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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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‘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
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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.

Page |.8
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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

"Pagél 14
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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

Page| 19
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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

Pagel23
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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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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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