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rmpF.J. Abstract
Abstract

MALDI Imaging has gained huge interest in the past few years with an ever
increasing population of specialists choosing to investigate samples using MALDI
imaging, including growing interest and financial backing from pharma and contract

research organisations.

Presentéd within this thesis is the development and application of MALDI imaging
techniques for a variety of analytical problems. The use of various software
packages have been employed in the interpretation of the data acquired from MALDI
experiments includihg, the use of statistical analysis for the identification of ion of
interest from 6 distinct brain regions and also for the identification of ions of interest

associated with small molecule tumour markers.

The advantages of MALDI-IMS-MSI as a further separation stage within MALDI-MSI
have been shown. Demonstrated is a method for MALDI-IMS-MS imaging of
endogenous lipids in healthy tissue and tumours, also demonstrated is the
application of MALDI-IMS-MS to xenobiotic distribution studies, it has been clearly
shown that ion mobility separation within MALDI-MSI experiments can improve the

analysis of xenobiotics by removing any interfering ions.

With instrumentation development for MALDI a high repetition rate Nd:YVO, laser

has been assessed as a possible method for decreasing acquisition time
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1.0 Introduction

1.1 Drug Discovery

1.1.1 Target Identification.

The initial stage in the drug discovery process is the identification of a medical
i for the development of a drug compound based on the lack of current

methodology in the treatment or a lack of existing effective drugs. Once a

medical need has been identified the drug development process starts.

Figure 1.1 shows a schematic of the common steps involved with the drug

discovery and development process from the identification of possible targets

until a completed drug can be distributed into the market. This entire process

takes several years to complete and only a few of the initial compounds make

it to market. Typically <10% are finally marketed (Ashburn and Thor 2004).

De novo drug discovery and development
* 10-17 year process
« <10% overall probability of success

Target discovery  Discovery & screening Lead optimization ADMET ADevelopment| Registration
Discovery " - p
sExpression analysis /. mTraditional * Traditional >Brcavailability and f . Must start clinical T >United States
>In vitro function . Combinatorial medicinal systemic exposure testing at Phase |
« In vivo validation; chemistry chemistry (absorption, (Phase Il for >Europe (EMEA
for example, « Structure-based * Rational clearance and cancer) or country-by-
knockouts drug design drug design distribution) country)
« Bioinformatics Screening >Japan (MHLW)
« Invitro * Rest of world
* Exvivo and in vivo
« High throughput Vv L
2-3 years 0.5-1 years 1-3 years 1-2 years 5-6 years 1-2 years

Figure 1.1 Schematic representation of the drug discovery process and approximate

times involved at each stage. (Ashburn and Thor 2004).

The first stage, once a medical need has been identified, is to find disease
modifying targets (Lindsay 2003). Possible drug targets are usually a single
gene, gene product or molecular mechanism (Sams-Dodd 2005). Once a

possible target has been identified it needs to be validated. Target validation
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‘involves the determination of the theraputic value of the target within a
specified patient population. [f the target is deemed a viable target then a
high throughput screening assay |s de\reloped. The use of high throughput
| screening allows for rapid analysis of possible target specific com.pounds from

compound libraries and the identification of possible lead compounds.

1.1.2 Lead Optimisation

If a lead compound is identified this compound then needs to be optimised.
Lead optimisation may involve the manipulation of the lead compound
strdcture, or assessment of any structural isomers, using hi‘gh'throughput
screening, until a compound that has the optirrtum specificty towards the
target is found. Lead_ optimisation can involve the lead vco'm‘pound/s
- undergoing modification or synthesis. In order to improve target interaction,
specificity, efficacy, reduee toxicity and improve pharmacokinetics and

pharmacodynamics.

There is currentiy a requirement to use in vivo studies within certain areas of
the drug discovery process, including tbxicity and distribution studie's. More
and more, pharma are trying to use alternative in vitro studies to reddce the
number of animal experiments. - Repeat' dose toxicity studies currently have to
be carried out in vivo for both rodent and non rodent (commonly initially rabbit)
species for a period of time consistant with the planned duration of clinical
studies (Ng 2004). Possible metabolites .of new chemical entities (NCE) are
- commonly characterised using several techniques including: 'LC/MS,

HPLC/MS, GC/MS, UV/is spectroscopy etc (Zhang et al., 2009). There is

| 'Pag"e |3
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scope within this field for the application of imaging technologies, and
specifically MALDI imaging for t~he identification -and analysis of the spatial
distribution of NCEs and their rﬁetabolites. This could add additional spatial
information within the metabolite identification experimenté | (Sugiura and
Setou 2009). | |
When a lead compound has béen shown to be a sucessful compound ivn the
in vitro and in vivo animal studies it is required to enter clinical trials.

The final lead compound needs to be placed into a drug design. The drug
design markedly differs depending on the possible market for the drug and
more importantly the absorption, distribution, metabolism and excretion
(ADME) properties of the compound. These can all be alte_red‘ depending on
the drugs formulation and route of administration. Factors that need to bhe
considered are pdssible routes of administration, _énd initial dose formﬁlation

(Ricaurte et al., 1'9878).

1.1.3 Phase | clinical trials.

Phase | clinical trials are primarily designed to assess the safety of the drug
within healthy human volunteers. A smal.l group of healthy human volunteers
receive a single dose or a dosing regime of the drug. The pharmacokinetics
~and pharmacodyn.amics of the test compound are »assessed‘ and any

physiological or behavioural effects are assessed.

' 1.1.4 Phase Il clinical trials

"'Page‘4' .
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Phase 1l Clinical trials involves either open Iabel; blind or double blind trials,
on the relevent disease group. Pért of the group will receive the new test
compound possibly with different dosing regimeé and the other mehbers of
the group will receive a placebo or th}e current standard treatment depending
on the patient risk if they receive only the placebo; The data obtained in
phase Il aids in the develbopment of the most effective dosing regimes and the

effectiveness of the treatment.

1.1.5 Phase lll clincal frials.

Phase lll is an éxtens'ion of phase' Il and involves a much wider group
compared to phése Il. Normally over several locations. This allows more
extensive assessment of the safety and efficacy and allows extensive
statistical analysis of the obtained data. And a comparison of effecacy with

current treatments can be made.

At this stage if the drug benefits and efficacy far outweigh ény safety or side
effects, the full data is presented to the regulatory authorities for assessment |

“and approval. Once approved the drug can be marketed.

1.2 | Drug distribution studies.

Currenf drug distribuﬁon studies are primarily carried out using quantitative
whole body autoradiography'(QWBA), and organ homogenate analysis using
‘quuid scintillation counting (LSC). QWBA has taken over from more
conventional animal dissection and determination Of, tissue homogenate

composition (Solon and Kraus 2002). The pharmacokinetic data obtained

"Pagelsw i
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using- QWBA are utilised in the prediction of the exposure of human
volunteers to isotope labelled compounds during radioisotope mass balance
studies. These studies are a requirément for new ’compounds (Solon and Lee

2002)

1.2.1 Quantitative Whole Body Autoradiography (QWBA)
This is the mbst'com_mon way for determining the distribution of xenobiotics
within whole body aﬁimal studie_s, and is utilised routinely within preclinical
| drug development studies (Coe 2000).

QWBA invol\)es the synthesis of a d‘rug compound which contains a radiolabel
predominantly carbon 14 or tritium. Tritium labelled new drug entities (NDE)
are easier and quicker to obtain (Potchoiba and Nocerini 2004). One problem
with using triﬁum is that a percentage of the radiolabel may be lost during the
freeze drying process as tritiated water; Radio labelling developmental drug

compounds can be an expensive process (Ulberg 1954)

An animal is dosed with the labelled compound and sacrificed after a sét time
period, the animal is then froz:en within‘ a block of carboxymethyl cellulose
(CMC) (QWBA methodology is covered further in Chapter 4 of this thesis).
The animal is‘then secfioned using a whole body cryotome. The sections are
placed onto a rédiatidn sensitive plate and sfored for a desired amount of timé
after they have been freéze dried. The radio sensitive plates are then
- automatically read using a plate reader. Using software the concentration of

the known standards can be entered and the quantification of the radiolabel



and hence compound concentration can be calculated (Potchoiba et al 1997,

Potchoiba et al 2004).

as

Figure 1.2 QWBA image showing radiolabel distribution within three rat whole body
tissue section, also shown are a series of spiked blood samples for calibration.

(www. biosoacelab. com)

Maas et al., 2000 presented work recommending the standardisation of
QWBA methodology. Within this work they assessed several parameters that
are variable within QWBA analysis. They proposed that the optimum
thickness for QWBA analysis was between 25-50pm. This was
recommended due to the pg equivalents/g calculations from the detected
radioactivity. The quantification was carried out using spiked blood standards
included into the CMC block prior to sectioning to create a standard curve.
One of the reasons for recommending this tissue section thickness is due to
tissue self absorption of the radioactivity. This is highest within bone tissue,
which is expected due to its density. They also recommend the orientation of
the samples to be vertical to the scanning direction to reduce flaring from
areas of high concentration, this can mask areas of lower intensity.

Temperature should be maintained constant preferably at a low temperature
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and the sample should be stored in a shielded box to reduce fhe background
signal. - Also scanning 'acquisition should be performed as soon as possible
due to non linear fading of intensity dver time.

The main limitations with the use of QWBA is the fact that only the radiolabel
can be imaged, hence,v this technique is unable to differentiate between
parent compound and metabolites. ‘The‘refore" in combination with this
technique another animal receives a cold dose of the drug compoUnd from
Which the organs of interest,cah bevharvested and analysed to obtain the
compound or metabdlite idehtification and further quantification through
4various techniques, méi’nly a form of LC-MS, is used.

: MALDI'-MSI is a relativély new method which potentially‘ addresses éome of

the issues arising from QWBA.

1.3 Mass spectrometry Instrumentation

Mass Spectrometry (MS) is an invaluable tool in biomedical research. It is
used in the characterisation- and structural elucidation of molecules and
elements, as well as in qualitative and quantitative sample composition
studies. |

Mass spectrometers have at least three re‘gions, ah ionisation source to
produce ions from a sarhple. Mass analysers or selec_tor.s to sepérate the
ions based on their mass-to-charge, and finally a detector to measure the ions

abundance and record the data.
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Figure 1.3 Simplified schematic of a mass spectrometer.

1.3.1 lonisation sources

There are several ionisation sources used with in mass spectrometry.
Different ion sources are used for different techniques. Each ion source has
different characteristics including but not limited to mass range, fragmentation,
sample depth penetration, sample destruction and spatial resolution (if
required for an imaging technique). Another consideration when choosing an
ionisation source is the type of sample that requires analysis e.g. Solid, liquid
or gas.

Some of the ion sources used within mass spectrometry include radioactive
ionisation, corona discharge ionisation (Ross and Bell 2002), photoionisation
(Cooper et al, 2002), electrospray ionisation (ESI) (Postle et al., 2007),
secondary electrospray ionisation, laser desorption ionisation (LDI) (Benazouz
et al., 1999), Surface enhanced - LDI (Hinshelwood et al., 1999) and matrix
assisted laser desorption ionisation (MALDI). Within Biological mass
spectrometry the most common ionisation source used is ESI (which is

usually coupled to a separation technique e.g. HPLC).



1.3.1.1 Electrospray ionisation (ESI)

ESI is one of the most common ion sources used within biological mass
spectrometry, and is often coupled to HPLC systems (high performance liquid
chromatography). Figure 1.4 shows a schematic of an ESI source. In one
embodiment the source has a capillary which carries the sample solution into

it at range of flow rates from several pL/min down to a few nL/min.

Skimmers

Transfer

Anatvteiiolvent .
capillary

Spray NeedleVCapillary droplets (spray)

Anatytei'ENjent To Mass

flow Spectrometer

(syringe pump
orLC)
hwgj flow

ATMOSPHERIC PRESSURE
Pumping

Figure 1.4 schematic ofan electrospray ionisation source. (www.chm. bris. ac. uk)

A high voltage is applied to the capillary typically in the range of 2-5kV. This
applied potential voltage causes the positively charged ions in the solution to
accumulate at the tip forming a cone called a Taylor cone (Figure 1.5). This
then starts budding and forms a spray/mist of multiply charged droplets.
These droplets undergo solvent evaporation and hence size reduction. There
is a critical point at which the droplet undergoes fission due to the charge
repulsion overcoming the surface tension of the droplet this is known as the
Rayleigh limit. This process can occur numerous times until the resulting ions

are fully desolvated this occurs at atmospheric pressures. This process is



\WJLJLCipiX/l

depicted in figure 1.5. ESI often results in multiply charged ions compared

with MALDI which predominantly results in singly charged ions. For further

information on ESI, Gaskell 1997 has presented an excellent review.

Cone
(counteretcctrodo)

Taylor multply

Spcay needte |
charged droplet

sclent 'Coutomblc”
evaporator* explosion +
the "Rayleigh
limit is reached analyte
anlalytcle multiply ions
molecule charged droplet

+ve kV
-ve kV

Figure 1.5 Schematic of the droplet desolvation during ESI. (vzww.chm. bris. ac. uk)

1.3.1.2 Desorption ElectroSpray ionisation Source (DESI).
ESI has recently been adapted into DESI (Desorption Electrospray lonisation)
(Takats et al., 2004) this involves desorbing ions from a sample surface with

an ESI source. A schematic of the instrument arrangement is shown in figure

1.6
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Figure 1.6 DESI instrumentation schematic showing the electrospray source directed at

the sample and not directly into the mass spectrometer as in ESI. (Takats et al 2004)

The sample is impacted by charged droplets and ions from the solvent in the
electrospray. The impact of these results in the production of gaseous ions of
the sample originally on the sample surface. The resulting mass spectra are
similar to ESI mass spectra with singly and multiply charged ions. DESI can
be used for the detection of small molecules and proteins and peptides. By
varying the solvent composition from the ESI source within DESI, analytes
can be selectively analysed, or with varying sensitivity.

Takats et al., 2005 have adapted this ionisation source for spatial analysis
and imaging, although only the theory with no images has been presented.
They also demonstrate the use of this technique for the detection of
explosives for forensics. The authors present evidence for both charge
transfer and droplet pick up mechanisms for the ionisation process in DESI.

Imaging DESI has now been shown by many groups. Wiseman et al., 2006



have demonstrated rat brain tissue lipid imaging using DESI. DESI imaging
involves acquiring a DESI mass spectrum at a location which is then stored as
a pixel within the image. The sample is then moved left or right relative to the
source depending on the instrument configuration, and another mass
spectrum is recorded. This process is repeated across the sample area.
Once one line is completed the sample is moved towards the MS inlet, this
reduces the possibility of analysing material redistributed in the direction of

the electrospray flow (Figure 1.7).

o Area awaiting imaging
| Area completed imaging
| Area currently acquiring

£ Possible area of analyte spread

Figure 1.7 Schematic of the pattern from an imaging DESI experiment, showing the

possible spread of analytes due to the electrospray.

DESI has recently been used for whole body imaging by Kertesz et al., 2008
and has been compared to whole body autoradiography which is the standard
for whole body tissue imaging for drug distribution studies, as previously

described.
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1313 Matrix assisted laser desorption ionisation (MALDI)‘

Matrix Assisted Laser Desorption lonisation (MALDI) was introduced in the
late 1980's (Karas et al., 1985, Tanaka et al., 1988) as a s}oft ionisation
~ technique intended for extending MS analysis to large biomplecules. The -
conventional MALDI-MS techﬁique has since been developed into an imaging
technology. MALDI-MS imaging (MALDI—MSI) has been used in a wide
variety of applications since the first full paper (Caprioli et al., 1997).

MALDI_ is a relatively soft ionisation technique producing predomihantly singly
charged ions (Karas et al., 2000). MALDI is a two ,stage’proces’s involving the
deSorption/ablatiori event followed by ionisation of the ‘analytes.' These two
events will be discussed further later in this introduction. Usually a sample is
coated with a matrix (pr’edominantly én orgénic acid) which absorbs radiation
within the wavelength of the laser used within the experiment, cbmmonly uv
lasers. The desorption and ionisation within MALDI is predominantly done
under vacuum cdnditions cqmpared to ESI which is at atmospheric pressure.
The sample once coated with the matrix is then placed in the instrument

where the sample is irradiated by a laser.

There are two modes of operation for MALDI MSI, these are micrOprobe and

microscope mode (Luxembourg et al., 2004 and Klerk ef al., 2009).

1.3.1.3.1 | Microprobe MALDI.
‘Microprobe mode MALDI involves irradiating a small area/pixel with a laser
and recording the resulting mass spectra for each position defined by the

user. After image acquisition is complete ions are selected and an image is
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reconstructed as a 2D ion density map based on the ion intensity at each
location. This is the mode all experiments within this thesis have been carried
out using. Figure 1.8 shows a representation of microprobe mode MALDI

imaging experiment.

Time difference between laser
pulse and arrival of ions is used to
calculate m/z ratio of the ions.

lon detector Phosphor screen
DMCP

Flight path

Objective to focus laser

beam to desired diameter: %
beam diameter determines
image resolution

Figure 1.8 Schematic representation of a microprobe MALDI setup. (Klerk et al., 2009)

1.3.1.3.2 Microscope MALDI.

Microscope MALDI involves irradiating the entire area that is to be imaged.
This results in the generation of ions from the sample which retain their spatial
distribution and are detected using a 2D position sensitive detector. Figure

1.9 shows a representation of a microscope mode MALDI experiment.



Time difference between laser CCD camera records

pulse and arrival of ions is used to ion-optical image that

calculate m/z ratio of the ions. is projected onto the
phosphor screen

Phosphor screen
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ion detector

Flight path (simplified)!
with ion-optical lenses;
and blankers

objective to focus laser
beam to desired diameter

Figure 1.9 Schematic representation of a microscope MALDI setup. (Klerk et al., 2009)

1.3.1.4 SIMS (Secondary lon Mass Spectrometry).

SIMS imaging is a complimentary technique to MALDI MSI. SIMS imaging
currently has a much higher spatial resolution compared to MALDI however
the effective mass range is much smaller than achievable using MALDI
(Heeren et al 2008, Monroe et al 2008).

SIMS involves the generation of ions from a sample by bombarding the
sample with a primary ion beam generated by an ion gun. The primary ion
beam is focused onto the sample and penetrates the surface. This causes
the ionisation and sputtering of some of the sample surface into the surround.
These ions then pass through various ion optics and into a mass analyser
commonly a TOF MS (Zheng et al., 2008). A schematic of ion formation in

SIMS is shown in figure 1.10.
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Figure 1.10 Schematic representation of the generation of secondary ions within SIMS.

(Castner 2003)

SIMS and MALDI data sets have been combined from the same tissue
section by Eijkel et al, 2009. The possible benefits from the correlation of
both imaging techniques was demonstrated, including the high spatial
resolution obtainable by SIMS. They used principle component analysis
(PCA) and canonical correlation analysis (CCA) to extract information on the

spatial distributions of different ions of interest and combine the two data sets.

1.3.2 Mass analysers

There are several possible analysers that can be used within mass
spectrometry including ion traps (Beaudry et al., 2009), Fourier transform ion
cyclotron (lrungu et al., 2008) and magnetic sector (Bereman et al., 2008).
These analysers will not be covered in the scope of this introduction. The
mass analysers covered within this thesis will include quadrupole (Q) and time

of flight (TOF) analysers and tandem mass analysers.



1.3.2.1 Quadrupole

Quadrupole mass filters are commonly used on smaller instruments or in
conjunction with other mass analysers as a tandem instrument (Morris et al.,
1997). Quadrupole mass filters consist of 4 metal rods connected in pairs
running parallel to each other. Across these rods an RF voltage is applied in
pairs along with a DC voltage which is applied along the length of the
quadrupole. Applying these voltages and by varying the RF voltages ions can
be selected to transverse the quadrupole. lons which are not the correct

mass-to-charge end up colliding with the metal poles.

Figure 1.11 schematic of a quadrupole mass analyser red ion is of the correct mass-to-
charge and is able to exit the quadrupole, the yellow ion is a different mass-to-charge

that ends up being neutralised on the metal rods.

1.3.2.2 Time of flight

Time of flight (TOF) mass analysis is a very common form of mass analysis
used within MALDI experiments. TOF mass analysers accurately measure
the time it takes an ion to transverse a field free drift tube, after the ions have
been accelerated using a voltage. Because each ion has the same kinetic

energy larger ions travel slower than smaller ions. The simplified equation
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showing the'relationship between time and mass/charge ratio is shown below

m
t=k/—
VA

Equation 1.1 Equation showing the relationship between time and mass-to-charge

in equation 1.1

within a TOF analyser, t = time taken to transverse the drift tube, k = is an instrument
related constant calculated by the total length of the drift tube divided by the square root
of twice the voltage applied to accelerate the ions into the flight tube, m is the mass of the

ion and z is the charge on the ion.

There are two ways in which the TOF analyser is} orientated compared to the
ions original direction of motion these are linear or axial and orthogonal.
Linear or axial TOF ions are accelerated in their original direction of travel into
the TOF analyser. One of the issues with this arrangement is that any slight
variation in the initial sample height may alter fhéir effective time of flight and
hence coLlld reduce the mass resolution of the instrument.

Orthogonal TOF instruments accelerate the ions into the drift tube at ~90° to -
their original direction of trével.hence removing any experimental differences
in the original étarting height of the ions.

Also the mass resolution can further be improved‘ with the use of reflectron
TOF (Franzen 1997). Reflectron TOF instruments use a set of ring electrodes
each wﬁh increasing potential voltage which reflects the ion back down the
length of the flight tube doubling‘the _length the ions have to travel. This also
corrects for any differences with the kineﬁc energy for ions with the same
mass-to-charge. lons with a higher kinetic energy travel further into the

reflectron and hence travel a slightly longer flight path to ions with a lower
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kinetic energy. Some of the many commercial TOF analysers can be run in
"V" or "W" mode this represents the flight path of the ions, by using this
method the distance for TOF separation can be doubled within the same

length flight tube. (Figure 1.12)

PUSHER DETECTOR PUSHER DETECTOR

Figure 1.12 Schematic of the TOF portion of a Synapt HDMS system (Waters
Corporation, Manchester, UK) showing the flight path of ions in the time of flight tube

when in "V" or "W" mode of operation.

1.3.2.3 Tandem instruments

There are two types of tandem instruments. These are tandem in time which
account for ion trap mass spectrometers, which can trap ions and then
selectively release them. The second type is tandem in space which involve
multiple mass analysers. Tandem in Space is the type of mass spectrometers
covered briefly within this thesis.

Several commercial instruments are tandem instruments which contain two
mass analysers. Both instruments used throughout this thesis are Q-TOF

hybrid instruments. This means the instrument has a quadrupole mass
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analyser (or hex/octo-pole) followed by a TOF'mass analyser. Other tandem
in.s'tr_uments include TOF-TOF (Falkner et al., 2007) or another arrangement is
triple quads, which employ Q1 and Q3 as mass selectors or mass 'analysers

and Q2 as a collision cell.

1.3.3 MALDI Lasers
There are essentialvly only a few lasers used within MALDI instruments. The
~ two most common lasers used are the N lasers and fhe Nd:YAG lasers.

However IR lasers haveb been used.

1.3. 3.‘f N; lasers

This is traditionally the most common MALDI laser and one of the cheapeSt ‘
laser options for MALDI. This laser has an output of 337nm which is suitable
for many MALDI matrices. One problem with N, lasers is the limited repetition
rate, normally 20Hz-50Hz. N lasers were initially the most common I}aser
used within MALDI due to their relatively low cost and p.reviously were much

smaller than other laser options.

1.3.3.2 Nd:YAG lasers

Matrix - assisted laser desbrption was first reported using a frequency
qu}adrupled Nd:YAG laser at 266nm (Karas et al., 1985). Since then the
further dévelppment of these lasers, allowing the size and cost to be reduced
has enabled the inclusion of this laser system as a direct replacement for

conventional N, laser systems. Frequency tripled Nd:YAG lasers have a:‘
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wavelength output of 355nm. This laser system allows repetition rates

between 200Hz-2KHz.

1.3.3.3 Nd:YVO, lasers

Frequenéy tripled Nd:YVOy lasers also have a wavélength of‘355nm but allow
" much higher repetition rates with the possibility of reaching 100 KHz repetition
rates. The use of a Nd:YVO, laser fofms part of this thesis. This laser was
used for high repetition rate MALDI imaging, allowing the use of raster
imaging whilst maintaining a significant number of laser shots per pixel
-(Further work on this Iéser'can be seen in Chapter 6 of this thesis). Tojo et al.,
- 2008 have also presented work using a Nd:YVQ; laser for MALDI, within this
work the authors demonstrate the characteristics of a Nd:YVOy laser, but they

- have not shown any results using this.laser for MALDI.

1.3.34 Infra Red lasers

Infra red lasers have also beeh employed for MALDI ahalysis, the first results
published from an IR MALDI ekperiment were from Overberg et al., 1990,
within in this work they utilise a Er:YAG laser at 2.94um wavelength, the same
group also presented work using a CO; laser in 1991 (Overberg et al., 1991);
IR MALDI has been used for a variety of applications since its development
especially large biomdlecﬁles including intaét proteins. (Berkenkamp et al.,
1997) . o

IR LDI'and IR MALDI all rely on the absorption of photons at IR laser
wavelengths by O-H, C-H, N-H, C-O and C=0 bond stfetching and bendingv.

A lot of IR MALDI experiments utilise glycerol as a matrix.
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IR MALDI is a softer ionisation than UV-MALDI producing less metastable ion

fragmentation (Dreisewerd et al., 2003).

1.3.3.5 IR and UV combined lasers.

Huang et al., 2008 have reported the use of a combined IR-LD and UV-

_ MALDI instfument. Within this work the use of a puised optiéal parametric
oscillator (OPO) IR laser, which has a tuneéble wavelength was described.
They utilised two wavelengths 2.94um and 3.05um to ablate the sample and
this was then f‘olvlvowed by a UV laser pulse at 351nm to ionise the plume
generated by the IR laser. The UV laser was fired 50us after the IR laser
parallel to the ‘sample. Different delay times between the two laser shots -
markedly changed the ion signals and this time delay is cléarly a critical step,

as would be expected due to the plume expansion.

The use of IR MALDI / LDI has also beeh reported with an ion mobility cell by
Woods and Jackson 2006. Within this work they also describe the use of a
OPO IR laser and for compariéon a Nd:YLF laser fbr UV MALDI. Comparison
of both UV and IR spectra shvowed that the IR MALDI resulted in less
fragmentation of the analyte, they also showed that IR MALDI and IR LDl are

similar for the analysis of phospholipids in rat brain tissue.

13.3.6 . Multi-frequency lasers
Su ef al., 2006 presented some initial experiments using a multi-frequency
laser within a MALDI experiment. The multi-frequency laser used within this

work emits multiple wavelengths including 355nm. It was shown that using
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aCHCA as a matrix similar results were obtainable using a 355nm laser and
the multi-frequency laser, this was also true with the use of SA as the matrix.
However with activated charcoal a more ihtense peak of cytochrome C‘wés
observed at m/z 12327 using the multi-frequency lasér compared to a 355nm

Nd:YAG laser.

1.3.4 Instruments

‘1.3.4._1 Q-Star Pulsar-i

In this thesis, for small molecule MALDI-MSI. one bf the main instruments
used was an Applied Biosystems/MDS Sciéx hybrid quadrupole time-of-flight
instrument (Q-Star Pulsar-i) fitted with an orthogonal MALDI ion source.
Three different lasers have also been used during the course of this work: a
337nm Nz laser, a 355nm frequéncy tripled 1 KHz Nd:YAG laser (Chapter 2)

and a 355nm frequency tripled 1-20 KHz Nd:YVO, laser (Chapter 6). The Q-

Star itself has a MALDI source, to create the ions, followed by a quadrupole

mass filter for,precursor'ioh selection, followed by a 2-D quadrupole ion trap
which gates ions into the orthogonal reflectron TOF for mass analysis. The

2D quadrupole ion trap also acts as a collision cell.
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Figure 1.13 Schematic of an Applied Biosystems/MDS Sciex hybrid quadrupole time-of-

flight instrument (Q-Star Pulsar-i). Adapted from Baldwin et al., 2001.

1.3.4.2 MALDI Synapt HDMS

A Waters “Synapt” HDMS system was used for MALDI

separation - MSI, within this thesis (Chapters 3, 4 & 5).

- ion mobility

The Synapt HDMS

system is a MALDI hybrid quadrupole/travelling wave IMS/oa-ToF instrument.

A schematic of this instrument is shown in figure 1.14.
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Figure 1.14 Schematic of the Synapt HDMS system (Waters Corporation, Manchester,

UK) (Oppenheimer et al 2009).

Within this instrument the region of the instrument responsible for the ion
mobility is the Tri-Wave region. This region comprises of three distinct parts
the “Trap” acts as an ion guide and the last set of electrodes gate the ions into
the travelling wave ion mobility separation (T-WAVE IMS) cell, releasing a
packet of ions into the T-WAVE IMS cell which then undergo ion mobility
separation (this will be covered further later in this introduction). Once the
ions have been separated within the T-WAVE IMS cell they enter the
“Transfer” region which is another ion guide which transfers the ions into the
TOF analyser. This can be operated in "V" or "W" reflectron modes as

previously described.

1.3.5 lon Mobility Separation.
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The addition of ion fnobility separation (IMS) adds another dimension of
separation to mass spectrométric analysis. .Con_ventional mass spectrometers
can only separate ions based on their mass-to-charge whereas ion mobility
either separates purely on averaged collisional cross sectional area within
traditional IMS drift.tubes, or by their averaged‘ collisional cross sectional area
to -charge within the travelling_ wave IMS.. This additional dimension of
separation has proved to be highly advantageous within mass spectrométry.
The use of ion mobility itself has also markedly grown over the past decade
.and during. 2008 there were over 50,000 stand alone ion mobility
spectrometers throughout the world employed for thé detection of explosives, -
drugs and chemical warfare agents (Kanu et al., 2008)_. IMS and mass
spectrometry complement each other very well and IMS can now be

incorporated into nearly all mass spectrometers if it is desired. .

There are four types of IMS used within mass spectrometry they will each be
briefly discussed here, and a more in-depth discussion will be made of the
travelling wave IMS, which was extensively used in the work reported in this

thesis.

1.3.56.1  Drift Time lon Mobi'lity Spectrpmetry (DTIMS)

DTIMS is performed by fneasuring the timé 'ta‘ken for an ion to “drift” through a

drift tube which contains a buffer ga‘sl and a low electric field, in these
| conditions the velocity of the ion is directly proportional to the electﬁc. ﬁeld and
- this proportionality constant is called the ion mobility constant “K” and is

related to the average collisional cross section by equation 1.2.
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Equation 1.2 lon mobility constant “K” equation where q is the charge on the ion, N is the
number density of the buffer gas, k is Boltzmann’s constant, T is the absolute
temperature, m is the mass of the buffer gas, M is the mass of the ion and Q is average

collisional cross section

There are two types of DTI‘MS the first of these is ambient pressure drift time
ion mobility spectrometry (APIYMS). Incorporation of APIMS into mass
spectrometers has the advantage of high IMS resolving power but this is at
the _cost of a low duty cycle and reduced sensitivity. APIMS is 'co.mmonly
employed as a field instrument for the defectiori of explosives, drugs and
chemical warfare agents (Kanu ef al., 2008).

The othér type of DTIMS is reduced pressure drift time ion mobility
spectrometry (RPIMS), using reducéd pressure drift ,tuAbes allowed for more

efficient transfer of ions from the drift tube into the mass spectrometer or vice-

versa as thé RPIMS can be placed before or after the mass spectrometer.

" This means that it can perform IMS prior to mass analysis or mass selected
ion can' be subjected to IMS to determine their average collisional cross

section.

1.3.5.2 Aspiration lon Mobility Spectrometry (IMCell)
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Within an IMCell the mobility of each ion is determined by the distance it

W vws

trgvels in the directibn of the electric field before it collides with an electrode

ring. This movement is orthogonal to a flow of buffer gas and hence the
buffer gas deflects the ions from their flight path. Since the ions can travel
both directions within the electric field this allows the IMS of both positive and

negative ions simultaneously.

1.3.5.3  Differential Mobility Spectrometry (DMS)

DMS utilises two electrodes, between these a dispersion voltage (DV) is -

applied. In one direction the electric field strength is twice the strength of the
other direction but the duration of the electric field is only half the time of the
other direbtion, and the field direction is alternated.' lons are introduced

orthogonally to the field direction in a flow of buffer gas. The effect of a DV

causes separatibn of the ions depending on their different mobility’s within

each field. Within the drift tube an additional voltage is then scanned on one
eleétrode, this is the compensation voltage (CV). This CV causes ions with

different mobilities to be transferred into a mass spectrometer} for mass

- spectrometric analysis. This type of analysis has been called many different

names including altefnating field IMS (AFIMS), Field ion spectrometry (FIS).
It is sold covmmercially by Thermo Scientific as high field asymmetric

waveform ion mobility spectrometry (FAIMS) (Kolakowski and Mester 2007).

1354 Travelling Wave lon Mobility Spectrometry (T-WAVE IMS)
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Within a T-WAVE IMS cell a sequential series of low voltage waves propel the
ions through a drift tube filled with a buffer gas and hence separate the ions

based on the averaged collisional cross sectional area to charge.

Within T-WAVE IMS instruments it takes milliseconds for ions to travel along
the IMS and it takes microseconds for the TOF MS analysis so the two parts
can marry up together producing hundreds of TOF MS spectra for each IMS
run therefore the sensitivity of the MS is not compromised by the duty cycle of

the IMS.

Transfer

I111111o1 lons;
LTI gimiDiig o

Ar
Turbomolecular

Pump

Figure 1.15 Schematic of the Tri Wave IMS cell within the Synapt HDMS (Waters,
Manchester, UK) shown are the locations of the three travelling wave stacked ring ion

guides (TW-SRIG). (Pringle et al., 2006)
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Within the T-WAVE IMS cell the electrodes are connected in repeat sections
of six pairs of electrode_s. Each ring electrode hvas two voltages applied to
form the travelling wave,v aradially confining RF volltage (to reduce scattering |
effects), and the travelling .wave voltage, a third DC bias voltage can be
applied for fragmentation if required this is done within the SYNAPT in the
trap and transfer regions. The T-WAVE IMS cell contains 61 electrodes and
has a total_'length of 185mm, flanked each si'de.‘ by the trap and transfer
' travellihg wave ion guides kTWIG or TW-SRIG) consisting of 33 electrodes
and 100mm in iengfh. All the electrodés have 1.5mm centre fo centre s_pacing
with ion transmission apertures 6f 5mm and each electrode is 0.5mm thick.I '
The T-WAVE IMS is operated with gas pressures up to 1mbar with waves of -
| up to 25V with vélocities ~300-600m/s (Pringle et al., 2006). These waves
can be computer modelled to demonsfrate how the .T-WAVE IMS works.
Figure 1.16a shoWs a ¢omputer model of the SRIG which fonﬁs the T-WAVE
IMS cell. The potential gradiént exists across the aperture and increases
markedly near the electrode walls. Figure 1.16b shows thé same SRIG
animation but from a different angle showing the waves that form whiéh the

ions “surf” (Giles et al., 2004).
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Figure 1.16 a) A computer model of the SRIG which forms the T-WAVE IMS cell. The
potential gradient exists across the aperture and increases markedly near the electrode
walls, b) The same SRIG animation but from a different angle showing the waves that

form which the ions ‘surf. (Giles et al., 2004)

Figure 1.17 Shows a series of SIMION plots demonstrating how the ions surf
the travelling wave and then roll over the top of the wave and get collected by
the following wave, this process is repeated numerous times. The number of
times each ion rolls over the top of the wave is dependent on the wave
characteristics (Height and Speed) and also on the effective drag caused by
the surrounding gas. Hence the ions are separated based on their average
collisional cross sectional area because all the ions experience the same
wave characteristics, but the number of collisions between the ions and the
background gas changes based on their average collisional cross sectional

area.
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Figure 1.17 SIMION plots ofthe lon trajectory within the T-WAVE IMS cell showing the
ion surfing the wave and then rolling over the top ofthe wave and being collected by the

following wave. (Giles etal., 2004)

Page | 33



Results obtained from T-wave IMS TOF MS instruments often show trend
lines, when the mobility drift time is plotted against the m/z. Classes of ions
regularly follow a trend line (Jackson et al.,, 2007), these trend lines can be
due to structural differences and hence differences in the average collisional
cross sections of isobaric ions. Trend lines are also formed by charge states
of ions because multiply charged ions travel through the T-wave IMS faster

than isobaric singly charged ions (Pringle et al., 2007).

1000

800
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200

0 6.5 13
Arrival Time (msec)

Figure 1.18 lon Mobility separation of singly charged and multiply charged peptides.

(Pringle et al., 2007)

Initially T-wave IMS gave one of the lowest resolutions of IMS instruments but
recent advances in the T-wave IMS which have been incorporated in the
SYNAPT G2 (Waters corporation, Manchester, UK) have markedly improved
the ion mobility resolution. This has been achieved within the T-Wave IMS

cell by increasing the length of the cell and increasing the operating pressure
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within the T-Wave IMS by USing a helium filled entry cell. (www.waters.com)
This resultsﬂ in increased numbers of collisions between ions travelling within -

the cell and the buffer gas, increasing the ion mobility resolution.

1.4 MALDI Introduction

Biological samples for MALDI-MSI are usually in the form of thin tissue
sectione. “In preparation for MALDI MSI analysis these tissue sections are
coated with an organic acid matrix solution. The organic acid co-cr}rs’tallises |
with analytes on the tissue surface and in the same way as with conventional
MALDI the matrix is ablated from the surface along with the associated
analyte molecules by means of ‘abpulsed laser. Matrices are chosen that
, absorb electromagnetic radiation at the specific wavelength of the laser e.g. a
N2 laser with a wavelength of 337nm, or a frequency tripled Nd:YAG Ieser
with a wavelength of 355nm (Demirev et al., 2005).

- When acquiring a mass spectrometric image using microprobe mede MALDI,
the laser is fired at the sample for a pre-selected length of time at a series of
predetermined points. At each x, y coordinate, a full .sean mass spectrum is
recorded or ms/ms if requ‘ired.' Ima.ges are then produced by plotting the
- spatial dimensions against the relative abundanee of a selected ion (Prideaux
et al., 2007). A slight variation of this method is the use of "dynamic Pixel".
Dynamic pixel moves the target plate during each acquisition within the
defined spatial resolution (Sintmens 2008). A further de\relopment on this
“method is the use of ‘continuous raster irnaging, this method markedly
improves the image acquisition time. This is achieved by continuously firing

the laser at the target for a complete row of the image, during which the
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software collates the acquired data at known intervals depending on the
spatial resolution requested and the sampling speed selected, only at the end
of each row is the laser stopped and then moved to the start position of the

next row.

Two of the most importantv steps in acquiring a MALDI-MS image are sample
acqﬁisition and preparation. Techniques employed should ensure that the
spatial localisation and integrity of the analyte compounds are maihtained.
Schwartz et al., 2003 recommended that the tissue should be surgically
removed and the nétive shape of the tissue preserved. “Once the tissue has
been rémoved it must be snap frozen, there are a number ways to achieve
this.” These include, wrapping the tissue lightly in aluminium foil and slowly
submerging the tissue in to liquid nitrogen (Schwartz et al., 2003, Chaurand et
| al.,. 2005, Reyzer and Caprioli 2005), direcf tissue freezing by placing the
tissue in powdered dry ice (Sugiura et al., 2006), and submerging the tissue in
dry ice cooled hexane (Hsieh et al., 2006) for 15“-30 seconds. An alternative
method is to use isopehtane cooled to —30v°C for 15-20 seconds (Wang ef al.,
2005). Within the work reported here a similar technique to that of Wang et
al., 2005 was used, this invdlves liquid nitrog.en cooled isopentane into which
the fresh tissue is submerged for 15-20 seconds. After snép freezing the
frozen tissue is stored at -80°C. At this temperature tissue can be stored for
long per\iods of time. It has been shown by SchwartZ et al., 2003 that tissue

stored in this way shows no signiﬁcant degradation for at least a year.
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When required tissue is sectioned in a cryostat between -5 to -25°C (Schwartz
et al, 2003). The thiékness of the tissue sections used for MALDI-MS
imaging have been shown (Sugiura et al., 2006) to make a significant

difference to the images obtained from high molecular weight proteins. Within

this work a tissue section thickness of 5um is recommended, for ionisation

and detéction of high molecufar weight proteins. Two ma_in reasons have
| been.described to explain this effect; the first is that charging effects are lower
in thinner tissue sections, the second is the washing of thicker tissue sections
to remove the salts and lipids which reduce the spectra quality of high
molecular weight proteins is not sufficient in thicker sections.‘ In contrast
 Schwartz et al., 2003 state that tissue sections 10-20um thick are optimal due

to thicker éection's being more robust and easier to handle.

Schwartz et al., 2003 also claim that the way in which tissue sections are thaw

mounted affects the spectral quality. Théw mounting tissue by ’pressing a
room temperature target plate onto the section and thaw mounting the tissue
on the target is one method, however this leaves a residue of ice crystals on
- the cryostat surface possibly leaving soluble proteins behind. The method
preferred by Schwartz et al., 2003 is to cool thé targét plate down in the
cryostat and then place fhe frozen section on the cooled 'ta'rget plate using an
artist brush, and then warming both up which reSuIts in the section being thaw

mounted without loss of any analytes.

-Some applications require tissue sections to be washed to remove some of

the salt and lipids from the tissue surface prior to matrix deposition. The
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methodology for this step varies considerably between different experiments
and this step also needs optimising for e'ach project. When imaging proteins it
has been found (Chaurand et él., 2006) that the best washing step was to
- wash with, 70% ethanol fol!owed by 90% ethanol: 9% glacial acetic acid: 1%
’ deiohised water (v:v:v). Whereas they had previously reported (Chaurahd et
al., 2004) that the best method was not to wash the tissue at all but to place it
- in a desiccator for 1-2 hours. In lipid studies (Woods and Jackson 2006) no

washing step was employed.

1.5 Matrices for MALDI AMS

There are several matrices ‘used for MALDI MS and each.has different
applications. Matrix selection is a critical parameter for imaging experiments
and there are a wide selection of matrices available for this application. The
three most common matricés used for imaging are aCHCA, mainly for low
molecular weight peptides, (Schwartz et al., 2003), sinapinic acid, for higher
molecular weight proteins,.and DHB for lipids (Jackson et al., 2007). These
matrices are also used for many other applicatioﬁs. As well as these common
matrices several grodps have reported the possible beneﬁté of combiningA
different matrices. Laugesen and Roepstorff 2003 reported thel combination
of DHB and aCHCA for the analysis of peptides and proteins. The use of
solid ionic matrices have also recently been reported. Snovida et al., 2008
have demonstrated the combination of DHB with aniline or N,N-
Dimethylaniline for carbohydrate analys_is.' Aniline has also been combined

with aCHCA for a variety of applications byACalvano et al., 2009.
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Guo and He., 2007 have used aCHCA and 9-AA (9-aminoacridine) for the

analysis of various small molecules including, PCs and IPs (inositol

phosphates). = This was found to reduce the background noise in the

experiment as well as to allow switching between polarities without further

sample preparation. Kim et al., 2005 have shown that the combination of

aCHCA with nitrilotriacetic acid also redanes the background noise of the

matrix adducts. Another method for reducing the chemical noise created by

aCHCA matrix clusters has been demonstrated for conventional MALDI
anélysis by Smirnov et al., 2004. Within this work the authors washed the
matrix/sample co»-crystavllised spots with either water or ammonium salt
- solutions, this helps to remove the alkaii matrix salts from the sample due to
their higher solubility in water comparéd to the aCHCA crystals. They also
report the vinvclusion of monoamnﬁonium phosphate iﬁto the matrix solution

which suppressed‘the formation of matrix clusters and improved sensiﬁvity.

‘There have been many other matrices reported some of which are shown in

table 1.1
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' Structure

Matrix Application Reference
aCHCA Peptides, Small Guo and He 2007,
oH Proteins and Schwartz ef al., 2003
lipids
SA Proteins, Peptides | Beavis et al., 1989a,
:@A)L and lipids Beavis et al., 1989b
DHB Proteins, peptides | Strupat et al., 1991,

‘ || and lipids .Jackson et al., 2007
DHA ?E Lipids Jackson et al., 2005b
THAP | Oligonucleotides | Gyemant et al., 2001

dj\“ *H,0 ,
ImCHCA (1- Gangliosides Chan et al., 2009
methylimidazole- ( > + :
CHCA) CH3 HO ||
ANI-CHCA. Amino acids, Calvano et al., 2009.
(Aniline-CHCA)- peptides, - :

( @*

proteins, lipids.

j HO'
3-HPA ssDNA oligomers, | Wu ef al.,1992, Tang et
ENI(O ‘ peptides and al., 1994,
, O glycoproteins _
| 4-NA (4- NH, Lipids, other small | Batoy et al., 2008
nitroaniline) ,@ ' molecules '
' O;N : ,
9-AA (9-Amino N Lipids, other small | Guo and He 2007
acrodine) X molecules
~ .
Graphite : C Cerebrosides Cha and Yeung 2007
'DHBB (2,5- £ o Pullutans Schnoll-Bitai et al.,
dihydroxy-benzoic ' 5 H°\©5\oﬂ (polysaccharides) | 2008.
acid butylamine) o ' o
CICCA (4-chloro- Phosphatidyletha | Jaskolla et al., 2009.
a-cyanocinnamic w nolamine ’
acid) HCTN" N, HO Chloramines

Table 1.1 Some matrices commonly used for MALDI-MS including their structure and an

example of their applicatibns. This is not an exhaustive list as novel matrices and matrix

combinations are reported every year.




Matrix selection is also influenced by the laser type to be used. For example,
when a 355nm laser is used, because of the absorption profiles of SA and

DHB, poof desorption/ionisation results (Allwood ef al., 1996).

Matrices that are currently embloyed within MALDI-MS have been shown to
. change their absorption wavelengfhs when dry compared to when they are in
solution. These matrices generally shift the absorption profile toward‘s longer
~wavelengths when dry compared to in solution (Wu et al., 1993). The
absorption profile of 3-HPA has an absorption maxfma at approximately

308nm and hardly. absorbs at 355nm when in solution, but when 3-HPA is a
dry powder it shows good absorption/ionisation performance at Wavelengths
between 266-355nm. Horneffer et al., 1999 showed that various positional
isomers of DHB nearly all showed an absorption shift towards longer
wavelengths when dry éompared to in solution. This shift in the ébsorption |
profiles of matrices can be very important within MA:LDI-MS, since generally
spectrum quality increases with ‘absorption until a level where the spectrum

quality compared to absorption level out.

Matrices are chosen that absorb electromagnetic radiation  at the specific
wavelength of the laser and ionisation is generally thought to occur in a two
“stage process, firstly by a collective absorption and ablation event of the
matrix and analyte, followed by an active role of the matrix in the ionisation of
the analytes (Gluckmann ef al., 2001). The desorption and ionisation events

within MALDI will be further discussed later in this introduction.
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1.6  Matrix application

" 1.6.1 Manual spotting

Manual spotting of matrix is not used for imaging experiments due to the low
spatial .resolution obtainable by manual spbtting cauéed by analyte spreading.
This technique is generally used for profiling experiments (Schwartz et al.,
2003, Chaurand et al., 2005, Reyzer et al., 2005, Chaurand‘et al., 2004,
Chaurand et al., 2006, Wo’ovds and Jackson 2006). Manual spotting does tend .
to provide higher sensitivity compared to a matrix sprayéd section. This is
most likely due to the time that thé énalyte has to co-crystallise With the
matrix. Generally with spOtting experiments the drying time is much longer
than spray coating; and due to the volume of matrix spotted generally the
analyte can be redistributed within the sbot and hence a larger area is uséd‘to

form the co-crystals.

Matrix application is one of the most important stages in imaging experiments
a uniform m.atrix coating is required for reliable imaging experiments, this can

- be achieved using several techniques.

1.6.2V Manual SprayA

Manual spray coating is probably the cheapest method évailable for the
application of matrix for MALDI MSI. As well as being one of the cheapest
methods it is also one that can give some excellent results. Hence manual
spray coating is one of the preférred methods for MALDI i’maging (Prideaux et

al., 2007, Schwartz et al., 2003, Chaurand et al., 2005, Réyzer et al., 2005,
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Hsieh et al, 2006, Hsieh et al, 2007, Chaurand et al., 2004, Jackson et al.,
2007), because it forms a uniform matrix deposition. However, the results
depend on the operator, and therefore, reproducibility between operators may
be poor. A skilled operator can make this one of the best and most reliable
methods of matrix coating. The key aspect to observe and control when
manual spray coating, is the wetness of the sample. There is a fine balance
between sufficiently wetting the sample, allowing for matrix and analyte co-
crystallisation, and allowing sufficient time to allow this process to occur
increasing the sensitivity of the technique. If the sample is too wet, analyte
redistribution can occur resulting in reduced spatial resolution and the integrity
of the imaging results is affected. Figure 1.19 shows a kidney section
manually spray coated with aCHCA. An even matrix coating can clearly be

seen across the sample.

m

Figure 1.19 Kidney section after manual spray coating with aCHCA matrix.
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1.6.3 Sublimation

Sublimation as a method of matrix appl_ication has been shown (Hankin et al.,
2007) to be suitable for matrix deposition when imaging phospholipids in brain
tissue. The benefits of matrik coating when using vacuum sublimation have
been described (Jaskolla ef al., 2009), compared to conventional dried droplet
preparations. Using scanning electron microscopy (SEM) the matrix surface
after} application was imaged. o |

The method employed (Hankin et al., 2007) used dry matrix (~300mg) placed
in the bottom of a flask, inside the flask av cooling finger was placed until it
rested about 1 inch above the matrix. At the end of this the section to be
_matrix coated was placed and maintained at 15°C. The whole unit was
placed under a low vacuum pressure 0.05Torr, and the base of the flask
where fhe matrix was then slowly heated to 120°C and held at that
temperature for approximately 15—20mins. This résulted in the sublimation of
the matrix, g‘iving a fine coatihg of rhatrix on the sample without the use of
solvents. This completely removes the possibility of anélyfe redistribution.
They also démonsfrated that good homogeneous matrix crystallisation on a
glass slide can be achieved using this method and have shown thét this
method can improve the signal of a'glycerophosphocholine 16:0/18:0 spot on -
a glass slide compared to electro-sprayed matrix. Images obtained using this -
method has shown good correlation to Stained tissue sections. Figure 1.20

shows the set up required for matrix sublimation.
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Figure 1.20 Image ofthe apparatus required for matrix sublimation. (Hankin et al., 2007)

1.6.4 Automated Pneumatic Spraying

An example of an automated pneumatic sprayer is the SunCollect MALDI
Spotter (KR Analytical Ltd) (Figurel .21). This instrument can be operated in
two modes and depending on the operation required it can be utilised as a
spotting device which can spot volumes >10nl per spot, the solution is
deposited via a capillary on an X, Y, Z movable arm. This can also be
exchanged in a few minutes with the addition of a compressed air line into a

sprayer.

Figure 1.21 SunCollect matrix spotter/sprayer

(http://www.sunchrom.de/pdf/SunChrom%20SunCollect english.pdf)
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The SunCollect is best suited to MALDI imaging when used as a sprayer
(Wolstenholme et al 2009). Automated sprayers have the advantage of
reproducible matrix application, with visually improved homogeneous matrix
covering compared to manual spraying. Homogeneous matrix coverage is
only one of the critical parts of MALDI sample preparation. Another is the
time allowed for the formation of matrix analyte co-crystallisation, which is
controlled by the duration of the drying time. Due to the limited drying time
obtained using automated pneumatic sprayers the time allowed for analyte

matrix co-crystallisation is limited, reducing the sensitivity for some analytes.

1.6.5 Vibrational Vapourisation

An example of matrix coating using vibrational vapourisation is the ImagePrep
(Bruker Daltonics, Germany). This instrument utilises vibrational vaporisation
technology to form a cloud of matrix which is left to settle on the sample

surface (Kaletas et al., 2009).

Figure 1.22 ImagePrep matrix applicator.

(http://www.bdal. com/uoloads/media/lmaqePrep-2008-eBook. pdf)

Using this technology a spatial resolution determined by the matrix crystal

size formed by the droplets is <60pm. The average crystal size created using
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this vaporisation technology is ~20pm (Kaletas et al.,, 2009). The image prep
has an optical sensor which measures the amount of light that is scattered
from the matrix crystals on the sample slide. Using this method the amount of
matrix deposited onto the sample can be controlled. This system also allows
for monitoring of the wetness and drying rate of the matrix. During matrix
application the matrix becomes wet on the surface of the sample resulting in
the scattered light intensity fading, as the matrix crystals form and the matrix
layer dries the amount of light scattered increases, when the matrix layer is

completely dry this is a direct indication of the thickness of the matrix layer.

1.6.6 Acoustic Droplet Ejection.

An example of the use of acoustic droplet ejection technology for matrix
application is the Portrait 630 reagent multi spotter (Labcyte Inc. CA) (Figure
1.23) is a Matrix spotter which deposits 170pL droplets by using acoustic
ejection technology (www.labcyte.com, Kaletas et al., 2009). One of the
major advantages of this instrument is the fact that there are no tips, nozzles
or capillaries that can become blocked or add contamination to a sample.
Using this technology allows the Portrait to spot any concentration of matrix.
The only limiting factor is the solubility of the matrix. If it can be dissolved into

solution then effectively the Portrait can spot it.
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Figure 1.23 Portrait 630 multi reagent spotter.

(http:/iwww.labcyte.com/portrait® _630_spotter/default.92.htmi)

The Portrait records the positioh of each spot within an experiment. ‘The
number of dropleté per spot per cycle can be set along with the delay/drying
times between each drop or cycle. Using this system allows the deposition of
almo}st any solution and wifh the accurate Iocation. of each _sbot recorded
Within the method file allows for an enzyme to be printed, incubated a’n'd then
the application of a MALDI matrix in exactly the same location. This prevents
the possibility of analyte migration throughout a sample because the matrix is
applied in discrete spots. Unfortunately this instrument is currently the most
expensive available on the market, retailing at approximately £120,000 in

20009.

1.6.7 Ink-Jet Printers.

An advanced ink-jet printer used for the application of matrix is the CHIP-1000
Chemical Printer (Shimadzu Corppration, Tokyo.) (Figure .1.2‘4). This is a
matrix' printer which deposits 87pL droplets uéing a Piezo printing head
(Kaletas et al., 2009). The CHIP-1000 records >thé location of each spot and

can reprint matrix and enzymes in the same location.
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Figure 1.24 ChiP matrix printer

http:.//www.shimadzu-biotech.net/paaes/Droducts/2/chip. ohp

One of the major drawbacks with the CHIP-1000 is the use of a fine printer
head which can block depending on the matrix concentration and the solvent

used. The matrix concentration that can reliably be used is <10mg/ml.

There have also been reports of “homemade” ink-jet matrix printers (Baluya et
al., 2007) for MALDI matrix application. Better quality and more reproducible
mass spectral images compared to electrospray and airbrush matrix

application methods were obtained.

A quick reference table is shown below for some of the Matrix coating

techniques.
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Technique

Droplet Advantages Disadvantages
diameter )
Droplet Variable, Fast, simple, cheap No spatial information, . poor
deposition mostly large reproducibility
by hand (>900 Km)
Pneumatic Variable, Fast, simple, homogenous Limited environmental control,
nebulization | mostly layer, cheap low concentrations of matrix
(airbrush) small solution can be used, quality
(aerosols) varies from person to person,
, droplet size not constant
SunCollect Variable, Fast, simple, homogenous Limited environmental control,
‘ mostly layer, cheap, removes low concentrations of matrix
small personal variation, flow rate solution can be used, limited
(aerosols) control. drying/co-crystallisation time
ChiP ~150 tm Uniform droplets, precision of Slow, nozzle tip clogging,
(100 pL) placement, conditions can be expensive
controlled, automated, high
signal quality, reproducible o :
Portrait 180-230 ¥ | Uniform droplets, precision of Matrix applied as droplets,
630 m (170 pL) | placement, automated, no expensive,
reagent " | clogging, fast, good
multi- reproducibility
spotter
ImagePrep Variable, Conditions can be varied and Slow, small area, membrane
but small ( controlled, automated, clogging, droplet size not
~20-50 & | homogenous layer constant, expensive
: m) , .
Sublimation | Very small Cheap, very homogenous, Limited time for analyte-matrix

| high purity of organic matrix,

reproducible, fast

interaction, only lipids detected
so far

Table 1.2 Quick guide to some of the available matrix coating techniques showing some

. of the advantages and disadvantages. (adaptéd from Kaletas et al., 2009.)

1.7 - Desorption and lonisation in MALDI

1.7.1 Desorption

Desorption is the process of solid to gas phase transition. The emitted

material contains few particles, droplets or clusters.

However in MALDI,

ablation is pbssibly a better description of the process, because at ablative

laser fluences sample overheating and subsurface nucleation occurs leading

to phase explosion (Knockenmuss 2006). The ablation process is explained
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thus; when the energy density is large enough, Aan explosive transition from‘a |
‘solid phas.e into a gas phase occurs. This causes é “gas‘ jet” with a large
~initial ion velocify and velocity spread (Kara's et al., 2000 & Karas ét al., 2003).’ |
This initial ion velocity is partially matrix dependent and to a lesser extent
analyte size dépendent. Peak sample temperatures achieved during laser
ablation can be between 600-1200K (Knockenmuss 2006). After the initial
irrédiation, the desorbed/ablated material rapidly cools and then more slowly
as the gas plume undergoes a dramatic'density reduction frorh a solid phase
to high ‘vacuum conditions within the mass spectrometer. The ablated
mate'rial»containsvparticles, clusters, molecules and ions. Particles are large
aggrégates of molecules similar to the bulk material, whereas clusters are
small aggregates of molecules which may have different properties to the bulk
material. Particles may notv vapo’rise‘and hence are not normally analysed

within MALDI (Knockenmuss 2006).

1.7.2 lon Formation in MALDI

The ionisation prdcess in MALDI is still not fully undefstood, ionisation was
originally thought to be achieved purely by a proton transfer }reaction, however
it is now thought to be a very complex process involving several processes. It
is ge.ne.rélly accepted that not one mechanism can account for the observed
signal but several mechanisms all contribute to overall ion fOrmation_ and

detection.

lonisation in MALDI is generally thought to occur as a two stage process,

including the desorption and primary ionisation of the sample during and
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shortly following the laser irradiation (Knocknemuss 2006). This process is
thought to result in the 'formatiovn and ejection of particles', clusters and
molecules from the sample in'tov the surroundings (Karas et al., 2000,
Dreisewerd 2003, Knockenmuss 2006). This stage is followed by éecondary

ion-molecule thermodynamic and kinetic reactions.

One phenomenon observed in MALDI-MS is the genération of predominantly
singly charged ions compared to electrospray ionisation where multiply
charged ions are commonly observed. In MALDI-MS there is a slight shift
tbwards l:hultiply 'Charged_ states for high mass analytes and with certain
matrices like aCHCA. - This may not be a true répresenfation of the sample
- because these Iarg'e species can have a high kinetic energy and enhanced

~ detection effiency (Karas ef al., 2000).

An important consideration in the generation of ions within MALDI-MS is the
initial starti'ng conditions of the analytes within the matrix either as a surface
preparation .or as .a solid solution. One paper (Karas et al., 2000) has
suggested possible matrix — analyte conditions within the matrix — analyte

preparation which could be associated with possible ions.
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[ T/Mp]

For neutral analyte in a pure uncontaminated matrix.

[»T/My/Cat*/B]
or
[ T/Mn/Me*/2B7]

Neutral analyte with salt contaminated matrix

[ T/(Mn+ xH) /B

Precharged poly-protonated analyte in matrix

[°°T/(Mn" xHX-)n/nxcat+]
Or
[°°T/(Mn" xHX.)n/nxléMe.b]

Precharged poly-deprotonated analyte in matrix

T =Excess matﬁx

M = Analyte

Cat® = Cation eg. Na*, K" etc

"Me* = Doubly charged cation eg. Zn?*
'H  =Proton

B°  =Anioneg.Cl

These are some of the possible matrix-analyte conditions present in the

MALDI preparations. It has also been shown (Kruger et al., 2001) that the
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inclusion of dyes into MALDI matrix crystals did not change the charge state
| ot the analytes supporting the theory qf the incorporation of charged analytes
within matrix. This report demonstrated that a small amount of the solvent is
incorporated within the matrix-analyte co-crystal formation allowing the
generalisation that the analytes within a matrix are in the same cherge state
as the analytes within the solvent. The incorporation of solvent within the
matrix could also be important with charge separation by ion solvation thus
ieducing the possibility of ion neutralisation. Also the evaporation of this
solvent from = within the. matrix-analyte co-crystals could explain the

degradation of MALDI signal over periods of time after preparation.

The ion ciusters formed during the desorption/ablation' event can be highly
charged species when they are formed. However, some of these clusters can
~ rapidly evaporate in a short period of time after ablation due to the loss of
‘neutral molecules and as e result of the formation of neutrals from reaction
products within the gas pilime.v Some clusters can form singly 'charged'
clusters due to neutralisation in the gas plume by matrix iori interactions and
trapiaed electrons wtiich form during the matrix photo ionisation process,
(Karas et al., 2000). It has been shown that only a few nm’s of the matrix lose
electrons resulting in low numbers of electrons in the gas plume. In the
femaining material the electrons are captured by the nﬁatrix to forin matrix
anions (Knochenmuss 2006).

Within the ionisation process metrix is a competitor for charge and if the
_lenctionai group of the analytes is for example a carboxylic acid and a

carboxylic acid matrix was used then the charge transfer would favour matrix
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ion formation because of its excess. Thus reducing the signal intensity for the
analyte of interest. The matrix also benefits ion formation by providing
collisional energy within the gas plume. These collisions help reduce the

coulomb attractions between ion pairs and without the additional collisions

due to the matrix some of these ion pairs would recombine resulting in the

neutralisation of these ions and hence the loss of these ion signals.

Chemical noise is present in nearly all MALDI spectra exéept in some

situations when the analyte concentration is high and the laser fluence is low. -

This effect could be caused by depleting matrix ions in the gas phase by .

deprotonation. The sarﬁe effect is true for competing analytes, where
- different analytés can suppress the signal from other analytes or matrix in the
positive ion mode. - This is the case if one or more of the analytes are strongly
basic. Almost all other spectra contain chemical noise this is often composed

of charged clusters with a high matrix content (Krutchinsky et al., 2002).

In the preceding section, the proposed method of cl‘uster’formation and
ionisation was discussed. - However, énother concept of io'n formation is
photoexcitation and energy pooling. This involves the photoexcitation of
neighbouring molecules to an excited state, if the two neighbouring molecules
have significant interactions due to wavefunction overlap, the ‘energy could vbe

redistributed between the molecules.
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Photoexcitation Photoexcitation and pooling
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Figure 1.25 Schematic representation of photoexcitation and energy pooling.

By this energy pooling effect energy can also be mobile across the matrix with
energy hopping. These events are treated as pseudo-particles called
‘excitons”. The time per hop of an exciton is ~50psec this allows ample time
for energy redistribution within the 0.5-1.5nsec excited state lifetime within
MALDI (Knockenmuss 2006). Analytes with a lower excited states than the

matrix can act to reduce the efficiency of MALDI.

Energy pooling and cluster generation are thought to be the two primary
ionisation mechanisms in MALDI but there are several other mechanisms
thought to contribute to MALDI imaging. These include direct multi-photon
ionisation of matrix or matrix-analyte complexes, excited state proton transfer
(Breuker et al., 2003), polar fluid model, pneumatic assistance, and electron

transfer and cationisation (Knockenmuss 2006).
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During the secondary reaétion processes in the gas ph'ase collisions of
analytes with matrix ions and neutrals and matrix-matrix collisions result in thé
formation of many of the commonly observed ions eg. M*, MH*, MNa*, A",

AH", ANa" etc.

1.8  Scope of this thesis.

There are two areas of small molecule MALDI-imaging that are coveréd within

this thesis, these are lipid imaging and small molecule xenobiotic imaging.

1.8.1 Imaging Iipids‘
Lipids can perform both structkural and functional roles within the body and are
~ known to be important mediators of cell signalling, acting as second
- messengers in bellular evénts such as cell growth, cellular proIifératibn and
cell death. Alterations in lipid metabolism are aéébciated with many disorders
and disease states throughout the body. Therefore the study of lipid
- distribution and abundance is an important area of research (Wpods} and
Jackson 2006, Jacksdn et al., 2007, Adibhatia ef al., 2006, Jackson ef al.,
- 2005, Faﬁy et'al., 2005). One of the most lipid rich organs is the brain. In the
brain lipids account for approximately 50% dry weight, deregulation ih lipid
- metabolism in the brain is commonly associated with many brain disorders
and diseases ihcluding, .bi-polar disorders, schizophrenia, Alzheimer's,

Parkinson’s and Niemann-Pick diseases (Adibhatia ef al., 2006).
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Wodds and Jacksén (Woods and Jackson2006) ‘demonstrated how the
relative abl'Jndance of lipids within different areas of the brain can change.
They demonstrated that PC 32:0 has é differént aistribution beMeen the
cerebellar cortex and cerebellar peduncle, and that different classes of lipids
can been observed using positive and negative ion mode MALDI. Within this
work DHA was used as the matrix. l-This work follows on from éarlier studies
(Jackson et al., 2005a) in which they shbwed the relative abundance 6f
various different lipid species in white and grey brain matter. Stubiger and
Belgacem (Stubiger and Be‘lgacem 2007), demonstrated the use of a novel
matjx for_ Iipid analysis using MALDI-MS. Withfh this - work 2,4,6-
Trihydfoxyacetophenoné (THAP) was used, and it was -shOWn' that this matrix
. was '\}ery good for lipid profiling. They also demonstrated that the THAP

“tolerates high salt concentration and shows excellent cationisation properties.

 This is beneficial because the addition of salt has been_ shown to reduce the

spectral complexity in complicated mixtures of lipids. MALDl-idn mobility-
TOFMS imaging of lipids has been reportéd.(Ja‘(:kson et al., 2007).» It was
shown that lipids, peptides and matrix related ions tend to form individual
trend lines when plotted as mobility drift time against m/z. DHB clusters have
a shorter drift time followed by peptides and finally lipids. In this study it was
shown that peptides were Consistently'around 12% slower in drift time, than
isobaric lipids. This technology is highly beneficial in ima‘ging applications
because it allows for the separation of isobaric ions resulting in image

generation of an ion of interest without interference from isobaric matrix ions.
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species are reported using simple nomenclature i.e. PC 32:0 or PC 36:2. This
nomenclature gives the basic information about the Iipid species. PC 36:2
states that this is a phosphatidylcholine lipid with fatty acids totalling 36
carbons and 2 double bonds. There are several possible lipids species which
could equ_al PC 36:2 includilng PC 18:0/18:2 or PC 18:1/18:1. Using MALDI
these can sometimes be difﬁcult to-teII apart due to limited MS and. MS/MS
information in.positivé ion mode for the M+H ions. It has been shown
(Jackson et al., 2005b) that the addition of alkali mefals to the matrix can aid B
in the fragmentation and formation of informative ion sbecies within MALDI
MS/MS analysis. The doping of the matrices is cbmmonly performed using
- Na, K or Li as alkali metals to aid in the formation and fragmentation of these
ad-ducts (Jackson et al., 2005b). An alternatfve method is the usé of
“enzymes. PhoéphOIipase‘AZ (PLA2) is an enzyme that selectively cleaves
the fatty acid ét the Sn2 positibn of glycerophoépholipid prior to mass
analysis, this allows the identification of the fatty acid chains by their mass

differences and the location of each chain (Fuchs & Schiller 2008).

1.8.2 Imaging Xenobiotic compounds

A major area for the application of MALDI-MS imaging is imaging xenobiotics, -
drugs and metabolites. It has been shown (Prideaux et al., 2006) that indirect
MALDI imaging of xenobiotic compounds in skin can be achieved by blotting
the tissue onto solvent sbaked cellulose membrane, followed by spray coating |
the membrane with matrix instead of using tissue sections. This work

concluded that the use of solvents in the blotting method can increase analyte
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extraction by up to 80 fold, however, this technique can le>ad to analyte
redistribution. |

In other reports, the distribution'.of clozapine in rat brain tissue has been
reported (Hsieh et al 2007). The autoradiographic images and the MALDI-
MS/MS images were in almoét bompete agreement demonstrating the huge
potential for this technique for drug and metabblite studies. However, drug
distribution studies by MALDI-MSI are in an early stage and the continual
édvancement of instrumentation, matrices and methodologié.s will continue to

increase the sensitiVity and specificity of this technique.
1.9  Aims of this project.
" The aims of this PhD Project can be summarised as follows.

1. To asses the use of MALDI imaging for the idéntification and spatial
distribution analysis of endogenous small molecules, including the use
of statistical analysis to identify differences within histologically different
tissues. Demonstrate the b‘enefit of PCA statistical analeis for the
reduction in the complexity of the data obtained Within MALDI imaging,

allowing the rapid identification of possible ions of interest.

2. To investigate the use of MALDI imaging for the direct analysis of
xenobiotics within tissue sections. Further expa'nd MALDI imaging into
whole body tissue section analysis an'd combine new advances in

MALDI MSI with the incorporation of a further separation step of ion
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mobility. Using this technique to demonstrate the potential for this
technology to improve the drug discovery proéess by eliminating the
need for the synthesis of expensive radiolabelled compounds for
distribution analysis and also reduce the number of animals required in

this process.
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