beslissing en visuele modules worden beschreven. 

Om het voordeel van de modulaire software te demonstreren worden 

verschillende experimenten met standaard peptides verricht. Een voordeel van 

de modulaire software is dat het controle van buiten, zoals de beweging van het 

monster oppervlak, toestaat door een module die de uitwendige output leest. 

Een desorptie electrospray ionisatie (DESI) experiment wordt beschreven om 

het gebruik van deze methode in beeldexperimenten aan te tonen. Verder 

worden nieuwe experimenten in de workflow uitgevoerd waar ‘on-the-fly’ 

beslissingen worden gemaakt om dynamisch tussen verschillende fragmentatie 

technieken te schakelen. Met complementaire fragmentatie technieken neemt de 

kans op molecuul identificatie aanzienlijk toe. Een laatste voorbeeld toont aan 

dat de software ‘on-the-fly’ beslissingen in LC-MS gebaseerde kwantitatieve 

proteomics toestaat. Hier worden alleen de geëtiketteerde peptiden die een 

vooraf opgegeven abundantie verhouding overschrijden geselecteerd voor 

fragmentatie. 

In Hoofdstuk 4 wordt een FTICR-IMS experiment op rattenbrein 

weefsel beschreven. Een evaluatie van het gebruik van FTICR wordt gemaakt en 

mogelijke verbeteringen worden bepaald. Een vergelijking tussen een FTICR-MS 

en gestigmatiseerd TOF-MS beeldexperiment wordt getoond. De hoge massa 

resolutie van FTICR-MS stond differentie toe van verschillende moleculen met 

een heel klein massaverschil. Dit zou niet kunnen worden gedaan met de lagere 

massaresolutie van een TOF instrument. Om de meettijd te verminderen, zou 

FTICR-MS in beeldexperimenten moeten worden beperkt tot kleine gebieden van 

belang die worden geselecteerd na een volledig beeldexperiment met een 

snellere techniek. Beelden van kleine gebieden van belang gecombineerd met 
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MS/MS analyse maakt deze techniek zeer interessant en is een aanvulling op de 

hoge ruimtelijke resolutie gestigmatiseerde TOF beeldbenadering.  

Het uitvoeren van een beeldexperiment met FTICR-MS creëert een heel 

grote hoeveelheid gegevens. Hoe hoger de massaresolutie van het experiment, 

hoe langer de data acquisitie en verwerking tijd. Om met gigabytes aan ruwe 

data om te kunnen gaan is een nieuwe benadering voor automatisch 

parallelprocessing in een verdeelde berekenomgeving ontwikkeld. In Hoofdstuk 

5 wordt deze benadering voor grote nanoLC (vloeibare chromatografie) FTICR-

MS datasets gedemonstreerd. De toegenome snelheid is niet het enige voordeel 

van gebruik van deze benadering. De opslag van ruwe data gecombineerd met 

het gebruik van de parallelprocessing strategie staat het opnieuw porcessen van 

dezelfde gegevens met veranderde parameters (b.v. geluidreductie, of 

calibratie) toe. Deze strategie, aangetoond aan de hand van LC-FTICR-MS data 

van cerebraal ruggegraat vloeistof monsters, is ook toepasbaar voor FTICR 

beeldexperimenten.  

Het eindresultaat van al de beschreven ontwikkelingen zal de 

implementatie van een verwisselbare dubbele ionisatiebron (ESI/MALDI) op het 

FTICR-MS instrument, voor gecombineerde hoge verwerkingscapaciteit 

proteomics en IMS, zijn. In Aanhangsel 1 wordt het ontwerp en de resultaten 

van een hoge prestatie lineaire accumulatie octopole met versterkte uitstoot 

capaciteiten voorgesteld. Het octopole ontwerp hier gepresenteerd, vergrootte 

de gevoeligheid met een factor van twee. De uitvoering van de octopole was de 

eerste stap in de ontwikkeling van ons instrument om de bestaande ESI 

(electrospray) met beeld FTICR-MS te combineren.  
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