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Chapter 1

Introduction



1.1  Introduction to Mass Spectrometry

Mass spectrometry is an analytical technique that is used to measure the masses of
individual molecules or atoms by the determination of the mass to charge ratio (m/z).
There are three fundamental parts to a mass spectrometer: the ionisation source; the
analyser and the detector. Initially the sample is introduced into the ionisation source
either directly or indirectly. The ions formed are then subjected to electrostatic and /
or magnetic fields that direct the ions into the mass analyser where they are separated

(1 The detector converts ion energy into electrical

according to their m/z values
signals; these signals are subsequently transmitted to a computer and information
regarding m/z values and their corresponding relative abundances are collected and
presented in the form of a mass spectrum. The mass spectrometer operates under
high vacuum of ~ 10 — 10" Torr to enable the ions to travel without interference

from air molecules .

In recent years, technological improvements have made it
possible to analyse a multitude of diverse samples and it is for this reason that mass
spectrometry is such an invaluable technique in the biomedical sciences. Mass
spectrometry has a prominence in many areas of science; the scope of which
encompasses physics, biology, chemistry, material science and environmental
sciences. The hallmarks of mass spectrometry include excellent sensitivity,

molecular specificity and versatility.

1.2 Tonisation Sources

There are many methods of ionisation available to produce ions in the gas phase:
electron ionisation (ED) ©); chemical ionisation (CI) [“; fast atom/ion bombardment

(FAB) P! secondary ion mass spectrometry (SIMS) 61, electrospray ionisation (ESI)

7, nanoelectrospray ionisation (nanoESI) Bl.  atmospheric pressure chemical

) [10].

ionisation (APCI) B, desorption/ionisation on silicon (DIOS ; desorption

(1]

electrospray ionisation (DESI) and matrix-assisted laser desorption/ionisation

(MALDI) "> 1,

In the past, mass spectrometry was primarily carried out using EI as the ionisation

source; however, a major limitation was that researchers were only able to detect

-1-



41 This encouraged researchers to develop alternative ionisation

small molecules
sources (examples include FAB, MALDI and ESI) that could enable them to study a
range of biomolecules. The advent of ESI and MALDI ionisation techniques have
permitted the analysis of biomolecules with unprecedented accuracy and speed;
leading to this type of mass spectrometry being an integral part of biochemistry and
medicine. MALDI and ESI are now the ionisation sources of choice for the majority

of biomedical applications.

1.2.3  Spray Ionisation Techniques

Spray techniques were introduced to enable the direct sampling of solutions such as
biological fluids and eluents from chromatographic techniques coupled to the mass

spectrometer as liquids are not suited to the vacuum in the mass spectrometer.

1.23.1 Atmospheric Pressure Chemical Ionisation (APCI)

APCI can be used for the analysis of non-volatile samples without the requirement to
first convert them to a gaseous state; analysis of liquids is achieved by the spraying
of the samples directly into the ion source. The ionisation is similar to CI whereby
gas-phase ion-molecule charge transfer reactions take place with the reagent gas ions

9]

and the analyte molecules ). The analyte solution is vaporised using heat and

desolvated before interacting with the corona discharge; this results in ion formation
151 - At atmospheric pressure ions can be involved in more ion-molecule collisions,

and therefore APCI is a more sensitive technique than that of CL.

1.2.3.2  Electrospray Ionisation (ESI)

ESI, a concept introduced in the late 1960’s by Dole et al. "), is an atmospheric
ionisation technique that can be used for the analysis of biomolecules and is often the
ionisation interface used in conjunction with liquid chromatography. In the mid-

1980's ESI was coupled to mass spectrometry by Fenn ef al. [16); this was applied to
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1.2.4.5 Matrix-Assisted Laser Desorption Ionisation (MALDI)

Matrix-Assisted Laser Desorption Ionisation Mass Spectrometry, a soft ionisation
technique, was developed in the late 1980’s through the work conducted by Tanaka

2] and Hillenkamp 3]

. This method of ionisation improved on former laser mass
spectrometry techniques by incorporating a laser-absorbing matrix to minimise
fragmentation that was observed with laser desorption ionisation mass spectrometry
(LDI MS) %1 The use of a chemical matrix facilitates the energy transfer between
the matrix and the analyte. Despite the extensive use and acceptance of MALDI
within the scientific community, the underlying ionisation mechanisms are still not
well understood and many different theories have been put forward; however, it is

sufficient to say that no one mechanism can explain all the ions formed in a MALDI

experiment °7. The proposed mechanisms are discussed in section 1.3.

The first stage in MALDI MS is to select a matrix to enable analysis to be performed
on the compound of interest. A matrix usually consists of small organic molecules in
a solvent solution and its role is to absorb energy at the laser wavelength. The matrix
can be applied to the analyte in many different ways and analysis can be performed
once the matrix has co-crystallised with the analyte, resulting in a solid deposit of
analyte molecules embeddéd in the matrix.

During MALDI analysis the laser fires at the sample and irradiates the crystals
causing rapid heating of the crystals to occur which leads to localised sublimation.
This results in a plume of gaseous phase matrix containing the intact analyte and it is
during this process that ionisation occurs. The three most important processes for ion
formation to occur are: the close contact of the matrix and analyte molecules; analyte

desorption from the sample surface; and, finally, efficient ionisation 381
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1.3 Ion Formation Mechanisms in UV-MALDI

The ion formation mechanisms associated with ultra violet (UV)-MALDI have been
investigated and some of the theories may also apply to infra red (IR)-MALDL

The underlying mechanisms require further investigation in order to develop more
standardised methodologies that take into account all the variables that affect the

results obtained in relation to sensitivity and reproducibility P*).

The main variables are as follows:

Matrix selection

» Physical and chemical analyte characteristics

= Concentrations of both the matrix and the analyte
= Sample preparation methodology

= Features associated with the laser

» Local environment, for example temperature

There are many different theories regarding the reactions that occur in ion formation
in the MALDI process. There is an increasing consensus amongst researchers that a
two-step model exists, where there is a primary ionisation event followed by
extensive secondary reactions in the plume.

The foremost primary ionisation steps include cluster reactions with preformed ions
and pooling mediated photoionisation of the matrix. Although the exact reaction
mechanisms associated with MALDI are not yet fully understood, there have been

[39]

many proposed theories . The importance of secondary reactions is highlighted by

the fact that many molecules present themselves in spectra in their protonated form
[40, 411
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Protonated matrix formation:
M"+M —>» MH '+ M-H)

The radical formed in the above reaction can be converted into (M - H)" if it reacts

with a free electron:
M-H) +& —» (M-HYy

Reactions can also occur between the matrix and the analyte; very often these
reactions produce protonated species. These are thought to occur after secondary

proton transfer reactions have taken place in the plume:
MH'+A —>» M+ AH’

The creation of ions by gas phase reactions has been reported as a feasible

mechanism for ionisation by Wang et al. s

1.3.1.4 Energy Pooling

This details the role of MALDI matrix excitation states and explains the energetic
processes underpinning a 'diffusely excited solid. The internal energy of two or
more excited state matrix molecules combine (‘pool’ together, as represented in the

equation as M*M*) to form one matrix radical cation (M™") 1391,

This approach is conceivable as clusters often form in MALDI plumes; the following

equations detail the process:

2hv
MM ——» M*M* ————»M+M"+¢

M*M*+A ——> MM+A"+¢

-11 -



1.3.1.5 Excited-State Proton Transfer

This is a popular theory that involves one photon where a single excited matrix

molecule (M*) can efficiently transfer a labile proton to the analyte / matrix molecule

in the ground state 1,

The following equations detail this theory:

M+ hy —» M*
M*+A—» (M-H) + AH"

M#* + M —» (M-H)" + MH*

1.3.1.6 Disproportionation Reactions

It is proposed that disproportionation reactions may hold the key to the fact that some
matrices perform better in positive ion mode and others in negative ion mode [46, 471,

The following equation displays this theory:

nhy

2M ———» (MM)* —» (M - Hy + MH*

1.3.1.7  Desorption of Preformed Ions

Another proposal is that the ions are preformed and that the laser pulse liberates them

resulting in their desorption 48],

1.3.1.8 Thermal Ionisation

Thermal ionisation is a very likely mechanism when particle suspension matrices
have been utilised in the experiment. This is because this particular type of matrix is
composed of fine particles and these particles do not possess a chromophore or have

the ability to co-crystallise with the analyte. Thermal ionisation can occur in two

-12-



(9] or

ways: at the particle surface as expressed using the Saha-Langmuir equation
via a disproportionation reaction that incorporates the electron affinity of the matrix.

It has also been inferred that laser-induced damage on the crystalline surface,
approximately 1 um in thickness, causes desorption of ions to occur. When an IR

laser is used the laser penetrates much deeper into the sample 5%,

1.3.2 Secondary Ion Formation

1.3.2.1 Electron Transfer

A feasible reaction in the plume may involve electron transfer; this process is
detailed in the following equation whereby reactions are thought to occur between

the matrix radical cation and an analyte molecule:
M"+AeoM+AY

Electron transfer has been put forward as a possible mechanism that is thought to

occur when the compounds of interest have low ionisation energies °°..

1.3.2.2 Proton Transfer

Gas phase proton transfer reactions with neutral matrix and neutral analyte
molecules, when the primary ions are radical cations, have been reported (411,
The free energy change (AG) of matrix-analyte and analyte-analyte reactions in the

plume can be selected in the mass spectrum.

AG = -RTIn(K)

K: calculated from the relative abundances of ions in the mass spectrum that are

thought to be involved in charge transfer reactions in the plume (39,501,

-13-



1.3.2.3 Cationisation

Cationisation is the term given to the process where the analyte is primarily ionised
by forming metal ion adducts. This has been shown to be a process commonly
observed with carbohydrates and synthetic polymers 51,521,

Gas-phase cationisation has been an observed reaction in a number of publications

along with other gas-phase reactions [53-56],

Zhang et al. have investigated the role of the matrix in the cationisation process %),

1.3.3 Ion Suppression Effects

Matrix suppression of the analyte, brought about by secondary ion reactions, is the

most common type of suppression that occurs during the MALDI process 7).

Donegan and co-workers successfully managed to reduce the matrix suppression
effect on small molecules by spray coating the MALDI target plate with a solution
containing nitrocellulose and alpha-cyano-4-hydroxycinnamic acid (a-CHCA ~1-
2mg/mL in acetone); however, the experiments performed were limited to
conventional MALDI analysis. This technique was a different slant on the dried-
droplet technique, but this method has not been documented for the analysis of tissue

samples 7,

1.4 The Desorption Process

As with the mechanisms for ionisation, there are many theories put forward as to
how the desorption process occurs. The thermal spike model details how low laser
fluence irradiation of the sample results in heating of the sample, causing the
sublimation of matrix molecules. However, if the laser intensity is increased beyond
a certain point a rapid increase in desorption efficiency is observed ¥, Another
desorption hypothesis that has been put forward is the pressure-pulse theory. This is
based on the pressure gradient that is observed normal to the surface where the

desorption of large molecules is enhanced by colliding them with high speed matrix

-14 -



molecules P,

More recently, the Quasi thermal model was introduced by
Hillenkamps' research group where the co-crystallised analyte/matrix combination
undergoes pressure related decomposition, forming smaller particles. The smaller
particles (clusters and /or single molecules) are desorbed via thermal effects exerted
thus creating the MALDI plume where these particles undergo collisions, resulting in
the formation of the matrix and analyte gas phase species by expansion cooling 160,
611 An important factor in promoting efficient desorption is thought to be reliant on
the thermodynamic properties of the matrix. The MALDI response has been shown
to be affected by sample morphology (62, this could potentially alter the

desorption/ablation process.

1.5  The Mass Analyser

There are many different types of mass analyser that operate under high vacuum
conditions to prevent ions colliding with air molecules.

Nominal-mass analysers have a resolution of approximately 1:1000-2000;
specificity, however, can be enhanced by the use of high resolution mass
spectrometers where the resolution can be as high as 1:100 000 giving mass accuracy

under 1ppm 1,

1.5.1 The Time-of-Flight Mass Analyser

Developed in the late 1940's by Cameron and co-workers (641 time-of-flight mass
spectrometry (TOF-MS) is a type of mass spectrometry in which an electric field of
known strength is used to accelerate the ions. Improvements in mass resolution led

to the first commercial instrument being introduced in 1955 by Wiley and McLaren
[65]

More recently, TOF-MS has been coupled to MALDI and ESI ionisation methods
and has been utilised in the development of high resolution instruments such as the
quadrupole time-of-flight (QTOF) and in other instruments with TOF-TOF
capabilities. The main features associated with TOF-MS include high sensitivity,

theoretically unlimited mass range and rapid analysis time 1661,

-15-
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