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Abstract

In MALDI, for laser fluences below the saturation point the ion yield per shot

follows a cubic dependence on the irradiated area, leading to a conclusion that smaller

spots produce overall less ions and therefore are less viable. However, Qiao et al.

showed that by decreasing the laser spot size it is possible to raise the saturation

point, and thus increase the ion yield per unit area, also known as sensitivity. Here

we explore laser spots below 10 µm diameter to determine whether they offer any

practical advantage. We show that sensitivity is greater for a flat-top 3–4 µm spot

than for a 10 µm spot. The sensitivity is greater for a Gaussian-like 3–5 µm spot

than for flat-top 5–25 µm spots. We also report for the first time sensitivity versus

theoretical fluence profile for a Gaussian-like beam focused to a spot of 3–5 µm.



Contents

1 Introduction 1

1.1 Mass Spectrometry of Biomolecules . . . . . . . . . . . . . . . . . . . 1

1.2 Matrix-assisted laser desorption/ionization . . . . . . . . . . . . . . . 9

1.3 Imaging Mass Spectrometry . . . . . . . . . . . . . . . . . . . . . . . 14

1.4 Sensitivity in MALDI . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Experimental 20

2.1 Mass Spectrometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.1.1 Ion source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.1.2 Quadrupole ion optics . . . . . . . . . . . . . . . . . . . . . . 34

2.1.3 Mass analyser . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.1.4 Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.2 Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.2.1 Sample and matrix preparations . . . . . . . . . . . . . . . . . 38

2.2.2 Deposition methods . . . . . . . . . . . . . . . . . . . . . . . . 41

2.3 Data acquisition and analysis . . . . . . . . . . . . . . . . . . . . . . 46

3 Results and Discussion 49

3.1 Fibre optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.2 Fibreless optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.3 Sensitivity profiling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.4 General discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

i



ii

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59



List of Figures

2.1 Orthogonal time-of-flight mass spectrometer with a custom quadrupole

and an ion source sections . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2 Two on-line optical configurations in use . . . . . . . . . . . . . . . . 23

2.3 Energy profile of the fibre beam. . . . . . . . . . . . . . . . . . . . . . 24

2.4 Two off-line optical geometries used for testing . . . . . . . . . . . . . 27

2.5 Not calibrated size comparison between burn marks and grid mesh . . 30

2.6 Reduced exposure of the fibre beam showcasing an unusual three-lobe

structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.7 Circular artifacts found around the burn marks . . . . . . . . . . . . 32

2.8 An ion source assembly . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.9 Two axial field configurations . . . . . . . . . . . . . . . . . . . . . . 35

2.10 Substance P spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.11 Electrospray deposition system . . . . . . . . . . . . . . . . . . . . . 41

2.12 Signal from 500× 500 µm2 squares . . . . . . . . . . . . . . . . . . . 43

2.13 Relative size of the matrix crystals using one layer spotting technique

with different organic solvents. . . . . . . . . . . . . . . . . . . . . . . 45

2.14 A schematic of the raster program and its microscope images . . . . . 47

3.1 Total ion yield generated by scanning 310× 310 µm2 area with 10 µm

and 3–4 µm laser spot . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.2 Comparison of sensitivity results for fibre and fibre-less optics . . . . 54

3.3 Sensitivity profiles for 50 µm fibre and 3–5 µm Gaussian-like spot . . 57

iii



Acknowledgements

I would like to extend my thanks to the following people who played an important

role before, during and after my thesis completion.

Dr. Oleg Krokhin, my first mentor, introduced me to the field of applied mass

spectrometry almost eight years ago when he hired me as his summer student. Oleg

allowed me to learn independently though trial and error, but was always available

to help me out with an advice. He provided me with analytical challenges and food

for thought. He carefully guided me through peptide preparation, separation and

analysis. He taught me how to perform de novo sequencing and how to read mass

spectra. He gave me the fundamental basics that allowed me to tackle challenges

in my project. I could not have started my mass spectrometry journey without his

involvement. For that, I am grateful.

Dr. Ken Standing, for supporting me at the beginning of my career as a sum-

mer student, and allowing me to contribute to some of the more interesting projects

applied to the real world problems. Through his collaborations, I’ve understood the

challenges of multinational teams working together and benefits such collaborations

can have.

Dr. Werner Ens, my first physics professor at the University of Manitoba, and

project supervisor. At first intimidating, it took me some time to understand that he

is very approachable and friendly person. I would like to thank him for hiring me as

his summer student, and eventually making Master of Science out of me. I admire

his patience and his ability to solve seemingly any analytical or technical problem

iv



v

without leaving his office. He is a true genius that can image the problem in his

head and find out almost immediately what went wrong. He can also see things not

immediately apparent. I would like to thank him for aspiring me for greater things.

I wish his dog and his family to live long and prosper.

Gilles Roy, Dr. Vladimir Montero Collado, Vijanaka Fernando, Dr. Hui Qiao and

Andrew Pankewycz all deserve a mention. Gilles helped me solve countless technical

issues with my research. His hands on experience is invaluable and my research

would not be possible without his coffee mug, his ideas, or his What do you want! He

taught me how to use lathe and drill, how to tap holes and how to manufacture my

own equipment from raw materials.

Vladimir was always there when there was an instrument problem. He is very

warm and intelligent person. He taught me some of the more technical aspects of

the mass spectrometer, and showed me how to change oil in roughing pumps without

shutting them down. I wish his daughter to finally realize her talents and become,

one day, a great artist.

Vijanaka visited us a couple of times, and taught me about electronics. His quiet

nature and approachable personality was only matched by his skill in electronics and

his ingenuity. The things he created during his short stay were practical and useful.

Hui, my predecessor, showed me how to operate, troubleshoot the instrument,

and how to take it apart and put it back so it works again. I hope you finally re-unite

with your family.

Thanks go to Andrew for helping me out with a re-designed ionization source, and

for teaching me how to properly file.

I would like to thank Dr. Linda Donald for continuous entertainment (and cookies)

she provided every time she stepped into our lab.

I would like to thank my friend Ryan Desautels for lending me his optics books

and providing me with various topics of discussion, from current news to the meaning

of life of a graduate student; for involving me in Dungeons and Dragons and sparking



vi

a love for board games.

Special thanks go to Susan Beshta, a graduate student liaison, for taking care

of all the administrative details and calming me down during some of the desperate

times.

Last, but not least, my family. My mom and dad, and my brother, who never lost

faith in my long journey. Some of the best discussions were happening behind the

scenes outside of the lab, inside their home. Thank you very much for supporting me

during this interesting period of my life.

This research would not be possible without the support from NSERC Canada

and Science Faculty of the University of Manitoba.

Thank you all for your impact on me and my research!



Chapter 1

Introduction

1.1 Mass Spectrometry of Biomolecules

A mass spectrometer (MS) is an analytical instrument that allows measurement of

a molecule’s mass-to-charge ratio, m/z. The types of mass spectrometers are vari-

ous, from large and expensive electric and magnetic field sectors looking at isotopic

patterns of exotic gases, to small and cheap quadrupole mass filters for detection

in gas or liquid chromatography. Each instrument requires an ionization source to

produce ions that can be manipulated with electric and magnetic fields. Ions are

then separated based on their m/z ratio. Once the separation occurs, the ions are

detected. The detector provides either spatial or temporal information that can be

used to determine the ion’s m/z value.

Although the principles of each instrument vary, they all need to have good accu-

racy and resolution. Accuracy is the ability to assign a proper m/z value to a detected

peak. The resolution, ∆m/m, is an ability to resolve two peaks that are close to each

other. The resolution depends on the separation features of the instrument. The

accuracy depends on the resolution, as well as proper calibration of the instrument.

1
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Ionization techniques. Early mass spectrometers were limited by a small range

of m/z ions. Ionization techniques produced heavy fragmentation of the sample.

Electron ionization (EI) is one such technique [1]. An ion source filled with a gaseous

sample is bombarded with electrons directly. Electrons knock out an outer shell

electron, resulting in the ionization of a neutral analyte. Mostly gases, or specially

modified small organic molecules can be processed effectively with this method. The

energy imparted is ∼ 70 eV. To protect an analyte from fragmentation, a buffer

gas was introduced and the technique was called chemical ionization (CI). Electrons

bombard the buffer gas, ionizing it. Buffer ions then transfer their charge to the

analyte via secondary reactions, such as proton transfer, charge exchange, cluster

formation. Chemical ionization imparts less energy to the analyte, helping to reduce

fragmentation of larger molecules.

Field ionization (FI) is one of the first techniques to produce ions directly from

a solid. It opened the way to ionize non-volatile samples, up to 1 kDa. A heating

filament is coated with the analyte and a high potential is applied inducing a proton

transfer directly to the analyte [2]. With a help of the heating filament the analyte

evaporates in vacuum.

Around the same time laser ionization (LI) was invented which also produces

ions from a solid. It allows simple analytes to be ionized if the energy of the laser

wavelength matches their ionization potential [3]. Simple organic molecules, such as

phenothiazine and decacyclene, require no more than 5 eV of imparted energy to

get ionized, making this ionization technique softer than electron ionization [4]. For

larger molecules, however, a multi photon ionization is necessary. As the molecules

de-excite, they release photons that can break chemical bonds holding an analyte

together, leading to fragmentation. Working range of laser ionization is around 1

kDa [5].

Plasma desorption (PDMS) ionization is another method to produce ions from

a solid. It involves the use of radioactive particles in MeV range, such as fission
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fragments from decay of 252Cf, to induce ionization and desorption of the analyte [6].

252Cf undergoes a spontaneous fission, resulting in two products flying in opposite

direction. The method is well suited for time-of-flight mass spectrometry (TOF MS).

TOF MS measures the time it takes for an ion to fly through a certain distance

before hitting a detector. One product of fission bombards a target with analyte,

volatilizing and ionizing it. The other product serves as a starting signal for a digital

clock in TOF MS. Organic molecules up to 66 kDa can be seen with this ionization

technique, although the practical range is less than 20 kDa. The ion source for

PDMS produces around 3000 events per second into the solid angle of a target, and

has a half-life 2.6 years. PDMS has been largely abandoned for other techniques with

higher sensitivities and data acquisition rates. Newer techniques, such as fast-atom

bombardment and secondary ionization, offer control over the intensity of produced

ions and relative ease of use compared to PDMS.

Secondary ionization mass spectrometry (SIMS) has similar characteristics to

PDMS. The technique involves a bombardment of solid analyte with primary ions

in keV range. Analyte is imparted energy for both ionization and ablation. However,

the method has a limited use with higher mass biomolecules due to damage it causes

to the analyte. It also modifies subsequent layers. SIMS is routinely used for study

of organic and inorganic solid samples up to 5 kDa. A special application of SIMS is

in imaging mass spectrometry. It offers a sub-micron lateral resolution and variable

intensity current.

By embedding an analyte in glycerol, and bombarding it with neutral atoms in

keV range, it is possible to produce high intensity ions [7]. The technique is called

fast atom bombardment ionization (FAB). Unlike SIMS, FAB is resistant to damage.

Glycerol is a liquid that provides regeneration of bombarded surface and provides

high ablation rates. Mass range is similar to PDMS and SIMS. Sector instruments

take advantage of high ion currents FAB generates.

Two recent techniques, electrospray ionization (ESI) and matrix-assisted laser
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desorption/ionization (MALDI), became a revolution that gave an order of magnitude

in mass range and 2–3 orders of magnitude in sensitivity compared to SIMS, PDMS

and FAB. The invention of these techniques led to The Nobel Prize in Chemistry

in 2002 [8]. ESI involves the spraying of analyte into a high electric field. Sample

separates due to repelling Coulomb forces. Volatilization is enhanced by heating or

vibration. Multiple charges are added to an analyte, lowering m/z-value even for

large biomolecules. Electrospray is widely used with quadrupoles and traps, and

conveniently coupled to HPLC. MALDI is a pulsed laser technique well suited for

TOF MS. Sample is embedded inside an organic matrix. Laser ablates sample and

ionizes it via various secondary ionization mechanisms. MALDI is well suited for time

of flight mass spectrometers.

Types of mass spectrometer. A linear (or axial) time-of-flight (TOF) mass anal-

yser is a very simple instrument. It provides unlimited mass range, parallel ion detec-

tion, high sensitivity and fast response. The first version of the instrument appeared

as early as 1948, but had limited application because of its low resolution [9]. Coupled

with the recent developments of fast digital electronics and soft ionization techniques

that produce ions on a surface, it became a popular choice for biomolecule analysis

[10]. The technique is essential for PDMS and performs well with pulsed SIMS.

In a simple linear TOF mass spectrometer the ions can be formed on the same

plane, or within a small volume. Ions are injected linearly into the time-of-flight

tube at the same time. The accelerating potentials are typically up to 20 kV. The

ions gain the same kinetic energy. The ion velocity depends on the square-root of

its mass, v ∝
√
m/z. This means that low m/z ions travel faster than high m/z

ions. The ions drift in a linear fashion inside the flight tube where they are allowed to

separate based on their m/z value. The linear flight tubes are usually 0.5–2 m long.

A pulsed technique is necessary to produce a start signal when ions enter the time-of-

flight tube, and a detector hit serves as a stop signal for the stopwatch. The pulsed
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requirements make LI, MALDI and PDMS techniques well-suited for linear TOF MS.

The frequency of ion production, however, should be low enough to prevent an overlap

of information.

In the early days, the resolution in TOF MS was limited by the energy spread of

ions produced in the source. Wiley and McLaren introduced both space and velocity

focusing using a two-stage acceleration with their electron impact source [11].

They showed first that with suitable acceleration fields, ions with a pure spatial

spread in the acceleration region are subject to space focusing, such that ions of the

same mass but different initial location will reach the detector plane at the same time.

This is because ions initially close to the grid acquire less energy in the acceleration

region than more distant ions and therefore are overtaken by the latter after travelling

some distance determined by their original position and the accelerating electric fields.

Secondly, they introduced time-lag focusing to correct for a pure velocity spread.

In this technique, now usually called delayed extraction, a delay is introduced between

ion production and the application of the accelerating fields, during which the ions

drift freely. When the accelerating field is applied, the ions will be separated in space

according to their velocity, allowing the same spatial bunching mentioned above to

produce focusing.

In the general case descried in detail by Wiley and McLaren, there may be both

spatial and velocity spreads in the initial ion distribution, so some compromise is

necessary to give optimum focusing. However, the two currently popular ionization

methods, ESI and MALDI, approximate the two limiting cases described above. Ions

suitably injected from an ESI source have an appreciable spatial spread, but a very

small velocity spread (see below). A pure velocity spread is approximated by the

geometry normally used for MALDI, since MALDI ions are ejected from an equipo-

tential target by a very short laser pulse. In a simple linear TOF spectrometer,

resolution can be optimized in both cases by using a two-stage acceleration region

and setting the accelerating fields so that the focal plane coincides with the plane of
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the detector.

In 1971, Mamyrin introduced an electrostatic mirror that reverses the direction of

the ion flight [12], in order to compensate for small energy differences in similar m/z

ions. Faster ions have a deeper penetration of the mirror, but spend less time in free

flight, and with a suitable field, the ions are focused on the same plane when they reach

the detector. A single-stage mirror consists of a single linear deceleration field and

provides a first-order correction to the ion velocity spread [13]. A two-stage electric

mirror, with independent electric fields, allows for a second-order energy correction

[14].

The best performance of TOF instruments is now achieved by a combination of

an electrostatic reflector and the Wiley-McLaren focusing techniques, and this combi-

nation is the basis for most current high-performance TOF systems. By themselves,

the Wiley-McLaren focusing methods are limited because the narrowest time distri-

butions are achieved for short flight paths, but good mass resolution requires long

flight paths to provide time dispersion between ions of different mass. The electro-

static mirror provides energy focusing but does not compensate for time spreads in

the source region, so by itself it also offers limited improvement. However, the two

methods are highly effective when used in combination. The ions from the source are

focused into a flat ion packet near the source and coincident with the object plane of

the mirror. The mirror the images the ion packet onto the detector, greatly increasing

the flight-time and therefore the time dispersion between species, without appreciably

increasing the time spread.

There are several cases in which mass analysis of ions produced in a continuous

beam (such as ESI) can benefit from the high efficiency and high mass range of

TOF instruments. Orthogonal injection was introduced for this purpose in the early

1960s [15], but was rediscovered recently for applications with soft-ionization methods

[16, 17]. In this method, a continuous beam of ions enters the TOF instrument

perpendicular to its axis with low velocity and is injected into the flight path by a
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pulsed extraction field directed along the TOF axis. Depending on the geometry,

duty cycles of about 20% are typical in reflecting instruments, with the remaining

80% of the ions lost while injected ions drift to the detector. The advantage of parallel

detection compared to scanning is much more significant.

Limits on the injection efficiency and the resolution are set by the spatial and

velocity spreads of the injected ions. The properties of these instruments are therefore

considerably improved if they are preceded by an ion guide running at relatively high

pressure (up to ∼ 10 Pa) to provide collisional cooling of the ions before they enter

the TOF spectrometer [18]. In this way, a beam produced with a small energy spread,

limited by thermal velocities, allowing effective spatial focusing as described above.

Orthogonal injection of MALDI ions was introduced to take advantage of the

decoupling of the ion source from the mass spectrometer [19]. This largely removed

the dependence of the instrument performance on the properties of the laser and the

sample. The pulsed MALDI source is converted into a quasi-continuous beam in the

collisional ion guide, and then injected at a high repetition rate, allowing more ions

to be analyzed without saturating the detector. In this case, the 20% duty cycle is a

disadvantage compared to an axial-injection system with effectively 100% efficiency.

Quadrupole mass spectrometer (QMS) is another type of mass analyser. It was

first developed by Wolfgang Paul [20]. The instrument separates ions with different

masses using a quadrupole electrical field with a superimposed radio-frequency field,

established by four parallel rods at the corners of a square. He received The Noble

Prize in Physics, 1989, for the development of the ion trap technique [21]. The motion

of the ions depends on their m/z value [22], such that only ions of a narrow m/z range

have a stable trajectory. Due to this selectivity, quadrupole fields act as mass filters.

QMS m/z range is typically 2000 and the accuracy is hundreds of ppm. Its resolution

is limited by the time an ion spends inside the quadrupole field. QMS sensitivity

decreases when the resolution increases, leading to poorer signal from the heavier

ions. QMS is well suited for gas and liquid chromatography coupled to electrospray
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interface due to its ability to process large volume of ions. The ions produced by ESI

are in general no more than m/z = 2000, due multiple charges added to an analyte.

The same rod configuration used for QMS can act as an ion guide that operates

only in RF-only mode allowing all the ions to pass through unhindered. The initial ion

kinetic energies do not need to be consistent, because the quadrupole field overrides

them easily. Linear guides are used in collision-induced dissociation cells (CID), where

complex ions are collided with a neutral inert gas to induce controlled fragmentation

[23]. The use of CID cells is very important for de novo sequencing of unknown

peptides.

Quadrupole instruments are easily coupled in tandem with other instruments. For

example, triple quadrupole instrument (QqQ) [24]. It combines three quadrupoles se-

quentially. First and third quadrupole sections act as a mass filter (Q), and second

quadrupole section acts as a collision-induced dissociation cell (q). An ion is selected

for the fragmentation in the first quadrupole. The fragmentation occurs in the second

quadrupole. Each fragment is analysed by scanning the third quadrupole. Overall

QqQ has a low sensitivity due to scanning nature of the last quadrupole. Once

daughter ions are generated in CID cell, only ions in a narrow m/z-range can be de-

tected. Hybridization with other mass analysers is necessary to improve instrument’s

sensitivity.

A need to acquire a simple mass spectrum (MS), as well as the collision-induced

fragmentation spectrum (MS/MS) pushed combining quadrupole fields with the time-

of-flight mass spectrometers. TOF machines are fast and offer a parallel detection,

and CID cells provide the necessary fragmentation for the peptide identification. A

first such machine had a single CID cell coupled to a linear time of flight tube [25].

The instrument interfaced with a thermal desorption probe. It allowed to perform

fragmentation with daughter ions analysed right after in a TOF MS.

The first coupling of cooling quadrupole cell with orthogonal injection time of flight

was done by research group at the University of Manitoba [18]. The initial kinetic and
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thermal energies of the ions coming out of the ion source are gently transferred to the

cooling gas by means of a two dimensional oscillation and collision [26]. The collisional

energy with inert gas is below 10 eV to prevent fragmentation. This makes an energy

spread in the axis of the injection very small and tolerable, and improves resolution

and sensitivity of the instrument. The ions leaving the quadrupole segments tend to

spread along the quadrupole axis, turning pulsed beam of ions into a quasi-continuous

beam. As a result, combining collisional cooling and orthogonal injection TOF MS

reduced dependence of peak broadening on the energy spread inside the ion source.

ESI and MALDI ionization techniques are routinely used on the same instrument

without a need to change much of the settings. The same principles apply to an

addition of a CID cell. As the method evolved, both MALDI and ESI ion sources

are now coupled to tandem mass spectrometers. Nowadays, such instruments come

with 40,000 (FWHM) resolution, low ppm accuracy, low attomole sensitivity and the

ease of use. Due to a large ion capacity and parallel detection of TOF analysers,

the instrument’s early applications were on-line liquid chromatography coupled to

MS/MS analysis.

1.2 Matrix-assisted laser desorption/ionization

Matrix-assisted laser desorption/ionization (MALDI) is a powerful technique that al-

lows conversion of complex organic compounds, such as peptides, sugars and lipids,

from a solid to a gas phase, while ionizing them. The discovery of the technique

led to part of The Noble Prize in Chemistry, 2002, shared by John B. Fenn and

Koichi Tanaka for their development of soft desorption ionisation methods for mass

spectrometric analyses of biological macromolecules [8]. Fenn developed the electro-

spray ionization technique [27, 28], and Tanaka developed a variant of conventional

MALDI. Tanaka mixed protein sample with glycerol containing cobalt particles, and

used a nitrogen laser to induce ablation and ionization of the analyte [29]. The laser
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of 337 nm wavelength was not absorbed by the protein, but by the cobalt particles

instead, preventing fragmentation. Ionization was presumed to happen via additional

reactions once both matrix and the analytes were in the gas phase, adding a positive

charge to an intact protein.

An earlier, and ultimately more successful variant of this techniques was in-

troduced by Karas and Hillenkamp [30], although the high mass capability was

not demonstrated until 1988, after Tanaka’s revelation [31]. Initially they used

nicotinic acid as the matrix to absorb the wavelength of the radiation. The or-

ganic matrix introduces a buffer and protects the analyte from the laser energy. It

is responsible for desorption and ionization of the analyte. Three more matrices

were discovered shortly after that are now widely used in various applications: 3,5-

dimethoxy-4-hydroxycinnamic acid [32], 2,5-dihydroxybenzoic acid [33] and α-cyano-

4-hydroxycinnamic acid [34]. The further developments of MALDI revolved around

finding new and more efficient matrices, understanding of fundamental principles and

finding practical uses and applications for the analysis of the organic macromolecules.

The role of the laser parameters and the energy transfer is important in the

MALDI process. An organic matrix needs to absorb at least the amount of energy

equal to its heat of fusion and vaporization to undergo a phase change. For safe phase

transition the analyte must be integrated into and completely surrounded by the ma-

trix lattice structure. The analyte to matrix ratio varies between 1:1,000–50,000 molar

ratio. The efficiency of the MALDI process depends on the photon wavelength and

the absorption of the matrix for that wavelength [35]. If the matrix absorption lies

on the edge of the laser’s wavelength, then the ion yield suffers. The quality of the

formed plume depends on the length of the pulse. For ultra-short laser pulses in the

range of a few femtoseconds, the photo-dissociation by non-linear processes occurs.

In this case the pulse is shorter than the average time for matrix ionization and if one

or more photon energies match the bonding energy between atoms comprising the

analyte molecule, fragmentation can occur [36]. The longer pulses (∼ 25 ns) lead to
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the analyte degradation via the destructive thermal excitation [37]. A typical laser

pulse used in MALDI is 0.5–10 ns. Laser pulses on the shorter range result in the

better quality plumes due to higher plume pressure build up [38]. Plumes with higher

initial pressures produce less analyte-matrix clusters.

The mode of ablation of neutral compounds depends on the fluence of the laser.

Johnson suggests that for low fluence each laser pulse removes matrix layer by layer

until all of the matrix in a given spot is consumed [39]. A smooth transition from

solid to gas phase takes place via desorption of matrix molecules. As the laser fluence

increases, the scale of the phase change rapidly increases. At high laser fluence the

system absorbs more energy than a combined energy of melting, sublimation and

other types of phase transitions. Eventually, the system goes into a superheated

state prior to going into a gas phase, and large matrix chunks are ejected into gas

phase [40]. In any mode, the result of matrix desorption is a plume of gas rapidly

expanding into the vacuum.

A number of models try to predict the behaviour of the gaseous plume. The axial

component of plume geometry is reported to be larger than its radial component,

resulting in a uni-modular distribution of gas [41]. The plume dynamics seem to

be independent of initial conditions. The ion internal energies are predicted by the

matrix sublimation temperature [42] and the nature of fragmentation is tied to the

proton affinities of the matrix [43]. Some simulations and models suggest that the

gas plume undergoes an expansion, leading to a cooling off effect, where the matrix

and the analyte undergo a reduction in internal energies [38, 44]. A number of re-

actions happening inside the plume decreases, and the gas pressure reduces. If the

initial plume pressure is low, as in the case of long laser pulses, some analyte-matrix

clusters may be formed. Shorter laser pulses can decrease the amount of clusters.

The simulations predict that for all pulse widths about two thirds of the material is

ejected as separate molecules [38].

Two theories of ionization emerged recently. One model predicts that the cluster-
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analyte interactions are responsible for an ionization. They are ejected from a target

surface during desorption step of MALDI, and can be easily detected by increasing an

ion source operating pressure [45]. Clusters consist of matrix-matrix, matrix-analyte,

matrix-water, and other charged complexes, and are held by hydrogen bonding and

Coulomb interactions [46]. Clusters are ejected either neutral due to the overall

balance of ions and counter-ions, or with a charge induced by disruption of analyte-

matrix lattice during the desorption step. Many analyte molecules come pre-ionized

with the help of ion pairing reagents, such as trifluoroacetic or a formic acid. Ion

pairing reagents lower pH of the solution, stabilizing the charge on peptides. During

crystallization, the charges get trapped inside the matrix lattice. Once in the gas

phase, a number of charge-reducing mechanisms take place. These include neutral-

ization of analyte by counter-ions during cluster dissociation, generation of new net

neutral clusters, absorption of photoelectrons and free metallic electrons [47]. When

an analyte ion dissociates from a cluster and avoids charge-reducing reactions, it can

be detected as a protonated species by a mass spectrometer. Species of sufficiently

high m/z value have a greater chance of maintaining higher charge states than smaller

species.

The other model involves fluorescence theory [48]. Knochenmuss et al. break down

the ionization into primary and secondary reactions. Primary reactions ionize matrix,

and secondary reactions ionize analyte. According to this model, a matrix molecule

gets excited to its first excited state by the laser. If another excited matrix molecule

is located within 20 molecules, its de-excitation energy can be pulled to excite a first

matrix molecule to an even higher energy state [38]. In this way, it is possible to

ionize one molecule of matrix. The model suggests that the energy pooling is the

primary ionization mechanism in MALDI. An experiment conducted by Jaskolla et

al. seems to support parts of this claim. A temperature-sensitive molecule, such as

N-p-methoxybenzylpyridinium ion, undergoes dissociation at a certain temperature

[49]. By varying the temperature, it is possible to turn the dye into a fluorescent
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trap. The group showed that by activating the molecule it completely shuts down the

MALDI process by trapping laser energy. The trapped energy decays as vibrational

energy.

Secondary reactions are responsible for analyte ionization and may include proton

transfer, alkaline cationization and neutralization of free radicals. Some ionization

theories suggest that plume reactions are driven by proton affinities of the species

involved [50]. Species with greater basicity are more likely to receive positive charge

from proton transfers. Although there are many simulations that try to explain the

production of mostly +1 species [51], there is no experimental evidence to support

them.

More recent theories try to combine together fluorescence and analyte-cluster in-

teractions. They suggest that MALDI ionization is comprised of two independent

mechanisms. This independence can be targeted to boost one ionization mechanism

over the other. For example, Karas et al. suggest to decrease pH of the solution

before the sample is mixed with the matrix to improve the survival chances of charge

in clusters [52]. On the other hand, Knochenmuss et al. propose to use higher laser

fluence to increase the rate of energy pooling, which should have little effect on pre-

formed charges in clusters [53]. Matrices with high proton affinities are predicted

to inhibit secondary reactions in fluorescence model, but help to maintain charge in

clusters.

Combined theories are able to explain the matrix suppression effect, when at

low fluence and high analyte concentration a lack of charged matrix molecules is

observed. However, it can only partially explain the analyte suppression, when a

particular analyte signal is lacking due to presence of other sample species in the

sample. Experimental work still needs to present concrete evidence to support the

validity of the above models of MALDI ionization.
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1.3 Imaging Mass Spectrometry

One of the applications of mass spectrometry is mass-selected imaging of biological

tissues. A two-dimensional image carrying mass spectroscopic information can be

extracted from a tissue. The pixel size is defined by lateral resolution of the ion-

ization method in place. Imaging mass spectrometry (IMS) has an advantage over

other imaging techniques, as its mass selection provides chemical identity. Peptide

sequences, and chemical or biological modifications can be identified. IMS allows

monitoring of expression of biological products in different diseases and conditions,

as well as to recognize a malignant from a normal tissue [54]. The imaging can track

the locations of where the drugs are deposited, as well as the metabolite expression.

Common ionization techniques used in the imaging mass spectrometry of tissues

are matrix-assisted laser desorption/ionization (MALDI), secondary-ionization mass

spectrometry (SIMS) and several new atmospheric ionization methods such as des-

orption electrospray ionization (DESI). DESI is an atmospheric ionization technique

that employs the electrospray as a primary mechanism for ionization and desorption

of the sample directly from a tissue. Charged droplets are delivered to the surface of a

tissue with a small capillary. Droplets dissolve and ionize the sample, and evaporate

via the usual electrospray mechanism. Charged sample is then analyzed with a mass

spectrometer [55]. DESI is convenient to use due to it being an ambient ionization

technique that requires no matrix. The lateral resolution depends on the distance

between a capillary and a tissue, nebulization gas pressure, solvent flow rate and sol-

vent composition. A 250 µm lateral resolution is routinely achieved, which is inferior

to other imaging techniques.

SIMS uses primary metal ions to bombard a surface of the tissue, leading to

creation of secondary ions that are then collected and detected [56, 57]. SIMS can

produce very small beams, less than a micrometer and does not require the use of the

matrix. SIMS is usually used for smaller molecule analysis. SIMS can perform depth

profile, removing sample layer by layer. It is used in the industry for testing inorganic
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materials. Unfortunately, the primary ions permanently modify the subsequent layers

of the analyte, making repeated acquisition of the spectra from the same spot yield

different results. SIMS is much less sensitive overall, limiting its use for proteins.

However, secondary ionization gives best spatial resolution for lipid analysis.

MALDI, on the other hand, provides a high mass range and high sensitivity but

with routine lateral resolution typically ∼ 100 µm. However, competing processes,

such as analyte suppression effect, can interfere with detection of small m/z-value

drugs. An addition of wet matrix introduces a protein migration. In order for

MALDI to function properly, some integration of the analyte into the matrix lat-

tice is necessary. Commonly used spotting technique displaces analytes from their

original location. This introduces inaccuracies in spatial information. Proteins suffer

more from this displacement than lipids.

The following matrices are often used with MALDI imaging mass spectrometry.

Sinapinic acid (SA) is used for protein profiling [58]. SA however is not suited for

small peptide analysis, as it produces poor spectra for ions below 2.5 kDa. α-Cyano-

4-hydroxycinnamic acid is used for small peptide analysis instead. The spotting of

these two matrices produces small crystals, which is an advantage over other matrices,

such as 2,5-dihydroxybenzoic acid. Protein lateral resolution is limited to ∼ 100 µm

and lipid resolution is 10–50 µm. An interest in the MALDI IMS development has

increased lately as a replacement for SIMS.

A biological tissue contains a variety of proteins, peptides, sugars and other bio-

logical molecules, and sensitive detection of these molecules is a critical figure-of-merit

for imaging. One of the ways to improve sensitivity is to use small beam spots (see be-

low). Although the spatial resolution is ultimately limited by the sample preparation

techniques, optical efforts, such as the microprobe [59] and the near-field objective

[60], allow the use of sub-micron laser beams. An understanding of fundamental

relationships between laser fluence, spot size, ion yield per shot and sensitivity is

necessary to improve the dynamic range of MALDI imaging.



16

1.4 Sensitivity in MALDI

In most investigations of MALDI performance, the ion yield, defined as the ion per

laser shot, is studied. However, the question of sensitivity is essential for MALDI

imaging. It determines the number of ions produced from a given area of tissue and

therefore limits spatial resolution for particular analysis.

The sensitivity in MALDI depends on various factors. Matching a laser wavelength

to matrix optical absorption peak is necessary. The understanding of laser parameters

is important for the optimization of the ablation process, as well as the ion yield and

the sensitivity. Laser pulse width affects plume dynamics as discussed earlier. The

energy area density, also known as the laser fluence, influences ion yield and the

sensitivity. Laser fluence dictates whether the ions are detected or fragmented. A

large area of irradiation increases the ion yield per shot, but does so at decreased

efficiency. Homogeneous, Gaussian or speckled beam profiles have different effects

on the sensitivity and ion yield. The choice of the matrix and the matrix-analyte

ratio determines whether the matrix competes with or promotes analyte ionization.

Understanding fundamental processes can hint what parameters to target for the

optimization. Developing experimental practices, as well as theoretical models is

necessary to further improve the sensitivity of the MALDI process.

Two common laser types are used for MALDI, nitrogen gas discharge laser (337

nm) and Nd: YAG laser (355 nm). Both lasers roughly target the optical absorption

peak of the α-cyano-4-hydroxycinnamic acid (CHCA) [61, 62]. Nd: YAG laser tends

to have a lower energy output than the nitrogen laser, but it has a faster repetition

rate to compensate for the lower ion yield. The shape of the laser beam profile plays

a bigger role on ion yield than a slight mismatch of the wavelengths with the matrix

absorption peak. Both nitrogen and Nd: YAG lasers produce a speckle pattern, with

many local peaks due to laser mixing modes [63]. Nd: YAG produces sharper spots,

with a rapid laser intensity drop off outside of the local maxima, whereas nitrogen

beam shows a slower drop-off effect. A nitrogen laser has the best ion yield per shot.



17

The modulation of optic fibre can increase the ion yield of Nd: YAG laser [62, 63].

A version of speckle beam is being promoted by Bruker Daltonics, called smartbeam

[62]. The pattern is produced by a proprietary modulator. They reported higher

ion yields from smartbeam than from a regular Nd: YAG laser. However, there is a

simpler way to improve the sensitivity of Nd: YAG laser. By continuously twisting

optic fibre, one can mix laser modes and produce a more homogeneous laser profile,

increasing irradiation area [63].

The effects of laser fluence were studied at the energies below the threshold and

above the saturation levels. The fluence (F ) is directly proportional to the laser

energy (E), and inversely proportional to the area of laser spot (A), F = E/A. Early

belief was that there is a laser fluence threshold below which no ions are produced

[64, 65]. Westmacott et al. showed that MALDI does not involve a hard threshold

fluence, but a steep dependence of the ion yield on fluence appears in practice like a

threshold [66]. Typically, the threshold fluence is taken to be the fluence at which a

single laser shot produces an ion signal-to-noise ratio greater than 2 or 3. As such, it

clearly depends on the geometry and transmission efficiency of the instrument. When

the laser operates at fluences below a threshold value, a Poisson distribution governs

the ion detection. A threshold therefore is a technical limitation of hardware rather

than a fundamental feature of MALDI. Above an ion threshold the ion yield rapidly

increases with an increased fluence following a steep power-law, until a saturation

point is achieved. Saturation point is reached when the ion yield cannot be improved

by increasing fluence. At saturation levels and above the yield decreases slowly due

to various fragmentation mechanisms.

Laser spot size has an influence over the amount of ions produced in MALDI. An

ability to focus laser beam to smaller area results in an increase of fluence. Below

saturation, ion yield per shot shows a cubic dependence on the area [65, 63], leading

to overall less ions for smaller spots. At saturation levels there is a linear dependence

between the ion yield and the fluence. However, decreasing the spot size, as well as
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increasing the fluence was shown to increase the sensitivity [63]. Qiao et al. showed

that higher saturation levels can be achieved by using smaller laser spots. If enough

fluence is channelled to a smaller spot, total ion yield deficiency can be compensated

by an increased sensitivity from a smaller area of irradiation. A number of spot sizes

were tested, from 200 µm to 10 µm in size. A power law also governs the sensitivity

with respect to fluence. The results extend to 3,5-dimethoxy-4-hydroxycinnamic acid,

2,5-dihydroxybenzoic acid, α-cyano-4-hydroxycinnamic acid and potentially to other

matrices. The results stay consistent for peptides and proteins in 1–24 kDa range.

Guenther et al. conducted a similar study with an atmospheric pressure (AP) MALDI

source [67]. They used lower fluences to reach an apparent threshold, and were able to

reach higher saturation levels than previously reported. The results were attributed to

a better transmission of their co-axial ion source, as well as an employ of atmospheric

pressure [68]. Guenther used a Gaussian instead of a flat-top profile employed by

Qiao. Gaussian beams have a spatial dependence on the energy channelled to the

spot, leading to a slower response of ion yield per shot with respect to the fluence.

Although there is no detailed study of ion yield response for larger than 10 µm spots

for the atmospheric MALDI, Guenther was able to confirm that for laser spot sizes

between 1 µm and 8 µm the sensitivity improves with smaller spot sizes. Higher levels

of saturation can be achieved with smaller beam sizes.

Guenther et al. were able to profile sensitivity for sub 10 µm laser spots. However,

a direct comparison to Qiao’s work is not apt due to difference in operating pressures

inside the ion source (atmospheric pressure versus vacuum). Different plume dynamics

take place at different pressures as discussed earlier. Unfortunately, the sensitivity

studies for AP MALDI for larger than 10 µm laser spots were not conducted at the

time of this thesis. Making conclusions if the trends extend for larger spots are not

possible without further research. Qiao et al. clearly showed that sensitivity increases

with smaller laser spots down to 10 µm and higher fluences. The goal of this project

is to see if laser spots below 10 µm offer any practical use. This can be achieved with
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fibre or fibre-less geometries. Both geometries have advantages and disadvantages.

Fibres provide flat-top beam profiles, whereas fibre-less configuration directly images

Gaussian-like beam profile at the target surface. Guassian-like spot sizes have a

dependence on the channelled energy, whereas flat-top spots do not change their

size with an increased energy per shot. Fibre-less configuration offers better laser

transmission than small fibres, extending the range of available fluences.



Chapter 2

Experimental

2.1 Mass Spectrometry

For our experiments we have modified a component of a prototype of a commercial

instrument from MDS Sciex, ProTOF [69]. It is an orthogonal-injection time-of-flight

mass analyser, coupled to two quadrupole ion guides and a custom-built ion source

with a normally incident laser well suited for our experiment. An overview of the

instrument can be seen in Figure 2.1. By guiding the laser beam through an optical

system to the sample, the ion source generates ions via the MALDI process. Ions

are then guided through two quadrupole ion guides. The ion guides cool the MALDI

plume and are used to steer the ions along the axis of their longitudinal symmetry.

Both ion guides have the facility to accelerate the ions along the axis to minimize the

time to injection. The original purpose of the instrument was to support ion mobility

experiments, so two quadrupole ion guides were installed. For this experiment they

are used to simply guide ions to the mass analyser. The first ion guide is a segmented

quadrupole set. It consists of smaller sections connected by resistors. Ions entering

this ion guide experience a linear acceleration, as well as cooling with an inert gas.

The second ion guide is a normal quadrupole section augmented with tapered metal

strips under a constant DC voltage [70]. As ions move through this ion guide, they

20
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experience a small axial field along the lateral axis. By varying DC voltage, it is

possible to speed up or to slow down the ions. Deflection plates are used to steer

the ions into a modulator section of the time-of-flight mass analyser where they are

injected into the analyser orthogonally to the quadrupole axis. Ions then drift in

the field-free region to separate based on their m/z value. A two-stage electrostatic

mirror is used to compensate for the energy spread and to focus ions onto the plane

of micro-channel detector. The detector registers the ion arrival and sends a signal to

the electronics to convert the measured time-of-flight into a useful m/z information.

The results are recorded on a computer using a software developed in-house. Our

instrument has a mass resolution of about 10,000 (FWHM) in the mass range of

substance P (1347.6 Da), and a mass accuracy around 10 ppm. In this section I will

outline the reasoning and the purpose behind the use of this particular instrument

and its components.

2.1.1 Ion source

A UV-MALDI ion source for a mass spectrometer has a laser beam of appropriate

wavelength and fluence range delivered to a sample embedded into an organic matrix.

Often these ion sources are accompanied by either a simple or a complex system of

optical components. The ion source also guides the generated ions into the mass

spectrometer. For imaging purposes, the ion source also provides a means to raster

the laser across the surface of our sample. The ion source consists of two parts: a

flexible optical system located outside of the instrument, as well as the target-holding

motors and the ion optics exposed to the instrument vacuum.

Optical systems

The laser can be introduced directly using mirrors and lenses (fibre-less mode) or

it can be coupled to an optic fibre which is imaged at the plane of a target (fibre

mode). Both modes have their advantages and disadvantages. The fibre-less mode
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Figure 2.1: Orthogonal time-of-flight mass spectrometer with a custom quadrupole and an ion

source sections. This particular arrangement is using a fibre-less optical system to

deliver laser beam to the target.

can produce smaller spots, but produces a Gaussian profile which causes a dependence

of the effective spot size on the laser fluence. The use of the fibre optic gives a top-hat

energy profile with a well-defined spot size, but there is a limitation how small the

spot can be within a useful laser fluence range. In our experiment, we have employed

a flexible optical system that allows us to switch easily between the optic fibre and the

fibre-less configurations (Figure 2.2). They have some common features, and some

features that are unique to each set-up. The system uses a pulsed laser (Laser Science,

Inc., VSL-337ND-S). Two 1
8
λ precision elliptical flat mirrors (Edmund Optics, UV

Enhanced Aluminum) are used for guiding the laser beam. Both set-ups employ one or

two circular variable neutral density filters (Edmund Optics, 0.0–2.0 OD) depending

on the fluence needs. We also used an optional insert for both set-ups to examine the
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(a) (b)

Figure 2.2: Two on-line optical configurations in use: a) an optic fibre is used to guide laser beam

to the target, b) laser beam is directly coupled to the target.

beam profile. This insert can be placed anywhere on the vertical optical bench above

the target. It consists of a precision flat mirror, a 80 mm plano-convex lens (Edmund

Optics, UV Fused Silica) for focusing and expanding, a shrinking or a parallel laser

beam on a surface of a pyroelectric sensor (Coherent, J3-05). The sensor is coupled

directly to a digital oscilloscope (Tektronix, TDS 520). By measuring the height of

a produced peak on the oscilloscope, it was possible to measure the energy levels of

a laser beam at any given place, at any given time. All components were secured by

posts and riders on a 1 m long vertical optical bench from Edmund Optics and Melles

Griot.

Fibre Optics. For the fibre set-up (Figure 2.2a), we used an 80 mm focal length

plano-convex lens to channel a laser beam to an optic fibre. A range of fibres has been

used for the experiment: 10–200 µm diameter (OZ Optics). Fibres mix laser modes

and produce relatively flat energy profile when the beam emerges [66, 63], Figure 2.3.
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Figure 2.3: Energy profile of the fibre beam.

A fibre is then imaged by a pair of the aspherical lenses (R. Mathews Optical Works

Inc., UV Fused Silica). The aspherical lenses can also be physically separated from

each other, and moved around relative to the fibre and a target plane. It is necessary

if we are to produce the smallest spot size. The use of aspherical lenses is critical

as spherical lenses for this system would produce spherical aberrations on the order

of 0.25–0.60 mm, depending on the magnification. The transverse magnification is

governed by

MT =
1

f 2
(si − f)

(
d− fsi

si − f
− f

)
(2.1)

where si is the distance to the target from the last lens, d is a separation between two

aspherical lenses, and f is the focal length of the lenses involved. The limiting factor

in this case was how close we could install a final aspherical lens to the target, which

was 7 cm. Taking into an account the physical constraints and a requirement that a

target has to be in a vacuum, we were able to achieve a magnification MT = 1
2.4

.
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Fibre-less Optics. For the fibre-less set up, we coupled a laser beam directly to

the target through a lens system shown in Figure 2.2b. The beam is diverted through

either one or two neutral density filters for the fluence control. A short plano-convex

PVX spherical lens (Edmund Optics, UV Fused Silica) was used to focus the laser

beam to a small spot. The smallest theoretical beam size at the point of focus,

ignoring spherical aberrations, is

Dw = fθ (2.2)

where Dw is the diameter of the beam waist, the narrowest point on the laser beam,

f is the focal length of the focusing lens, and θ is the beam divergence. Since we are

taking the laser beam directly out of the laser, the divergence angle is supplied by a

manufacturer, 0.3× 10−3 rad. A theoretical beam spot size after the short spherical

lens is then

Dw = (12× 10−3 m)(0.3× 10−3) = 3.6× 10−6 m (2.3)

After a laser beam has been reflected by a flat precision mirror, it is directed through

a beam splitter and a set of a 80 mm plano-convex PVX lens and a pyroelectric sensor

attached to a digital oscilloscope to monitor the laser’s energy variation in real time.

Around 11% of the beam’s energy has been diverted for this purpose.

In order to reduce the spherical aberration effects on the final image, the short

spherical lens (f1 = 12 mm) defocused beam (Figure 2.4b). Part of this defocussed

beam has been collected by a plano-convex aspherical lens (f2 = 100 mm). This

way the radius of the aspherical lens acted as a diaphragm (h2 = 25 mm), and the

collected beam still carried enough energy for the MALDI process to occur. The

separation between two aspherical lenses, d, as well as object and image distances, so

and si respectively, will affect the transverse magnification of the imaged spot created

by the spherical lens. The larger is so, the smaller amount of spherical aberrations are

introduced into the system. The larger is so, the smaller amount of beam is collected,

leading to smaller range of fluences in use. Figure 2.4a shows a fibre configuration
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with 1-to-1 magnification, however, for a given si, so and d two configurations will

give the same transverse magnification.

The fibre-less configuration employs a spherical lens, which limits the spot size of

the laser beam due to spherical aberrations. It is impossible to focus a source point

to another infinitesimally small point at the image plane [71]. The smallest possible

size a source point can be focused to is known as a circle of least confusion. Its size

can be estimated to be

CLC ≈ 2

(
R

8
Θ3

r +
19R

128
Θ5

r

)
(2.4)

whereR is the radius of the lens curvature, and Θr is the largest refracted angle. In our

configuration, the largest incidence angle can be shown to be Θi = sin−1 h1/2
R1

= 56.44◦

(Figure 2.4b). Using the Snell’s law, the largest refracted angle becomes Θr = 31.88◦.

Our spherical lens produces a 265 µm circle of least confusion for a perfect parallel

beam. By introducing a diaphragm we essentially remove most of the rays responsible

for broadening of circle of least confusion and reduce the effect of spherical aberrations.

The circle of least confusion with a diaphragm becomes 2.3 µm and 0.4 µm for 1-to-1

and 2.4-to-1 configurations respectfully. Adding spherical aberrations and predicted

spot size in quadrature leads to 4.3 and 3.6 µm respectively.

Both configurations suffer from energy loses. Depending on the magnification and

an optic set-up in use, a certain amount of energy was cut off due to first aspherical

lens acting as a diaphragm. For fibre-less optics (Figure 2.4b), assume the laser

beam has a perfect Gaussian profile. The percentage of the laser power contained in

a circle of radius ρ0 is

P =

(
1− exp

[
− 2ρ20
W 2(s)

])
× 100% (2.5)

where W (s) is a size of the beam at a longitudinal position s. Let the aspherical lens

to be located at the position so, and to have a fixed diameter of 25 mm. The power
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Figure 2.4: Two off-line optical configurations used for testing: a) an optic fibre is imaged in 1-to-1

configuration, b) beam is focused by a short spherical lens and then imaged in 2.4-to-1

configuration.
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collected by the lens is

P =

(
1− exp

[
− 2(0.25 m)2

W 2(so)

])
× 100% (2.6)

with W (so) defined by the magnification. For 1-to-1 magnification, the first aspherical

lens tends to be located closer to the defocusing lens, and so value is larger in a 2.4-

to-1 configuration (Figure 2.4b). For 1-to-1 configuration, more energy is collected,

because W (s0) is smaller for shorter so values. Roughly 7.8% and 2.7% of total laser

power has been collected for 1-to-1 and 2.4-to-1 configurations respectfully, making

the system relatively inefficient. For the fibre set up, we had to manually check if

the beam was larger than the window of entry. If the beam was large, the energy

losses were estimated based on a geometry argument. The limiting factor there was

a numerical aperture of the optic fibre in use. The energy losses in the fibre configu-

rations are fixed for a given geometry. For more intense energies however, the fibre

degraded due to heating issues, and the transmission decreased. It was necessary to

measure the fibre energy output before and after the experiment to make sure that

the damage was not done.

The effective spot size of the beam is assumed to be the size of the burn mark

produced during the MALDI process (Figure 2.5a). It usually differs from the optical

spot size due to various physical phenomena taking place at the matrix surface during

the laser beam exposure. For a given optical set-up the effective spot size of a laser

beam largely depends on the amount of delivered energy. The effect of laser energy

on a spot size is more profound for smaller spot sizes. Prolonged exposure to the

larger fluences of the beam damage the tip of the fibre and ultimately change its

transmission as well. The effect of laser energy on a spot size for the fibre-less optics

would be even more profound, because of Gaussian shape of the beam. Therefore

it is necessary to measure the energy of a laser beam at any given time, before,

after and during the experiment. This was achieved by the use of the optional insert
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depicted in Figure 2.2. A fibre-less set-up required constant monitoring. We used a

permanent beam splitter coupled to a plano-convex lens and a pyroelectric sensor for

an on-line energy monitoring. A separate insert before the beam entered the target

plane was put to find a conversion factor between the readings from a beam splitter

and the actual delivered energy to the target through a range of attenuations. All

energy measurements were done by taking the height of the peak produced by the

pyroelectric sensor, and converted to the corresponding value in joules. For some

optical configurations it was necessary to put a fluorescent screen at the plane of a

window leading to a vacuum section of the ion source to check if all of the beam

reached the target.

A number of off-line measurements were conducted to check the overall beam

quality. They were done in a dedicated optics dark room on a horizontal (versus

vertical on-line configuration) optical bench with higher degree of a precision and

a control. The final image was magnified by a 80 mm plano-convex PVX lens and

imaged by a CCD camera (Kalatel, KTC-110). The image of the final laser spot

was recorded on a digital video camera recorder (SONY, DCR-PC101) via a direct

feed from a CCD camera described above. A digital film then was transferred to a

computer. A recorded video was broken down into a series of images, and appropriate

frames analysed with a freely distributed image analyser software, ImageJ (National

Institutes of Health, USA). It was possible to measure the relative intensity of each

pixel, to check geometry of the beam and to check magnification for various geometry

configurations (Figure 2.3). For on-line measurements the delivered laser beam

burned holes on the surface of the organic matrix. The exposure times were 10–30

seconds. The results were viewed under a light microscope (Mitutoyo, FS70). Using

a special software (Motic China Group Co., Ltd., Motic Images Plus 2.0ML) it was

possible to capture images as viewed by the camera (Moticam, 3.0 megapixels Motic

China Group Co., Ltd.) and store them on a local hard drive. The software also

allowed to measure a separation between two points. A separate calibration was
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(a) (b)

Figure 2.5: Not calibrated size comparison at the same magnification: a) 10 µm burn marks created

with a fibre optic set up, b) 200 lines/inch Nickel grid. Knowing the size of the grid it

is possible to calibrate the size of the burn hole.

necessary to convert the software’s internal scale into an actual size. We used a fine

grid of a well-defined size. We measured the separation between individual grid lines

using a software’s line tool and calculated a conversion factor that relates a software’s

scale to the real size of an image for any given magnification (Figure 2.5). The on-line

measurements included exposing the target to a UV-laser for various times. A raster

program allowed us to experiment with the raster velocities. Different attenuations

were used to check if the spot size was energy dependent. The optimal parameters and

energy range were chosen for each optical set-up. We also found that both fibre and

fibre-less set-ups produced an unusual three-lobe pattern on the surface of the target,

resulting from a combination of laser, fibres modes and interference (Figure 2.6). A

raster line smears the lobes into a single line, as long as the step between two different

lines is less than the size of the burn mark. In the case of fibre, mechanical twisting

stabilized the reproducibility of the three-lobe pattern, as was shown to happen with

larger fibres previously [63].

The shapes and the sizes of the burn marks were measured. Some troubleshooting

was necessary once switching to the on-line measurements. The on-line set up involved

a less controlled environment for the beam, as there were more optical components in

use compared to the simplified off-line set-up. The on-line set-up produced a number
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Figure 2.6: Reduced exposure of the fibre beam showcasing an unusual three-lobe structure.

of artifacts that were necessary to eliminate. These artifacts were manifested mostly

as the rings around the burn marks (Figure 2.7). Both CCD camera and light micro-

scope measurements helped to visualize the problem. A number of diaphragms and

pinholes inserted in various locations, between different optical components helped to

eliminated these artifacts and a permanent solution was incorporated. As a result,

several of the optics holding devices had to be painted matte black to prevent the

beam reflections off of shiny metal surfaces that ultimately lead to complete artifact

elimination.

Ion Source Assembly

A vacuum section hosts a target holder, a stainless steel target, a cooling gas line

and the steering ion optics. A schematic of the vacuum section of the ion source is

shown in Figure 2.8. A target is positioned in such a way, that an incoming laser

beam will have a normal incidence, making the size of a beam cross-section as small

as possible. A usual MALDI instrument has a 30◦ or higher incidence angle, making

even the smallest spot elongated in one dimension. The target is mounted on top of

the two motor stages to raster in two dimensions. The motors are programmable with

custom software. A UV fused silica window is mounted in the channel as deeply as

it is physically possible without obstructing either a camera’s view, or the ion beam
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200 um

Figure 2.7: Circular artifacts found around the burn marks. The yellow background represents a

layer of organic matrix.

flow. This way a final optical lens was placed as close to the target as possible.

A brass assembly is located between the window and the target. It has three basic

functions: an introduction of a cooling gas into the first quadrupole guide, collection

of the generated MALDI ions and hosting the ion optics. The internal horizontal

channel was attached to a nitrogen gas line and went all the way through the vacuum

section to an instrument’s conical shaped skimmer. A short vertical channel allows

the laser beam pass through the assembly, as well to allow the MALDI ions to access

the horizontal channel. A small fused silica window capped the vertical channel to

prevent ions from escaping.

The brass assembly itself consists of three electrically isolated segments. A gradi-
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Figure 2.8: An ion source assembly: a) side view, where hv — laser beam pathway, 1 — first brass

segment, 2 — second brass segment, 3 — third brass segment; b) picture, where c —

CCD camera, w — window, v — rotating valve, t — target holder, g — nitrogen gas

line, m-x and m-y — x- and y-axis motors.

ent across each section was applied to help ions into a first quadrupole guide. The ion

source is operated in a positive mode, meaning that only positive ions are selected.

The first segment was placed at 100–140 DCV, the second segment at 90 DCV and

the last segment at 40–80 DCV. The potential of the target holder was the same as

the first segment, the skimmer was put at the same potential as the final segment.

A de-clustering potential difference exists between the target holder and the skim-

mer. At high laser fluences the organic matrix undergoes a volume ablation [72],

trapping an ion of interest inside a huge organic cluster. The de-clustering potential

difference gives the cluster enough kinetic energy to collide with a cooling gas in a

first quadrupole guide. The cluster then detaches from the ion, cleaning the final

spectrum and improving total sensitivity. An inherent problem comes from a large

gap between the target and the brass assembly. A lot of the MALDI ions leak out

due to a large pressure difference between the rest of the ion source and the area of

the MALDI generation. Further improvements of the source design could improve

the transmission of the MALDI ions.
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The target is made out of stainless steel. It hosts a sample embedded in organic

matrix. It is oriented to have a normal laser incidence. Target is removable. It is

placed at a potential to help ions follow the steering ion gradient of the brass assembly.

Laser beam is focused at the target plane.

The ion source also includes a CCD camera. It allows the user to monitor the

laser beam location. An LED light illuminates the target to ease visual observations.

A rotating valve between the ion source and a first quadrupole ion guide controls

an access to the instrument. It allows the ion source to be ventilated without com-

promising the vacuum of the instrument. An independent roughing pump evacuates

air before opening the ion source to the instrument’s vacuum. A nitrogen line runs

through all three brass sections for cooling of the MALDI ions (Figure 2.8a). Cooling

gas is supplied from the outside of the ion source. A needle valve is used to manu-

ally regulate the cooling gas flow. The gas flow is not monitored, only the working

pressures in the ion source, as well as inside the first quadrupole ion guide, where

the cooling occurs. The operating vacuum inside the ion source is 1–2×10−1 Torr.

The cooling pressure inside the first quadrupole ion guide is 5–6×10−2 Torr. Two

ion gauges monitor the pressure inside the ion source and the first quadrupole ion

guide. A small UV fused silica window caps a small vertical channel going all the

way through the second brass section. It prevents the MALDI ions from leaking out

and allows for the laser to pass unhindered. The third brass section couples to the

instrument skimmer directly.

2.1.2 Quadrupole ion optics

The instrument has a pair of quadrupole ion guides (Figure 2.1), which are operated

in RF-only mode. Their function is to provide collisional cooling and to guide ions

from the ion source to the time-of-flight section. An AC voltage is supplied by a radio

frequency wave generator, amplified by a set of commercial power supplies [69]. First

ion guide provides the bulk of the ion cooling. The kinetic energy of ions is reduced
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Figure 2.9: Two axial field configurations: a) conducting rings joined by the constant-value resis-

tors and b) T-shape tapered linear accelerator.

by the gentle collisions with the nitrogen gas molecules. The gas is introduced via

a gas line in the ion source. The cooling pressure is regulated with a needle valve

outside of the instrument, and monitored with a DVM connected to the internal ion

gauge. Second ion guide extends the ion focusing of the first quadrupole and further

reduces the energy spread of ions at a lower vacuum. The ions are spread in time and

shaped into a quasi-continuous beam [19].

Both ion guides have small axial fields, which reduce the ion residence time inside

the quadrupoles. Two ways of field generation are employed. First ion guide consists

of co-axial rings with voltages provided by a voltage divider (Figure 2.9a). Each

ring is connected by the constant value resistor, establishing the potential gradient,

which produces a weak axial field. Second ion guide is augmented with a static linear

accelerator (Figure 2.9b). It consists of four T-shaped tapered electrodes arranged

around the axis of symmetry in between the quadrupole rods [70]. A DC voltage

potential is applied. The geometry of the electrodes produces an electrostatic field

gradient.

When ions leave the second ion guide, they are introduced into a field generated
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by a pair of deflection plates that steer them into a modulator at the right angle.

2.1.3 Mass analyser

After the MALDI ions emerge from the ion guides, they are directed into the modu-

lator of the orthogonal time-of-flight (oTOF) mass analyser (Figure 2.1), consisting

of a plate and a grid [69]. The first stage of the acceleration column is initially held

at zero field to prevent field penetration. A pulse of −1 kV is applied to its grid

at the same time when +1 kV pulse is applied to the modulator plate. The pulses

have 12 µs width and the ions are injected into a DC acceleration drift column at 3

kHz frequency. The acceleration column consists of circular rings electrically isolated

from each other. The entrance is at the ground, the exit is at the acceleration voltage,

-10.5 kV. The rings are connected by the constant value resistors to provide a uniform

acceleration field across the region. Once ions gain the kinetic energy, they are left

to drift in a field-free tube isolated with a conducting sheath. During this time ions

separate based on their m/z value.

An electrostatic mirror is used to improve the resolution of the instrument [12, 73].

A two-stage electrostatic mirror introduces a second-order correction to the peak

broadening inherent with the use of high acceleration potentials. It consists of two

regions, representing a hard and a soft deceleration segments. The ions slow down in

the first mirror section, turn around in the second section and get reflected back into

the field-free drift region with the same kinetic energy.

The ions eventually arrive to a detector located further down the instrument. The

ions need to have a small transverse velocity to reach the detector, which can be set

by the use of quadrupole ion guide acceleration gradients, and steering plates prior

to ion entry into a TOF modulator.
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2.1.4 Detection

The detector consists of two micro-channel plates (MCPs) oriented in a chevron con-

figuration. The resistance across each MCP is 15 MΩ, making a total resistance across

the detector 30 MΩ. Two plates are connected to each other with a conducting ring.

The detector floats at the acceleration potential with a 2 kV potential difference

across two MCPs.

When the ions hit the first MCP, an electron cascade results that strike a second

plate. The second MCP amplifies the electron cascade further. An anode collects

the amplified signal generated by the second MCP. To improve the dynamic range of

detection, the anode consists of four independent nodes. If two similar hits happen

relatively at the same time on different nodes, both hits can be registered. The anode

transfers the amplified signal to a discriminator. Pulses below a certain threshold are

discarded to reduce the spectrum noise. The signal is then transferred to a multi-stop,

4-input time-to-digital converter (TDC).

The TDC is a digital stopwatch. When an acceleration pulse is applied in the

modulator region of time-of-flight mass analyser, a signal is sent to TDC to start the

clock. Once ions arrive to a detector, the stop signals cause the measured time to

be stored. The TDC then takes a difference between two time stamps and sends the

result to a custom software, tofmulti. It converts the recorded time into an m/z value,

√
m/z = A(t− t0) (2.7)

where A, to are the calibration parameters, t is he arrival time of the ion [69]. TOF

spectra are linear with respect to time, therefore the instrument can be calibrated

with a straight line. A is the slope of the calibration line, t0 is an offset of the arrival

time. Our spectra were calibrated using a two-point calibration, including dalargin

(726.4 Da), and melittin (2845.8 Da). Tofmulti remembers calibration parameters

and automatically calculates m/z value from the measured time.
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The ion counting method described above differs from the usual analog system

employed in axial TOF instruments, where typically more than 104 ions are recorded

in a transient by an analog-to-digital (ADC) system in a digital oscilloscope. This has

the advantage that many more ions can be recorded in a single injection. However,

in an orthogonal system the ions from a single laser shot can spread in a quasi-

continuous beam; a much higher injection rate means only a few ions are injected at

a time. Digital counting methods have lower electronic noise, better dynamic range

and potentially better time resolution, and do not suffer from detector saturation.

2.2 Sample Preparation

2.2.1 Sample and matrix preparations

Sample. We chose the Substance P (Sigma, 98% purity) to be our sample. Its

sequence is Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2, 1347.63 Da. Its

mass spectrum consists of a parent isotopic pattern ((M+H)+) (Figure 2.10a). No

signal suppression accompanied by more complicated mixtures is observed [53]. On

the spectra the intensity of Substance P peaks appears to be relatively resistant to

changes in cooling pressure, although the clusters will still occur if not enough of de-

clustering energy is given to the MALDI ions between a target and an instrument’s

skimmer (Figure 2.10b). Substance P is easy to prepare and to use. Substance P was

dissolved in 0.1% trifluoroacetic acid (TFA) solution to a concentration of 50 pmol/µl.

Lower pH solutions modify peptides by adding positive charges on certain amino acids

that make hydrophobic species more soluble in water or other hydrophilic solutions.

The presence of TFA or a formic acid is preferable when trying to incorporate peptides

into a matrix crystal [74].

Matrix. When choosing a matrix, we were looking for a compound that would

create small topological crystals. α-Cyano-4-hydroxycinnamic (CHCA) acid was used
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Figure 2.10: Substance P: a) a typical spectrum; b) a typical spectrum with matrix clusters.
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as an organic matrix of choice. It is one of the popular matrices in use, others be-

ing 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid) and 2,5-dihydroxybenzoic

acid acid (DHB). DHB is routinely used in protein analysis. Although its use is

ubiquitous, DHB creates large crystals, on the order of hundreds of micrometers [75].

Sinapinic acid creates small crystals, but it tends to inhibit the peaks below 2000

Da, and largely used for high m/z-value compounds. We used CHCA to develop a

homogeneous deposition method. It creates small crystals (1–2 µm), and it does not

inhibit the signal the way sinapinic acid does. It is a matrix widely used in imaging

mass spectrometry techniques, because with proper deposition techniques, it mini-

mizes sample migration. However, it has a high proton affinity, so it competes with

the analyte for ionization. CHCA is easy to handle. We used a saturated solution of

CHCA in 50% acetonitrile (ACN).

The matrix and the analyte are mixed together. The search for the proper ra-

tio between analyte and the matrix concentrations is necessary to avoid the cluster

formation, as well to improve the overall intensity of the parent peak. Literature

suggests mixing matrix with analyte in 50000:1 molar ratio. If mixed evenly, this

ratio will embed an individual analyte molecule inside a matrix lattice, and separate

it from other analyte molecules. The matrix lattice will absorb most of the UV energy

delivered by the laser beam, protecting the analyte from fragmentation. After the

phase change, the primary ionization reactions will take place, and ionize matrix. The

ionized matrix will induce charge on the analyte inside the plume via the secondary

reactions. However, if an over-abundance of the matrix molecules exists, matrix will

compete with the analyte molecules for secondary ionization reactions, leading to a

decrease of supply of the analyte ions. CHCA has the highest proton affinity out of

the three matrices mentioned above. As a result, the chemical noise will be visible

in the spectrum. A chance of creating matrix adducts will also increase, leading to

creation of clusters. The appropriate steps were taken for each deposition method,

and clusters were removed by varying the atmospheric conditions inside the source
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Figure 2.11: Electrospray deposition system. It consists of a syringe pump, a tubing, a nebulizer

connected to a high power supply and a target at ground.

and the first quadrupole ion guide, as well as introducing a de-clustering potential

between a target and the instrument’s skimmer.

2.2.2 Deposition methods

To compare ion sensitivity from different experiments, it is necessary to produce a flat

signal response across the deposited sample. We compared three different deposition

methods: electrospray deposition, one-layer spotting and two-layer spotting. Only

the two-layer spotting was used as a sample preparation in the experiment.

Electrospray deposition. In order to produce a homogeneous layer of matrix

mixed with the analyte, the elestrospray principle was employed (Figure 2.11) [76]. 50

pmol/µl of Substance P in water was mixed with the saturated CHCA in methanol.
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Pure methanol was used to facilitate the evaporation process, as well as to lower

the operating high voltage range. The mixture was loaded into a syringe pump that

operated at 50 µl/hr. The syringe was connected to a needle (0.24 mm inner diameter,

tapered tip) via a small diameter short tubing. The needle was connected to a variable

high voltage power supply. Together they formed a nebulizer, a device responsible

for converting aqueous sample into a gas phase. The nebulizer operated at room

temperature and in atmosphere, the power supply provided a 3–5 kV direct current

voltage. The distance between the nebulizer the target surface was around 1 cm.

The target was at ground. A CCD camera was positioned on the side (not shown)

to monitor the cone of the aqueous sample. At the tip of a nebulizer, the sample is

completely surrounded by a layer of positive charges from the solution provided by the

high voltage power supply. As the sample evaporates, it undergoes constant division

and segregation due to ionic charge. As sample splits into smaller droplets, a phase

change, from liquid to gas, occurs. Once in a gas phase, sample molecules experience

a strong electrostatic field and follow the field lines towards the target surface. The

sample is then deposited on the target’s surface in a thin layer. With the use of the

CCD camera and fine-tuning the power supply, it was possible to achieve the arrival

of the semi-wet sample on the surface of the target. Wetness was necessary for the

matrix to surround our analyte in order for the MALDI process to occur. The average

time of deposition was around 1 hr. The size of matrix crystals is expected to be 2–4

µm [76].

Although the film we produced was thin, it could only be used as a test for

the size of the burn mark. Our experiment required an even signal output from a

relatively large area. Since the electric field lines are not parallel to each other in this

configuration, more of the sample was deposited closer to the needle. The amount

of deposited material quickly decreased outward and the amount of signal extracted

from this method varied (Figure 2.12a). Even though electrospray could produce

very thin films, the signal was not even across the spot. It is possible to improve
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Figure 2.12: Signal from 500 × 500 µm2 squares along the axis of symmetry of a spot by a) a 2

minute electrospray deposition; b) a two-layer spotting.
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the uniformity by moving the sample during electrospray, but this would increase the

deposition times to several hours, which is impractical.

One-layer spotting. One of the suggested methods to produce a homogeneous

spot is to use a fast-evaporation spotting [77]. The method involves the use of volatile

solvents, such as acetone, to quickly deposit a thin layer of matrix. The solvent dries

out quickly, leaving a thin film of the matrix over a large surface area. We mixed

both analyte and the matrix as our sample using acetone, methanol and acetonitrile

in various concentrations as a solvent. 1 µl of the sample was deposited on the surface

of a stainless steel target, and a thin film was produced. However, the quality of the

film was unacceptable for all of the solvents. Matrix crystals formed small colonies,

clumped together across the spot surface. The colonies were unevenly distributed,

with large gaps in between. The size of the matrix colonies and the gap size varied

with the solvent in use (Figure 2.13). Acetone dissolves more matrix than methanol

or acetonitrile. Methanol dissolves more matrix than acetonitrile. It can be seen

from the figure that the surface density of the matrix crystals decreases in the order

of acetone, methanol and acetonitrile. Addition of water decreases homogeneity of the

matrix film and the solubility of the matrix. 100% Acetone and methanol produced

the best results, with acetone taking the least amount of time to dry. Methanol

produced more even crystal deposition. This can be accounted for matrix having

time to distribute itself more evenly during a longer evaporation time of methanol.

Acetonitrile dissolved matrix poorly, creating larger crystals in uneven patch pattern.

Two-layer spotting. Upon further examination we found that both acetone

and methanol would distribute itself in such a way, as to fill in smaller imperfec-

tions and scratches of the stainless steel target. Polished target surface provided an

uninhibited spread of the sample, creating large holes between the matrix colonies.

We then switched to targets with rougher surface to prevent the spread of a volatile

solvent. To further make a solvent behaviour more predictable, we deposited one
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(a) 50% Acetone (b) 100% Acetone

(c) 50% Acetonitrile (d) 100% Acetonitrile

(e) 50% Methanol (f) 100% Methanol

Figure 2.13: Relative size of the matrix crystals using one layer spotting technique with different

organic solvents.



46

layer of matrix dissolved in pure acetone to provide an even background layer for the

second spot. To take advantage of slow evaporation of acetonitrile and water, we used

50% ACN solvent to mix matrix and sample together. Simply adding analyte to a

first layer resulted in a poor analyte incorporation, and a decrease in overall signal.

Second solvent is a less hydrophobic solution preventing dissolving of the first layer

due to difference in the matrix concentration. While drying, the analyte and the

matrix have time to mix and distribute themselves evenly. As a result, we produced

spots of an area 3.6–3.8 mm2 that provided even signal responses across their surfaces

(Figure 2.12b). The signal variation was within 20% considering all data points, and

within 10% removing one point in the middle and signal from the edges, as expected

[78, 62]. We chose this method of deposition to ensure reproducibility of the signal.

The layers of the matrix and the analyte were also evenly distributed, as can be seen

in Figure 2.7.

A number of deposition techniques produce homogeneous deposition of matrix,

but not all provide proper integration of the analyte inside the matrix crystal. DHB

deposition via pneumatic system or sublimation can produce even films and small

crystals, but do not integrate peptides and proteins properly, leading to a decreased

ionization efficiencies. However, sublimation and pneumatic deposition work well

with lipids.

2.3 Data acquisition and analysis

Mass spectra were acquired with software, tofmulti, developed in-house. The ion

signal was measured by integrating the area of the parent peak. The MALDI ion

yield from a single spot of the size of a few micrometers is small, and moreover, the

actual size of the spot, and in particular the amount of area damaged, is difficult

to determine. Therefore, instead of irradiating one spot, the laser rastered over a

rectangular area (by moving the target) and the signal was integrated (Figure 2.14a).
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(a) (b)

Figure 2.14: a) a schematic of the raster program, where r — the radius of the laser beam, x —

the size of the raster line, y — step size; b) a light microscope image of a 310× 310

µm2 resulting scan.

Each raster line has a length, x, usually between 200 µm and 500 µm. The laser beam

was scanning across the target surface at speed, v = 20 µm/s. Once the beam has

reached the end of the raster line, the x-axis motor reverted to the beam’s starting

position, and the y-axis motor moved the target perpendicularly a step distance, y.

The raster line and the step sequences repeated again until the total shape of the

irradiated area became a square. The effective spot size was verified under the light

microscope by measuring the total size of the irradiated area, and then subtracting

from it the programmed parameter x. The difference results in the diameter of the

beam size, 2r. The step size, y, and the velocity, v, were optimized by repeating an

experiment until the set of values was chosen that yielded the strongest ion signal.

The raster line length, x, was calculated to finish the scan within 3 minutes. While

the raster program was running, all of the signal was collected into a single spectrum.

The total signal came from the whole irradiated area. We normalized the signal by

dividing it by the total irradiated area of the scan program. The normalized result

was then used for plotting the dependence of the total ion yield versus energy.
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The energy of the laser beam was measured as previously discussed. The energy

coming out of the fibre has a flat-top profile [63]. The fluence can then be calculated

as energy divided by the area of the laser spot size. However, the Gaussian beam

energy has a radial dependence, so the average energy is used when estimating the

fluence of the laser beam spot [67]. For our purposes, we varied the laser energy

greatly, leading to larger effective spot sizes at higher energies. Since we could not

keep the effective spot size constant, we chose to track the total energy contained

inside the spot instead. We used a total energy of the laser spot in our total ion

yield profiling instead of the laser fluence. The theoretical fluence was calculated as

necessary.



Chapter 3

Results and Discussion

Previous investigations of spot size dependence typically report ion yield per shot or

sensitivity as a function of fluence or as a semi-logarithmic plot [66, 63, 65]. As de-

scribed in the introduction section, ion yield per shot has a power law dependence on

the laser fluence. The number of ions produced rapidly increase with increasing flu-

ence until the saturation point. Saturation occurs when the number of ions produced

cannot be increased by increasing laser fluence. At this stage various fragmentation

processes start to compete with the ion production. It was shown that for fluences

below saturation the ion yield per shot follows a cubic dependence on the irradiated

area, leading to an early impression that smaller spots produce overall less ions and

are therefore less viable. However, recently the total ion yield per unit area (sensitiv-

ity) was studied [63]. Qiao et al. showed that by decreasing the laser spot size it is

possible to raise the saturation point. The ionization efficiency increases with smaller

spots and higher laser fluence. Above saturation fluence, levels sensitivity (as well as

ion yield) has a linear dependence on the area of the spot. Since saturation occurs

at high fluence, better sensitivity can be achieved with smaller spots, despite lower

total ion yield per shot.

Previous research involved the use of laser spots, 200 – 10 µm in diameter. The

goal of this experiments is to see if even smaller spots provide any practical use for

49
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fibre and fibre-less geometries. The results of our experiment are presented as a

sensitivity measurement. Three experiments were performed in order to understand

how sensitivity performs for the laser spot size below 10 µm and high energies. Fi-

bre and fibreless geometries are employed at 1-to-1 and 2.4-to-1 magnifications for

comparison.

3.1 Fibre optics

To define a reference point in sensitivity measurements, 10 µm fibre was imaged

in 1-to-1 configuration as depicted in Figure 2.2a. The size of the laser spot was

confirmed via CCD measurements and via burn mark analysis with light microscope.

As previously reported, the beam exhibits a speckle pattern produced by laser modes

and interference. Our beam shows a pattern resembling a three-leaf clover, each is

one third of the size of the overall spot size.

Coupling the laser beam to an optic fibre becomes increasingly difficult for small

diameter fibres. The size of the focused beam with our optics is 24 µm versus 10

µm fibre. A lot of energy is wasted, leading to a lower fluence range. The energy

measurements are barely possible to make. The beam could be focused to a smaller

spot, but thermal degradation of the fibre limits the total energy. As the fibre is used

in the experiment, which takes between 3 and 10 minutes of continuous use, its tip

heats and melts. The high fluence focused onto the plane of the fibre entrance causes

its transmission to decrease.

We produced a 3–4 µm laser spot using 2.4-to-1 geometry (Figure 2.2b). The

beam profile and spot size were confirmed using CCD camera and matrix burn mark

analysis. The beam profile is similar to a 10 µm fibre, with speckles of 1–2 µm

diameter each. Some energy is lost between a fibre and an object plane due to larger

separations between the first aspherical lens and a fibre, but the fluence is increased

due to smaller spot size. The same laser coupling problems encountered with 10 µm
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fibres hold with new optic configuration.

The results are comprised of the sensitivity (an intensity of Substance P parent

peak divided by the raster area) and the energy or the fluence measurement. Due

to wear of the optical fibre, as well as the time length of each measurement, it is

difficult to construct a full sensitivity versus fluence profile. Fluence measurements are

problematic due to energy transmission dropping over time. The average energy can

be approximated by measuring starting and final energy output for both geometries.

Due to unpredictable decay in transmission, the fluence can only be reproduced with

a fresh fibre. The energy output of 10 µm fibre is low as is, so with a lowered

transmission the energy readings are problematic, even though the ions are detected

in mass spectrometer. As a result, we report sensitivity measurements at near the

optimal fluence for 10 µm and 3–4 µm spots.

Looking at sensitivity measurements alone (Figure 3.1), some conclusions are

possible to make. The sensitivity continues to increase with smaller laser spot sizes.

The 3–4 µm spot showed greater sensitivity over 10 µm spot. This means that there

were more ions created per unit area for smaller spot than for larger spot. The fluence

used is at the saturation point. As the fluence increases, the number of ions gradually

decreases due various fragmentation processes. A greater sensitivity was achieved for

the same energy output from the fibre just by focusing laser to a smaller spot.

There are differences between Qiao’s et al. and this work. Qiao made single

spot sensitivity measurements by consuming all of the matrix. Total number of

ions generated from sub 10 µm spot sizes is small and spot size estimations are

difficult, so that method does not work for us. By scanning a rectangular area,

more ions are generated improving statistics, the irradiated area can be accurately

determined independent of the speckle pattern, and moreover it is more representative

of a practical imaging experiment.

The scan-box size varies between 200× 200 – 500× 500 µm2. The raster speed is

20 µm/s leading to somewhat lengthy acquisition times, which usually leads to fibre
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(a)

(b)

Figure 3.1: Total ion yield generated by scanning 310 × 310 µm2 area with a) 10 µm and b) 3–4

µm laser spot.

damage. This introduces a large cumulative error in estimating a total ions generated.

The measurement readings become an average result for a range of fluences, which

can vary by 40% per line over the course of the run, which is not practical. Energy

readings are hard to make for small fibres due to coupling issues. We can only

approximate the starting fluence of the run. Using a geometry argument, the fluence

of 3–4 µm spot is twice than the fluence of 10 µm spot. We can conclude however that

the starting fluence is above the saturation point. The degradation of transmission

for two geometries is similar, as the same laser-fibre coupling method is used. The

results can be compared to each other if the raster program is the same.

Nonetheless, our results show that the sensitivity increases with a smaller spot size
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and an increased fluence. Although this particular method carries a lot of problems

with energy coupling, energy measurements and comparison to previous work, the

two geometry configurations create two points of reference with statistical confidence

to extend previous findings to sub 10 µm laser spot size. As the fluence decreases, we

can only speculate if the sensitivity follows previously established trends [63, 66, 65].

3.2 Fibreless optics

The use of fibre optics as described above allows a separation of the effects of flu-

ence and spot size, but thermal damage makes it impractical for long runs typical

of imaging experiments. We have therefore attempted to measure sensitivity using

fibreless optics. In this case, the fluence distribution at the target is Gaussian-like,

so the effective spot size is not easy to define [67]. In particular, because of the steep

dependence of the yield on fluence, at high fluence, the effective spot size can be

many times larger than the full-width at half maximum (FWHM). However, since

the spatial resolution in imaging experiments is often limited to tens of µm by sam-

ple preparation, we were interested in whether spot sizes with small FWHM would

still improve sensitivity even at high fluence, where the effective desorption area is

considerably larger. That is, for practical purposes, with optics designed to produce

∼ 5 µm spots (FWHM), but with a much larger effective spot size at high fluence, is

there still an improvement in overall sensitivity?

A short focal length lens is used to produce a small spot of a few microns. This

spot is then imaged either in 1-to-1 or 2.4-to-1 geometry. Although there are energy

loses due to the lens size, a larger amount of energy is possible to deliver to the target

plane. The energy channelled into a spot of 5 µm spot is at least twice as large in

fibreless geometry than in optic fibre configuration of the same spot size.

The spot size is measured using the matrix burn mark analysis. As mentioned

earlier, the laser spot size depends on the channelled energy with the smallest mea-
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Figure 3.2: Comparison of sensitivity results for fibre optics (25 µm and 10 µm spot size) and

fibre-less optics (5 µm spot size).

surable spot size at the lower range of energies. Spot size also depends on the local

matrix topology. Target surface is rough by design to prevent the first layer of matrix

from spreading out. Some areas are thicker than others, even though an even signal

output is produced. Due to angular spread of the beam, the depth of focus is small

for two geometries in use, leading to laser spot size variation for thicker matrix areas.

Nonetheless, the smallest measurable spot sizes are on the order of 3–5 µm diameter.

At lower energies it is difficult to discern the spot size of the beam, even though

the ions are produced and detected. In those cases we suspect that the laser spot is

smaller than 3 µm, and not all of the matrix is consumed during the irradiation.

Raster program was set to completely ablate a 300 × 300 µm2 area in one run.

The highest sensitivity was observed for a laser energy of 3.5 µJ (Figure 3.2). It was

difficult to estimate the ablation area leading us to believe that some, but not all of

the matrix was consumed during the raster program. A 25 µm fibre raster data was

used to compare the results.

The energy in fibre-less configuration can be measured effectively. The range of

energies is an order of magnitude larger than in fibre optics of the same magnification
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geometry. At this configuration only the profiling at the saturation levels is possible.

An expected decay in sensitivity as the laser energy goes up is observed. It is necessary

to bring the energy below the saturation point to meaningfully profile the sensitivity.

When looking at the sensitivity, fibreless configuration shows similar results to the

fibre optics for the same area of ablation. The energies in both cases are above the sat-

uration point, where the sensitivity starts to drop off. The shoulders of Gaussian-like

beams operate at lower energies than the middle part. At larger energies the effect of

hysteresis becomes noticeable. Shoulders of Gaussina-like beam modify neighbouring

matrix molecules. Highest sensitivity was achieved with smaller spot sizes and higher

energies. When comparing to a 25 µm fibre data, fibreless optics with smaller spots

generates higher total ion yields per unit area. As the energy goes up, the size of the

spot and the hysteresis effects increase leading to a decreased sensitivity.

3.3 Sensitivity profiling

In the preceding sections, the sensitivity was measured at only one or two differ-

ent values of the fluence, because of difficulty in prolonged measurements with small

fibres. The sensitivity profiles as a function of fluence for a variety of fibres were

reported previously by Qiao [63], and are expected to be the same in this experiment.

However, for Gaussian-like beams, the profiles of the sensitivity is not necessarily

expected to follow the same trend. As the laser pulse energy is increased, the fluence

increases proportionally, but because of the Gaussian-like behaviour, the effective ab-

lation area increases as well. Moreover, there is a hysteresis effect with some matrices

[79] wherein irradiation at a certain fluence can modify the surface inhibiting further

ablation, even at somewhat higher fluence. Therefore, for Gaussian-like beam spot

rastering a surface, the tails of the distribution irradiate the surface first, so there is a

competition of the effects of higher fluence, larger effective spot size, and hysteresis.

We therefore undertook to measure the dependence of sensitivity on fluence for at
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least one fibre-less configuration to determine from a practical point of view what

the optimum pulse energy is. Note that the effective spatial resolution is degraded at

higher fluence because of the larger spot size, but in many cases, the spatial resolution

is limited by sample preparation.

The sample translation stage has a rather critical spacing between the target and

the opening to the ion transport cell, and during the measurements reported in the

previous two sections, binding problems forced a complete rebuild of the sample as-

sembly to increase that spacing. Unfortunately, the effect of this was to decrease the

instrument transmission by about an order of magnitude, presumably because ions

were lost as a result of gas flow through this spacing. This lower (and erratic) trans-

mission meant that the absolute sensitivity should be regarded with some caution,

although, presumably the profile is still informative. Two profiles were obtained with

fibres, but because of the lower transmission, only larger fibres of 50 µm diameter

gave enough signal.

The sensitivity profiles for fibre and fibre-less configurations are reported in Figure

3.3. The 1.27-to-1 magnification was produced by separating two aspherical lenses

(d in Figure 2.2). The fibre optic configuration produces flat-top beam profiles for

which it is easy to calculate fluence. The laser spot sizes for an optic fibre at 1.27-to-1

and 2.4-to-1 magnifications are 40 and 21 µm respectively. The sensitivity of smaller

spot is slightly higher than for the larger spot (Figure 3.3a). This can be explained

by the fluence of 21 µm spot size being 4 times higher than the fluence of the 40 µm

spot size for a given energy.

For fibreless measurements laser was directly imaged with the 3-lens configura-

tion, however this particular configuration produces a Gaussian-like beam. We plotted

sensitivity with respect to an average fluence, calculated from the energy per pulse

divided by the smallest effective spot size (approximated FWHM). The smallest ef-

fective spot size in fibreless configuration is 3–5 µm.

Our reference data shows that the sensitivity improves for our geometry just as
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(a)

(b)

Figure 3.3: a) Sensitivity profiles for 50 µm fibre at 2.4-to-1 and 1.27-to-1 magnifications; b)

sensitivity profile for 3–5 µm Gaussian-like spot for fibre-less configuration.
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it does for Qiao’s ion source configuration. As expected sensitivity increases with

fluence at first as the sample is more efficiently consumed, but reaches an optimum

and begins to decrease as the effective spot size increases and fragmentation effects

dominate.

3.4 General discussion

The following suggestions can improve the experimental results and allow further

investigations. The biggest issue is transmission loss inside the ion source. It needs

to be resolved without sacrificing the geometry. Normal incidence of the laser beam

produces the smallest possible spot. Due to a large gap between an ion transport cell

and the target, the gas flow carries ions away from the entrance to the first quadrupole

set. The gap needs to be sealed from the environment of the ion source and the seal

needs to allow for free raster of the target.

The other big issue for this experiment is the competition of hysteresis with the

ionization process. The use of hysteresis-resistant matrices might be necessary, how-

ever, there is a need to produce an even layer of matrix and analyte for a flat signal

response during the raster. 2,5-dihydroxybenzoic acid (DHB) is a prime example of

hysteresis-resistant matrix, but the spotting technique we employ applied to this ma-

trix produces large matrix crystals with uneven analyte distribution. The usual use

of DHB involves an active scanning for hot spots, where the signal rapidly increases.

Unfortunately, not all of the DHB surface is evenly covered with such hot spots. A

number of deposition techniques produce homogeneous deposition of matrix, but not

all provide proper integration of the analyte inside the matrix crystal. DHB deposi-

tion via pneumatic system or sublimation can produce even films and small crystals,

but do not integrate analyte properly, leading to a decreased ionization efficiencies.

Another suggestion includes the use of halogen-substituted matrices such as 4-

chloro-α-cyanocinnamic acid. The addition of halogen reduces the overall proton
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affinity of the matrix by pooling an electron from π-region [80], leading to a lower an-

alyte suppression, smaller number of clusters and improved signal-to-noise ratio [81].

Halogenated matrices are deemed for use with small proton affinities, low quantity

and high hydrophobicity analytes, although they do not provide any advantage over

α-cyano-4-hydroxycinnamic acid for very basic samples.

3.5 Conclusion

The results discussed in previous sections form a foundation for further investigations

for sensitivity in MALDI. Smaller spots at higher fluences for fibre and fibre-less

configurations seem to produce higher sensitivity than in larger spots. Improved

sensitivity benefits dynamic range in MALDI imaging, even if the lateral resolution is

limited by other factors. A practical method of using smaller spots without increasing

acquisition time is needed.

Sensitivity profile for Gaussian-like beam for sub 10 µm spot construction shows

trends similar to fibre beams of larger sizes, although the absolute sensitivity mea-

surements are limited due to ion loss in the ion source.
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