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Abstract

The overall aim of this work described in this thesis was to apply MALDI-MS and
imaging MALDI-MS (MALDI-MSI) to the analysis of compounds of interest in
occupational hygiene monitoring.

Isocyanates are highly reactive compounds with a wide variety of industrial uses.
MALDI-MS and MS/MS were used to investigate diisocyanate stability and
reactivity. A monoisocyanate intermediate product was observed from the
hydrolysis of both an aromatic and also an aliphatic diisocyanate. The stability of
this product was assessed over a 14 day experimental period. Ethanol was used
to derivatise hexamethylene diisocyanate (HDI) and the resulting urethane was
observed to be stable over 14 days. This derivatisation method was incorporated
into a surface swab technique for sampling of HDI from work surfaces.

Industrial diisocyanates have been reported to penetrate through skin and to be
excreted as diamine metabolites in urine. A LC-MS method for the determination
of free toluene diamine (TDA) monomer formed by biotransformation of toluene
diisocyanate (TDI) when applied to HaCaT cells was developed. In the two
experiments performed, TDA was only observed at low levels after spiking with
high concentrations of TDI. This appeared to be due to most of the isocyanate
becoming conjugated to proteins within the cell and thus not being extracted
during the extraction procedure.

A novel ethanol-saturated cellulose membrane blotting technique was developed
for the extraction and ethanol-derivatisation of HDI from the surface of skin.
However, not all of the HDI present on the membrane reacted with the ethanol.
Increasing the amount of ethanol on the membrane did increase the amount of
derivatised HDI monomer observed although this occurred at the expense of
spatial information. The technique was also applied for analysis of the insecticide
chlorpyrifos, for both skin surface sampling and permeation studies. From the
images obtained, chlorpyrifos was observed to readily penetrate through the
stratum corneum and reach a depth of 1.7mm. The highest amount was located
in the dermis after the 1 hour exposure time.

The dermal absorption of HDI was monitored after 1 hour exposure by mapping
HDI monoamine penetration through the skin via indirect blotting and novel direct
skin analysis methods. Similar profiles were observed from both methods.
Penetration depths of 2.3 and 2.6 mm were observed for the direct skin and
indirect blotting methods respectively. The highest level of HDI monoamine was
located in the dermis.
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1.1 Introduction to Occupational Hygiene

Occupational hygiene is concerned with the anticipation, recognition, evaluation
and control of hazards and risks to health from activities conducted within the
workplace. Such risk parameters include noise, vibration, heat, lighting and

substances harmful to health (physical, chemical and biological).

Workers in a range of industries will be exposed to chemicals or reagents which
may be described as hazardous or harmful. Exposure is defined as a function of
the concentration of the toxin and it's duration of interaction with the subject "1,
The effects may vary depending upon the nature of the exposure resulting in a

chronic or acute effect.

Acute effects can be defined as singular or limited exposure to relatively high
concentrations of a toxin such as may occur during spillage. A prolonged or
repeated exposure to a hazardous compound may result in chronic toxicity. The
severity of health effects observed in an individual will depend on the toxicity of
the hazardous compound, the exact nature of the exposure circumstances and

the general health of the individual prior to exposure.

Chronic exposure may occur without the individual’'s awareness and significant

damage may have occurred before treatment is sought (sometimes many years



after initial exposure). Conditions associated with exposure to toxic materials
include irritation, mutagenesis, carcinogenesis, reproductive constraints and multi

organ damage %
1.1.1 Routes of exposure

Workers may be exposed to toxic chemicals through three main routes; dermal,
respiratory or ingestion. Airborne patrticles that are swallowed are the most likely
source of an ingested chemical. Accidental ingestion may occur with the
consumption of food or liquids contaminated by a toxin. Oral ingestion is the least

commonly reported route of exposure.

The main occupational exposure routes for hazardous compounds are via the
respiratory tract or dermal contact. Substances such as gases, vapours, dusts,
volatile solvents and liquids may be encountered during many common industrial
processes. The effects exerted upon the body are determined by many factors
which may be chemical or physiological including: the concentration of the toxin,
duration of exposure, reactivity of the substance in various parts of the body, the
rate of excretion from the body, the health of the individual Bl and possible

genetic predeposition to occupationally induced disease such as cancers .

Inhalation of toxins or irritant substances may have an acute or chronic health

effect upon the individual. Acute inhalation of these substances may lead to



asphyxiation leading to a loss of consciousness and/or death. If inhaled in
significant quantities, irritant substances such as 2,6-toluene diisocyanate cause
pulmonary oedema resulting in fatality Bl Chronic respiratory diseases are more
commonly observed and of these the most frequently reported is occupationally
induced asthma '®. Occupational asthma (OA) is a disease characterised by
variable obstruction of airflow and / or airway hyper-responsiveness attributable
to factors associated with the workplace " The disease may be pathogenically
distinguished as allergen induced (resulting in hypersensitivity to a causative
agent) or irritant / toxin induced, which occurs after repeated contact with the

causative agent at low doses 8.

1.1.2 Dermal Exposure

This thesis is predominantly concerned with the dermal absorption of selected
compounds of interest in occupational hygiene. Dermal absorption of compounds
can be affected by chemical or physical properties of the analyte as well as the
physical properties of the skin itself. The thickness of the skin as well as its
natural coating of grease and sweat provides some limited protection against
chemicals . This natural protection may be bypassed through cuts, abrasions or
puncture‘s occurring through existing wounds or during penetrative chemical
exposure, for example needle puncture accidents. Solvents degrease skin

resulting in a reduction of the skins natural defense and thus enhancing dermal



penetration of toxins "%, Humidity levels in the working environment can lead to
under or over hydration of the barrier layer. This change in humidity of the

stratum corneum can increase the individual’s susceptibility to dermal penetration

[

Personal protective equipment (PPE) e.g. gloves forms a barrier which may
greatly reduce direct contact between a chemical and the skin and thus dermal
absorption (without'necessarily completely preventing it). Topically applied
barrier creams may be used independently or in conjunction with gloves to

n 12 18 However

reduce or prevent chemicals from penetrating into the ski
issues such as frequency of application and accurate determination of complete

skin coverage must be addressed.

The most prevalent occupationally induced skin disease is dermatitis.
Occupational dermatitis is defined as a skin disease of which occupational

04 The best estimate of the

exposure is a major, casual or contributory factor
prevalence of work related skin disease comes from the self reported work
related illness survey conducted 2001 / 2002. This provided an estimated
prevalence of self reported work-related skin diseases of 39000 workers for the
UK. Between the years 2000-2002 an-estimated average of 3900 new cases of
work related skin disease were diagnosed each year. Voluntary surveillance

schemes organised by occupational physicians reporting activity (OPRA) and

EPI-DERM reported an estimated average of 3900 new cases of work-related



skin disease each year between 2000 and 2002. Approximately 80% of these

cases were clinically diagnosed as contact dermatitis [°.

1.1.3 Contact Dermatitis

There are three main types of contact dermatitis: irritant, urticarial andv allergic.
The most common form is irritant contact dermatitis (ICD) which is responsible
for approximately 80% of cases ['®. It may be further sub-divided into acute or
chronic forms. Acute irritant contact dermatitis may occur after a single exposure
to a strong irritant. Skin damage may often be visible. Multiple exposures to
weaker irritants over a prolonged period of several months or even years may
‘result in a cumulative form of dermatitis known as chronic irritant contact
dermatitis. Suweillance of occupationally induced chronic irritant contact
dermatitis is frequently difficult due to the prolonged duration between exposure
and the onset of symptoms ['®. ICD is caused by direct injury to the celis. The
reaction with the‘ irritant does not activate an immune cascade, but it is believed

that direct damage to keratinocytes induces the inflammatory response "7,

A less commonly observed dermatitis is contact urticaria. This form of contact

dermatitis represents an immediate anaphylactoid-type IgE mediated response

e



Allergic contact dermatitis (ACD) results from a type 4 delayed hypersensitivity
reaction, resulting from cumulative exposure to a skin sensitiser (allergen). Once
the initial mechanism has been initiated it takes approximately seven days to
complete the induction of sensitisation. Further skin contact with that particular
sensitiser occurring after this period results in the onset of allergic contact
dermatitis. The concentration of sensitiser on the skin required to initiate
sensitisation (induction concentration) is higher than the concentration
subsequently required to elicit allergic contact dermatitis (elicitation
concentration), which may be extremely low (% Once sensitised to a compound,
it may be impossible for an individual to work with the compound again. Although
it only accounts for 20% of new incident cases, ACD may have a large economic
and morbidity impact due to its relentless nature if the inciting allergen is not

avoided %,

1.1.4 Legislation and the Heath and Safety Executive

The health and safety at work act 1974 introduced wide ranging legal duties
including duties for the control of chemical hazards ). More detailed obligations
are contained in the control of substances hazardous to health (COSHH)
regulations most recently updated in 2002 2, updated from 1988, 1994 and
1996 regulations. The notification of new substances (NONS) 1993 is a

European wide system that requires chemicals suppliers to provide information



on substances that are new to the European market 3. This information is used
to decide the hazard severity of the chemical. The scheme is enforced by the
Health and Safety Executive (HSE) together with the Environment Agency in the

UK.

Suppliers of dangerous chemicals are governed by the Chemicals (Hazard
Information and Packaging for Supply) (CHIP) Regulations 2002 #4, updated
from 1994. Its purpose is to protect people and the environment from the effects
of chemicals by requiring suppliers to provide information about their hazards
and to package them safely. Together these regulations implement European
directives which form the main legal framework for controlling the supply,

handling and use of hazardous substances.

In the U.K. workers, industry, local government and independent experts are
involved in the decision-making processes and are members of advisory bodies. -
These parties are represented in the Health and Safety Commission (HSC). The
operational arm of the HSC is the Health and Safety Executive which includes

policy-making and the various health and safety inspectorates.



1.2 Dermal Absorption

1.2.1 The Structure of Skin

The skin is a complex membrane that performs many physiological functions
such as metabolism, synthesis, temperature regulation, and excretion. Its upper
layer, the stratum corneum, is considered to be the main barrier to the
percutaneous penetration of exogenous materials. This barrier is also important
in the maintenance of water within the body as well as in the absorption of

pharmaceutical and other agents.

Pore of
sweat gland
]— Stratum Corneum
Epidermis
Nerve fibres
Stratum germinativum
Basement membrane
Dermis Nerve fibres
Blood vessels
Sweat gland
Subcutaneous
Layer Paccinian corpuscle
(Hypodermis)

Figure 1.1 The structure of skin as shown through a horizontal cross section [



In the simplest description the skin consists of 2 layers; the epidermis and the
dermis (figure 1.1). The epidermis is located on the outside of the skin in
permanent contact with the environment. It is chemically robust yet is renewed
completely once each month to maintain its optimum protective properties. The

epidermis (figure 1.2) is 100-150um thick and is subdivided into five strata:
Stratum cornuem which consists of dead and dying cells

Stratum lucidum that consists of approximately five layers of clear dead

skin cells

Stratum Granulosum named because it contains keratinocytes which
accumulate dense basophilic keratohyaline granules. The granules
contain lipids that help to form a waterproof barrier preventing rapid fluid

loss from the body.

Stratum Spinosum, the largest of the five strata which contains of a layer
of keratinocytes 8 to 10 deep. These accumulate many demosomes on
their outer surface giving rise to characteristic ‘prickles’ observed in this
stratum. It also contains Langerhans cells and Melanocytes (the cells

responsible for the production of the skin pigment melanin).

Stratum Basale is composed of a single layer of keratinocytes which are
columular in shape. They are attached to the basement membrane via

structures called hemidesmosomes. As well as containing Langerhan's

10



cells and Melanocytes the stratum basale also contains merkel cells which

are believed to function as touch stimuli receptors.

Epidermis
Stratum
corneum

Granular
layer

Desmosomes

Spinous cell
layer

Basal cell
layer

Hemsdes-
mosome

Basement
membrane
zone

Anchoring
fibrils

(and anchor-
ing plaques)

Fibronectin

Blood vessels

Figure 1.2 The structure of the Epidermis [

The epidermis is constantly being replenished. Newly formed cells undergo a
maturation process known as keratinisation as they travel from the stratum
basale to the surface. Since blood doesn't enter the epithelium, it has to reach
the epithelial cells by diffusion. The cells that lie closer to the basement

membrane (closer to the underlying dermis which is vascularised) are closer to

1



the nutrient source. They use the nutrients that are diffusing into the epidermis.
The cells in the stratum basale and stratum spinosum use up almost all the
nutrients, therefore, once a cell has been pushed up into the stratum
granulosum, it stops receiving any nutrients and begins to die. As the newly
formed cells are pushed to the surface the older dead cells begin to break apart

and are lost from the surface by a process known as desquamation.

The inner skin region is 10-20 times thicker than the epidermis. It is divided into
two zones known as the papillary dermis and a reticular layer. The dermis is
mechanically stabilised by an interwoven network of collagen fibres and is the
chief site of the distribution as well as the major site of biochemical and biological
degradation of transported material. It is also the site of immune cells that are
involved in defending the body from foreign bodies passing through the
epidermis. The dermis shelters the blood and lymph capillaries, nerve endings,
glands and hair follicles. Hair and glands are distributed non-uniformally in the
skin of the human body. Hair follicles are found all over the human body but at
different densities. Hair follicles in humans only cover between 0.1 and 0.5% of

the total skin surface .

1.2.2 Barrier Properties of the Stratum Corneum

Normal untreated skin is very impermeable to most substances. The stratum

corneum is responsible for 80% of this transport resistance. The outermost

12



stratum corneum layer is relatively dry. It is composed of 10-20 flat and partly
overlapping mainly dead corneocytes which are organised into columns and/or
columnar clusters coupled together by numerous demosomes. Lipid matrix
material between the corneocytes is structurally arranged to act as intracellular
glue sealing the spaces between the cells in the skin. This has been described

by Elias ¥”! as a brick and mortar model.

Intracellular lipids in this layer mainly encompass relatively non-polar substances
such as free fatty acids, cholesterol and cholesterol esters in addition to more
than a dozen different ceramides. Because of the long aliphatic chains of the
ceramides and due to the low overall lipid polarity in the skin the inter-corneocyte
lipids are tightly packed and appear as lipid multi-lamellae (the mortar of the brick
and mortar model). The lipids are covalently bonded to the corneocyte
membranes forming a hydrophobic watertight barrier, resulting in a net effect of
tightness and impermeability of the intact skin. It is very difficult to bring
molecules larger than 300 Da across the intact skin, regardless of their solubility

in the skin.

1.2.3 Dermal Penetration

At the skin surface, molecules contact cellular debris, micro-organisms, sebum
and other materials. These have a negligible effect on permeation. The penetrant

has three potential pathways to the viable tissue (figure 1.3) — through hair

13



follicles with associated sebaceous glands, via sweat ducts, or across continuous
stratum corneum between these appendages. Most compounds penetrate the '
skin via the intracellular microroute of the stratum corneum with only certain ions
and larger polar molecules using routes 1 and 3 as their main pathways. The
pores only account for 0.1% of the total skin surface area and so in comparison
to transport via the stratum corneum transport via this route can be considered

negligible.

The stratum corneum acts as a semi-permeable membrane with absorption
occurring as a passive process of diffusion. Absorption through the stratum

corneum can follow three routes

1) transcellular diffusion through the keratinocytes
2) transcelluar diffusion through both the keratinocytes and the lipid lamellae
(liquid matrix)

3) intracellular diffusion via the liquid matrix

keratinocytes

lipid lamellae

appendage
1 2 3 (follicle or
sweat duct)

Figure 1.3 The routes of penetration through the stratum corneum (adapted from Elias
1983) &1
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Studies suggest that the main route of permeation is via the intracellular lipid
matrices. Studies conducted to investigate permeation through the corneocytes
have produced conflicting results. Flynn argued that the density and
compactness of the intracellular protein in the keratinocytes of the stratum
cormeum presents a thermodynamically and kinetically impossible passageway
for chemical transport 8. However Moss et al, using mathematical modelling
techniques, propose that this can in fact occur and should not be entirely ignored
291 Following penetration across the stratum comeum, compounds diffuse
across the viable epidermis and dermis and are transported away by the
cutaneous microvasculature. The blood supply is very rich, with a flow rate of
0.05 ml min~' per cm?® of skin, and reaches to within 0.2 mm of the skin surface
801 since it needs to regulate temperature and pressure of the skin, deliver
nutrients to the skin, and remove waste products. This generous blood volume
usually functions as a ‘sink’ with respect to the diffusing molecules that reach it

during the process of percutaneous absorption

1.2.4 Skin Source and Storage for Dermal Absorption Studies

The best and most relevant source of skin for dermal absorption studies is
human cadaver or surgical excess. However, its availability is sometimes limited
and animal skin is therefore frequently used. The most appropriate animal model
for human skin is the pig. It is readily available from abattoirs and it’s histological

and biochemical properties have been shown to be similar to human skin B 32|

15



In addition, the permeability of drugs through pig skin has been repeatedly shown
to be similar to that through human skin ¥ 34, Porcine ear skin is particularly

well-suited for permeation studies and gives comparable results to human skin

[35]

Many conflicting studies concerning the effects of storage of skin on absorption
have been published. For percutaneous absorption studies, the skin is normally
stored under frozen conditions and contradictory reports exist in the literature on
the effect of storage condition on the in vitro percutaneous absorption of drugs.
While several reports suggest that the freezing of skin significantly alters the
permeability of drugs 1 3" some investigators have shown that the permeability
of human cadaver skin is largely unaffected after prolonged freezing at —20 °C up
to 466 days 8. A recent study concerning the absorption of two drugs
(melatonin and nimesulide) showed distinct increases of absorption after storage

at -22°C for periods of time in excess of three months ¥,

1.2.5 Absorption Compounds of Interest

The majority of percutaneous absorption studies to date have involved drugs of
therapeutic benefit and toxic environmental compounds. The risk of toxicity is
related to the ability of the toxic compound/s to reach the site of the toxic effect,
(unless the skin surface itself is the site of toxicity). Since chemicals may be

encountered in a range of solvents, solvent mixtures and chemical mixtures; the

16



effect of solvents and chemicals in the mixturé on the dermal absorption and
kinetics of the chemical of interest is relevant. Solvents such as acetone and
ethanol have been shown to affect the stratum cormeum and increase
permeability. Surfactants may change skin barrier permeability by causing skin

irritation resulting in altered structural organization of the stratum corneum lipids.

Percutaneous absorption of therapeutic drugs through skin is of huge interest in
the pharmaceutical world. Researchers are striving to enhance the viability of
transdermal delivery of drugs such as analgesics, insulin, and more recently,
peptides and proteins * 4. Transdermal delivery of drugs that require low
dosages for long periods can be more effective, less costly, and less painful than

traditional alternatives such as injection, intravenous infusion, or oral ingestion.

Investigations have also taken place into the absorption of metal species

however, due to species specific interactions occurring which are not yet fully

understood this technique has not yet proved viable or fully reproducible 2.

1.3 Dermal Absorption Measurement Techniques
1.3.1 ‘Autoradiography

Microscopic autoradiography was developed during the late 1940s and 1950s
and is a photographic technique which enables tissue localization of radio

labelled bioactive substances. In this technique, the spatial distribution of a

17



radiolabelled substance within a biological specimen is detected by exposure of
the specimen to radiation-sensitive film. With this method, it is possible to
visualize and measure, by means of a software program, the analyte
concentrations in the hair follicles, glands and various skin layers without
resorting to mechanical horizontal sectioning. The procedure requires a long

exposure time of the film, usually between 4 and 7 weeks 1“1,

Autoradiography has been widely used for in vivo investigation of the localization
of drugs and environmental toxins in tissue. It may be performed as a whole body
technique, which is limited in sensitivity and resolution, or on smaller areas of the
body producing high resolution results that require close and permanent contact
between tissue and recording medium. /n vitro analysis can also be conducted
using receptor autoradiography, a high resolution technique enabling frozen skin
sections to be investigated and low molecular weight compounds to be localised
without translocation and loss of the radioactive label “4. Autoradiography has
been shown to be a viable technique for the localisation of the pesticide
Malathion in dermal exposure studies conducted in vivo and in vitro ",
Quantitation may be performed by superimposing the autoradiograph onto a
histological image of the tissue and the application of imaging software to count
the labelled analyte. A more recent beta imaging method devised by Barthe et al
enables direct counting of radioactivity from the tissue which is up to 500 times

faster than classical film and vastly more sensitive ¢!
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1.3.2 Diffusion Cells

In vitro diffusion cell methods measure the diffusion of chemicals into and across
skin to a fluid reservoir (which can be static or flow cell design) and can utilise
non-viable skin to measure diffusion only, or fresh, metabolically active skin to
simultaneously measure diffusion and skin metabolism. Such methods have
found particular use as a screen for comparing delivery of chemicals into and
through skin from different formulations and can also provide useful models for

the assessment of percutaneous absorption in humans

The test substance, which may be radiolabelled, is applied to the surface of a
skin sample separating the two chambers of a diffusion cell. The chemical
remains on the skin for a specified time under specified conditions, before
removal by an appropriate cleansing procedure. The receptor fluid is sampled at
time points throughout the experiment and analysed for the test chemical and/or
metabolites. When metabolically active systems are used, metabolites of the test
chemical may be analysed by appropriate methods. At the end of the experiment
the distribution of the test chemical and its metabolites are quantified. Absorption
of a test substance during a given time period is measured by analysis of the
receptor fluid and the treated skin. The test substance remaining in the skin
should also be classed as having been absorbed. Analysis of these other
components (material washed off the skin and remaining within the skin layers)
allows for further data evaluation, including total test substance disposition and

percentage recovery. Analysis of the receptor fluid is usually conducted by high
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performance liquid chromatography (HPLC) and often combined with mass
spectrometry. This enables sensitive and rapid analysis to be performed for a

range of compounds and their respective metabolites.

This method does not show the spatial resolution of the analyte in the skin, but
produces quantitative data showing the amount of a compound to pass through
the skin into the bloodstream after time (not just within the skin itself). This
technique was used by Santhanam et al for quantitative investigation of the

dermal absorption of the insecticide Meta-N,N-diethyl toluamide (DEET) 17,

1.3.3 Tape Stripping

This technique involves the application of an analyte to the surface of the skin.
After a defined period of exposure the excess analyte is rinsed from the surface
and the stratum corneum is removed by the consecutive application of adhesive
tape. The quantity of the analyte in each strip can be determined using a suitable
analytical technique, commonly liquid chromatography mass spectrometry (LC-
MS) or gas chromatography (GC-MS). Another technique is by use of a
radiolabelled analyte with a digestion or combustion step followed by scintillation
counting. From the derived data it is possible to generate a profile representing
analyte concentration versus penetration depth of the skin. In vivo and in vitro

investigations can be conducted. /n vivo studies are conducted on healthy human
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subjects who suffer no long term effects from the removal of the stratum corneum

from a small area of skin (usually the forearm) 1€,

One fundamental limitation of tape stripping is that the stratum corneum cannot
be totally removed by stripping. Generally, about one third of the layer will remain
attached, as ‘islets', to the epidermal surface . A recent X-ray microanalytical
study showed that even after the removal of 40 tape strips, significant residues of
unstripped material were present within the macroscopic furrows of human skin
501 As a result of this, the corneocytes harvested on one tape strip may be
derived from different depths, depending upon the position of the tape in relation
to the slope of the furrow. Moreover, any given tape will remove different
amounts of stratum corneum at different depths and sites of the skin.
Additionally, the amount of stratum corneum removed can be affected by the
contact time as well as by inter-individual variability. It is therefore necessary to
quantify the mass of stratum corneum removed with each strip by weighing the

tape before and after the stripping procedure.

1.4 Direct Spectrometric Analysis

1.41 Attenuated Total Reflectance Fourier Transform Infrared

Spectroscopy (ATR FTIR)

The wavelength of light absorbed by a molecule is characteristic of any chemical

bonds it contains. By interpreting the infrared absorption spectrum, the chemical
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bonds in a molecule can be determined. This can enable the identification of an
unknown compound or be used to indicate the presence of a known compound in
a sample. Quantification can be achieved as the strength of the absorption is
proportional to the concentration of the compound at the specific location. For
analysis to take place it is essential that the compound to be monitored has a
unique infra red absorbance profile distinct from those inherently found within the

dermal tissue.

Over the last decade, ATR-FTIR skin analysers have become commercially
available for the detection of drugs applied to the skin ®'. In these devices, an
infrared beam is emitted through an infrared-transparent crystal (internal
reflection element; IRE) which is in contact with the skin sample. The crystal
configuration results in the multiple internal reflection of the beam until it exits
from the opposite face, back towards the spectrophotometer. During passage
through the crystal, the radiation penetrates slightly beyond the reflecting surface
of the crystal, into the skin. As a result, the radiated stratum corneum absorbs
infrared energy at frequencies corresponding to its normal absorption spectrum.
Multiple reflections amplify the signal. Since the beam only interacts with the
most superficial layer of the skin which is in immediate contact with the IRE,
ATR-FTIR studies are ideally performed in conjunction with tape-stripping. This
allows the generation of a series of ATR spectra, each representing absorption at

successive depths within the stratum corneum.
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Singh and Singh demonstrated the use of ATR-FTIR for analysing the
percutaneous absorption of certain jet fuel chemicals including naphthalene and
tridecane 2. ATR-FTIR can also be used to examine the physical properties of
the skin during the absorption process and changes which occur in lipid

chemistry when penetration enhancing chemicals are used.

1.4.2 Remittance Spectroscopy

The process of remittance spectroscopy utilises the detection of backscattered
light from the interior of the stratum corneum. The presence of a light absorbing
analyte in the skin reduces the light which is backscattered and hence it is
possible to quantify analytes within the skin. This technique has been utilised to
determine skin pigmentation effects and analyse indigenous compounds in skin.
Investigations have also been conducted into the in vivo quantification of drugs in

skin using remittance spectroscopy 2.

Sennhenn et al studied absorption into the forearms of human volunteers with an
emulsion containing the drug Uvinol T150 versus a placebo emulsion. A UV-vis
spectrometer was used to generate a monochromatic beam in the UV spectral
range. This beam was directed perpendicular to the subject’s skin surface. The
remitted energy from a defined area was analysed by a photomultiplier angled at
45° from the forearm surface. The experiment was repeated at different UV

wavelengths to cover the entire wavelength range 220-380nm. A plot of
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percentage remittance versus wavelength indicated a decreased remittance in
the range 300-340nm when T150 was present in the emulsion. The compound
was determined to be concentrated in the outermost parts of the stratum
corneum as the measured depth was dependant on the beam wavelength.
Quantitation was determined from the remittance decrease. They concluded the
technique to be sensitive, highly reproducible and ideally suited to detect and

quantify small quantities of UV absorbing penetrants %,

1.4.3 Fluorescence Spectroscopy

This technique is similar to remittance spectroscopy, however, only a specific
wavelength is detected by use of a second monochromator prior to detection.
Direct fluorescence spectroscopy concerns the detection of remitted light from a
self fluorescent analyte. Indirect fluorescence spectroscopy measures the
decrease in skin fluorescence caused by a light absorbing penetrant.
Fluorescent labelling of the skin is required and one compound utilised for this is
dansyl chloride as demonstrated by Jansen et al ®*. A study conducted by
Weiner et al of a self fluorescent marker (carboxyfluorescein) in the sebaceous

glands of Syrian hamster ear skin yielded reproducible, quantifiable results .
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1.4.4 Photothermal Spectroscopy

Photothermal spectroscopy is a technique where a modulated monochromatic
UV beam is projected upon the skin and the increase in temperature (caused by
light absorbance) is measured. An increase in surface temperature is observed if
a UV-absorbing drug is present within the tissue. This in turn leads to pressure
oscillations at the skin surface which are detected by the use of a highly sensitive
microphone. Measurement depth is controlled by changing the modulation
frequency, a lower frequency results in increased measurement depth.
Reproducibility suffers at lower frequencies due to the skins natural elasticity
limiting the effective depth profile range to the stratum corneum only. This
method has been demonstrated by Kolmel et al for the quantification of

sunscreen agents into the stratum corneum ©°°,

1.5 Mass Spectrometry

1.5.1 Introduction to Mass Spectrometry

Mass spectrometry is an instrumental approach that allows for the mass
measurement of molecules. A mass spectrometer consists of 5 parts: a vacuum
system, a sample introduction device, an ionization source, a mass analyzer and
an ion detector. The mass spectrometer determines the molecular weight of

chemical compounds by ionizing, separating and measuring molecular ions (and
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their fragments) according to their mass to charge ratio (m/z value). The ions are
generated in the ionization source by inducing the loss or gain of a charge
(electron ejection, protonation or deprotonation). Once the ions are formed (as an
ion plume in the gaseous phase) they can be electrostatically directed into a

mass analyzer, separated according to mass, and finally detected.

Data is observed in the form of a mass spectrum which provides molecular
weight and structural information. In modern instruments the spectrum is
displayed on a computer connected to the instrument and more complex data

analysis can be conducted using specialist software.

1.5.2 History of Mass Spectrometry

The founder of mass spectrometry was Joseph John Thomson working at the

571 While researching the

Cavendish Laboratories, Cambridge University
electron he discovered that ions move through parabolic trajectories proportional
to their "mass-to-charge" ratios. Thomson received the 1906 Nobel Prize in
Physics "in recognition of the great merits of his theoretical and experimental
investigations on the conduction of electricity by gasses." Over the next few

years a number of key names took up the early development of mass

spectrometry, including Dempster 8, Herzog, Bainbridge and Nier. By the end of
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the 1930's mass spectrometry had become an established technique for the

separation of atomic ions by mass.

Vast improvements in instrumentation occurred from the 1940's to the 1970's.
Francis Aston ™ and Arthur J Dempster developed much-improved higher
accuracy mass spectrometers. Alfred Nier coupled these developments with
more advanced vacuum technology to greatly decrease the size of mass
spectrometers 169 One important development in mass spectrometry occurred in
1946 with the proposal of the time of flight mass spectrometer by William E
Stephens ' The TOF mass analyzer separates ions by measuring velocities of
ions traveling in a straight path towards a detector. The 1950’s saw the
development of the quadrupole mass analyzer by Wolfgang Paul 2] This
analyzer separates ions with an oscillating electrical field further increasing the
utility of mass spectrometers. Paul also developed the quadrupole ion trap in
1983 which specifically traps and measures ions. He was awarded the Nobél

Prize for physics in 1989 for his work in the field.

New ionization techniques developed over the last 25 years (fast particle
desorption, electrospray ionization and matrix-assisted laser
desorption/ionization) have opened up the world of biological chemistry to mass
spectrometry. Just about every compouhd class can be analyzed by some sort of
mass spectrometry including species with masses extending well into the

megadalton range.
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1.5.3 Time of Flight Mass Spectrometry (TOF-MS)

Time of flight (TOF) mass analyzers (although first introduced in the mid 1940’s)
were successfully demonstrated as a reliable method for mass spectrometry in

1955 631,

All TOF mass spectrometers consist of a minimum of components; a pulsed ion
source, a field-free drift space, and a detecting device. The theory behind TOF-
MS is based on the principle that ions of different mass to charge ratios (m/z
values) have the same energy, but different velocities after being accelerated
from an initial ion source. As the ions travel at different velocities the time taken
for each to traverse the field free drift tube is different. Low ’mass and multiply
charged ions will reach the detector faster than high mass or singly charged ions

[64]

The theory can be expressed by an equation as shown in equation 1.1

1,
zeV = Emv Equation 1.1

In this equation: z = number of charges
e = electron charge’
V = accelerating potential from ion source
m = mass of the ion

v = velocity of ion
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The velocity of the particle can be determined in a time-of-flight tube since the
length of the path (d) of the flight of the ion is known and the time of the flight of

the ion (f) can be measured

V=— Equation 1.2

Equations 1.1 and 1.2 can be combined to produce equation 1.3

2
1 (d
zeV = Em(—j Equation 1.3

The time of flight of an ion () can be determined by rearranging equation 1.3

(shown in equations 1.4 and 1.5)

, d* m

=2€V Z

Equation 1.4

d m
I= m ? Equation 1.5

To make practical use of this principle a definite starting pulse is needed to
initiate the flight of the ions. The width of the starting pulse is in the range of

10ns, in order to yield sufficient mass resolution. After the starting pulse is fired, a
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relative long waiting period follows in the range of 100us, during which all
expected ions reach the detector. After pulsed excitation the ion plume is
confined to a dense packet. Although ions of different mass spread out from each
other as they travel in the drift region, ions of the same mass-per-charge ratio
remain together. The space charge, generated between ions in the ion packet
may result in decreased mass resolution and sensitivity. A high acceleration
voltage (4—40 kV) is used to combat this. However, the mass resolution will be

limited by the short flight times of the ions !,

A reflectron can be used to improve mass resolution. The reflectron, located at
the end of the flight tube, is used to compensate for the difference in flight times
of the same m/z ions of slightly different kinetic energies by means of an ion
reflector. This results in focusing the ion packets in space and time at the
detector. lons of higher energy will travel further into an electrostatic repellier field
(ion mirror) and will be retained longer and arrive at the detector at the same time

as ions of lower initial energy which penetrate the field less.
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Figure 1. Basic com ponents of alinear (upper) and reflecting Jower) TOF mass spectrometer.

Figure 1.4 Comparison of a linear and reflecting TqF instrumen

Linear TOF instruments suffer from lower resolution as fragment ions generated
in the field free drift region (metastable ions) cannot be distinguished from the

original ion due to their velocity remaining the same. The metastable ions have a

t [66]

lower energy than the original parent ion and hence penetrate the reflectron less.

They can be distinguished when linear and reflectron-acquired spectra are

compared due their time difference in reaching the detector.

One main factor leading to the loss of resolution is the range of slightly differing
flight times of identical m/z ions arising from their different initial velocities formed

during laser ionisation in MALDI. The actual final velocity that is attained for ions
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as they are accelerated out of the ion source and into the field free region
includes this initial velocity component and hence can vary for the same mass to
charge ratio. No compensation is made with continuous ion extraction linear
TOF-MS for ions with the same m/z but different initial ion velocities.
Improvements in mass resolution can be achieved by utilizing a time delayed
pulsed ion extraction ). Delayed extraction (DE) is achieved by observing a
calculated time delay following the firing of the laser at the sample. This delay
occurs before the extraction potential is applied, enabling ions of a particular
kinetic energy to be brought into better focus as they are accelerated into the

TOF region.

Because of their relatively low cost, simple design and high mass-to-charge
range, ToF mass spectrometers are often the analyzers of choice for high
sensitivity, high m/z range analysis work, especially for species of biological

interest.

1.5.4 Quadrupole Time of Flight

The quadrupole time of flight tandem mass spectrometer (QToF) combines the
quadrupole and the time of flight mass analyzers. A simple description of the
instrument is a triple quadrupole with the last quadrupole section replaced by a

ToF mass analyzer. The instrument often benefits from the addition of a further
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r.f Quadrupole to provide collisional damping. An illustration of a typical QToF

instrument is shown in figure 1.5.
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Figure 1.5 Schematic diagram of a standard quadruple time of flight mass spectrometer

(quadruple number is indicated as Q0, Q1 and Q2)

ToF-MS data is acquired by operating the Q1 mass filter in r.f mode only, thus
acting solely as a transmission element. The ToF analyzer actively records the
spectra, resulting in spectra displaying the high resolution and mass accuracy
typically associated with this analyzer. MS/MS data are acquired by operating Q1
in the mass filter mode to transmit only the selected precursor ion (allowing a
large enough mass window for the inclusion of isotopes if required). Collision
induced dissociation occurs in Q2 with the resulting product ions being

collisionally cooled and focused before being reaccelerated and focused into the
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ion modulator of the ToF analyzer. A pulsed electric field is applied at a
frequency of several kilohertz (kHz) across the modulator gap pushing ions in a
direction orthogonal to their trajectory into the accelerating column. It is here that

they acquire their final energy of several kilo-electronvolts (keV) per charge.

The advantage of using the QToF is the combination of the high sensitivity of
quadrupole instruments and the vastly superior mass resolution of time of flight
mass analyzer in one instrument as demonstrated in the analysis of

phosphopeptides by Steen et al ®,

1.5.5 Matrix Assisted Laser Desorption lonisation (MALDI)

Laser desorption ionisation (LDI) as a technique for the analysis of organic
compounds was first demonstrated in the 1960’s. Irradiation of organic samples
(of low mass) with a high intensity laser produces ions which are mass analyzed

(usually by time of flight mass spectrometry).

The primary requirement for successful LDI is that the efficiency of the energy
transfer from the laser beam to the analyte. The probability of obtaining a useful
mass spectrum depends on the specific properties of the analyte such as its
volatility and photoabsorption. In molecules with a large mass >5000Da the ions
produced are almost always fragmentation products of the original molecule, thus

the analyte is not desorbed as the intact molecule in any significant amount
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resulting in a spectrum of low-mass fragment ions only. Matrix Assisted Laser
Desorption lonisation (MALDI) was first utilised in 1988 by Hillenkamp and Karas
[0 It was revolutionary as it enabled the analysis of compounds up to 350000
Daltons in size which was approximately a 30 fold increase in comparison with
the standard laser desorption ionization techniques. It enabled large proteins to
be analysed at sub fmol sensitivity levels. At the same time, developments by
Koichi Tanaka (using an inorganic suspension matrix) demonstrated the

application of MALDI-MS to a whole range of biological macromolecules 7'\,

In MALDI a solid matrix is used, which absorbs electromagnetic radiation at the
wavelength of the laser. The sample is mixed with an excess of matrix solution
(optimally in the 1:1000-1:10000 analyte to matrix range) and allowed to co-
crystallize on a target plate. The resultant analyte molecules are singularized and
fully surrounded by matrix molecules. When the laser is fired at the target the
matrix absorbs the laser energy which vaporizes it (it desorbs from the surface)
and this carries some of the sample with it (figure 1.6). At the time that the laser
is pulsed a voltage is applied to the target plate to accelerate the ionized sample

towards a time-of-flight mass analyzer.
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Figure 1.6 Diagram showing the formation of ions by MALDI

The most common lasers used in MALDI are from the UV wavelength range. Of
these Nd-YAG (355nm) and Nitrogen (337nm) are the most frequently used.
Laser spot sizes are commercially available in the region of 50pm diameter. The

laser diameter is the defining factor of image resolution in most analysis.

1.5.5.1 lon Formation

The method by which ionization occurs is not completely understood however the
widely accepted view is that, following their desorption as neutrals, the sample
molecules are ionized by acid-base proton transfer reactions with the protonated

matrix ions in a dense phase just above the surface of the matrix. The protonated
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matrix molecules are generated by a series of photochemical reactions. In the
majority of cases it is believed that the matrix provides a source of gas phase
protons for ionisation in the positive ion mode. However, in some cases,
cationisation with a salt (Na* or K*) is the observed pathway of ionisation 2.
Arguments against this mechanism are supported by the lack of a viable
explanation for matrix suppression effeéts commonly observed during MALDI-MS
analysis. Matrix suppression occurs when the analyte is preferentially ionised
over the matrix resulting in few or no matrix ions being observed 3. In the
photochemical ionisation (Pl) theory all analyte ions must be produced from
collision processes between neutral analyte molecules and protonated or
deprotonated matrix molecules. Hence it is difficult to explain matrix suppression
in this model due to short proton transfer times (less than 1us) and the
significantly lower quantity of analyte molecules being present in relation to

matrix molecules 4.

A cluster ionization theory for MALDI ion formation has described in several
papers published by Karas and co-workers [ 78 This is based around the
assumption that large protonated analyte clusters are pre-existing in the organic
acid matrix. It is hypothesised that laser irridation causes the clusters to be
desorbed ahd thus analyte ions are produced in the gas phase by desolvation of
neutral matrix molecules. However these proposals are all still unproven theories

and a full validated explanation for MALDI ion formation is awaited.
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1.5.5.2 Matrix

The choice of a suitable matrix is essential in the MALDI process. In order to

successfully fulfil its role a matrix must posses certain properties:

1) Solubility in the same solvent as the analyte to be investigated

2) It must display a high molar absorptivity at the same wavelength as the
laser

3) Be able to produce ionisation of the analyte

4) It must be stable under the vacuum conditions of the instrument.

5) Be unreactive towards the analyte.
Properties which are not desired in a matrix:

1) Excessive fragmentation of the analyte
2) Formation of analyte adducts

3) Produce ions with m/z values coinciding with those of the analyte ions.

Different matrices are suitable for the analysis of certain compounds for example '
a-Cyano-4-hydroxy cinnamic acid (o-CHCA) is of used for compounds of low
molecular weight and peptide fragments/smaller proteins where as 2,5-
Dihydroxybénzoic acid (DHB) is more suited to larger proteins (e.g. bovine serum
albumin). Particle suspension matrices can be used to analyse compounds
containing ions which would be masked or suppressed by matrix related peaks.

Many different particle suspension matrices have been utilised, these include
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titanium oxide, graphite and silicon 7] Their mode of action is believed to be due

to thermal absorption of the laser causing ionisation of the analyte 8.

1.5.6 Secondary lon Mass Spectrometry (SIMS)

Secondary ion mass spectrometry is a surface analytical technique, which was
designed in the 1960s by Castaing and Slodzian. The basic principle of the
technique is baséd on the mass spectral analysis of secondary ions extracted
from the top few nanometers of the surface of a solid sample under the impact of
an energetic beam of primary ions. The ejected species may include atoms,
clusters of atoms and molecular fragments. Only a small fraction of these species
. are ions. The ionisation efficiency is strongly influenced by electron exchange
processes between the ejected species and the surface. A variety of primary ion
sources may be used. The most popular source is a liquid metal ion (LMI) source
7%l "which produces an ion beam of Ga* or In* at spot sizes of less than 1um in
diameter. Newer ion sources have been designed which employ full molecular
ions (SFs" and CgBrs*) as the primary ion source; this has the advantage that the
cumulative effects of chemical primary ion damage to the sample do not
significantly} diminish secondary ion emission %, Traditionally it is the positive
ejected ions which are analysed. However, negative ion methods can be used

and a primary oxygen beam (O?*) is usually used for this purpose.l
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Rastering the ion beam across the surface and collecting the data at each raster
spot enables an overall image to be produced (each spot becoming a pixel in the
image). One of the main problems with this type of analysis is the damage which
is caused to the tissue surface during the rastering process. This results in the
static SIMS limit (10' primary ion cm®) where the entire tissue surface has been

completely damaged and recognisable secondary ion emission ceases.

1.6 Biological Imaging Mass Spectrometry

Imaging mass spectrometry (IMS) is a relatively new technique that utilises a
range of MS technologies to record spatial information on the distribution of a
substance on the surface of a biological sample or ‘blot’ (of a tissue). In its most
common form a sample is moved under a stationary ionising source and a mass
~ spectrum is acquired. Further movement and ionisation in a defined pattern over
the sample results in the acquisition of many spectra. The spatial dimensions x
and y may be plotted against the abundance of a selected ion or ion range with
each spectrum representing a single pixel in the resulting image. lon intensity is
observed in greyscale or as a single colour or colour range. The use of multiple
colours can enable several different ions to be observed in the same 2
" dimensional image. A range of ionising sources can be used for imaging mass

spectrometric analysis and these will be discussed further.
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1.6.1 Imaging MALDI-MS (MALDI-MSI)

Imaging MALDI —MS is a relatively new technique which can be applied to the
analysis of biological tissue samples. The principles of the technique involve the
application of a suitable matrix to the tissue or membrane blot of the tissue
before a laser is rastered across the sample surface in a snakelike pattern
acquiring spectra at pre determined intervals. This can occur in two ways, either
by moving the laser across the static target plate or by holding the laser in
position and moving ‘the target plate underneath it. Each spectrum is the result
many consecutive laser shots at each coordinate, depending on instrumental

settings and type of laser used.

Each mass spectrum is represented as a pixel in the resultant MALDI image. The
brighter the pixel the higher the intensity of the analyte in that mass spectrum.

Imaging software can produce three dimensional images by plotting the spatial
dimensions of x and y versus the absolute ion intensity of the analyte. The ion
intensity is representative of the analyte concentration; however, it is not an

accurate method of quantitation.
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1.6.1.1 Instrumentation

1.6.1.1.1 Lasers

A wide range of lasers have been demonstrated for use for MALDI imaging
analysis. Nitrogen lasers operating at a wavelength of 337nm have been the
most frequently used although commercial available lasers include solid state
Nd:YAG (at 355nm) and most recently infra red. Nd:YAG lasers are attractive
due to the increased lifespan, reproducibility and vastly increased repetition rate
demonstrated during the high throughput image acquisition process. Nd:YAG
lasers have shown significantly poorer results over surfaces coated with a thin
layer of matrix in comparison to nitrogen lasers ' The beam profile is believed
to provide the advantages of the N2 lasers for imaging purposes. A recent paper
produced by Bruker 2 demonstrates a method of modulation of the Nd:YAG
laser beam (the distribution of the laser intensity over the target surface). This
modulation enables the Nd:YAG laser to ‘mimic’ the beam profile of the N, laser.
A comparison conducted between the structured Nd:YAG and N, lasers over thin
layer matrix applications (such as utilised for imaging samples) showed similar
analytical properties thus indicating its suitability for imaging MALDI purposes.
Another method of increasing the sensitivity of imaging experiments with a
Nd:YAG laser is the dynamic pixel software provided by Applied Biosystems. The

focused laser is moved around the defined area (pixel in the resulting image) in a
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figure of 8 shape thus facilitating the production of an increased amount of

analyte ions.

The use of an infra red (IR) laser allows for excitation of the vibrational modes of
the matrix as opposed to their electronic states. A distinct advantage of using the
IR wavelength‘ range is the ability to use matrices which do not alter the
physiological conditions of the sample being investigated. Popular matrices
demonstrated for this technique include ice and glycerol allowing for the analysis
of biomolecules directly from tissue and cells which may otherwise be adversely
affected by an organic acid matrix. Difficulties occur with focusing the laser
beam to produce a spot size small enough to enable cellular level microprobe
imaging. The coupling of an IR laser with the mass microscope method of image
acquisition enables a vastly increased spatial resolution to be achieved.

Experiments conducted by Luxumbourg et al !

produced images with a spatial
resolution of 4um, far lower than the theoretically achievable resolution of 28um

by use of the conventional microprobe scanning method.

1.6.1.1.2 Oversampling
One limitation to the resolution of a MALDI-MS acquired image is the diameter of

the laser beam. For cellular level imaging a maximum beam diameter of less

than 20um would be required (approximately the size of a mammalian cell).
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Generally the raster increments possible on an instrument are much smaller than
the laser size with instruments often capable of 1-5um increments. An
oversampling technique has been developed and demonstrated by Sweedler and
co-workers 84, Using this technique the limiting factor for spatial resolution is the
raster increment. However to ensure accurate results complete ablation of the
matrix must occur between each subsequent increment. Images of peptide
standards on electron microscopy calibration grids with a spatial resolution of

25um were obtained using commercial lasers of sizes up to 200um.

1.6.1.1.3 MALDI Mass Microscope

The applications of imaging mass spectrometry are limited'by sample preparation
methods, spatial resolution and analysis time. A major limiting factor in the spatial
resolution achievable by imaging MALDI is the size of the laser spot rastered
across the sample surface. Heeren et al have demonstrated the use of a mass
spectrometric microscope instrument in which the spatial resolution is
independent of the ionizing laser spot size . This allows a larger laser focus
field to be analyzed without resorting to movement of the sample or laser beam.
After a single laser shot the produced ions travel through the time of flight mass
spectrometer forming an ion optical image on a position sensitive detector. A
series of mass spectrometric images are created separated by their respective

m/z value showing spatial information from within the focus field of the laser spot.
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The limiting factors of spatial resolution in this mode are the quality of the ion
optics and the detector resolution as opposed to the laser spot size. Images
generated in this way have been demonstrated with a lateral resolution of 4um
far smaller than a typical optimised MALDI ion probe (approx 25um) 8¢,

Other advantages from decoupling the spatial resolution from the size of the
laser spot include a vast reduction in analysis time (by several orders of
magnitude) and the potential to use a increased variety of ionization methods
such as a larger ionizing beam for example infra red MALDI for high resolution
imaging analysis %2, A limitation of this instrument is however that the ability to
select masses of interest to image is very poor (+2 Da) and hence improvements
would be necessary for it to be applicable for the imaging of complex biological

samples.

1.6.1.2 Sample Preparation
1.6.1.2.1 Matrix Application Methods

Retention of spatial resolution is of paramount importance in the production of a
high quality MS image. However, with application of the matrix there is potential
for analyte spreading to occur. Various manual methods of matrix application
have been investigated. The two most commonly used techniques are

(88]

electrospray deposition ¥ and airspray Automated matrix application has
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been commercially developed i.e. devices that deposit small matrix droplets
across the sample surface. Automated matrix deposition by has enabled the
deposition of matrix droplets smaller than the laser spot size onto tissue samples
B9 Thus making the size of the matrix droplet the new limiting factor for the
image resolution. Even smaller droplets can be deposited on the sample surface

by commercially available instruments utilizing acoustic deposition .

1.6.1.2.2 Membrane Blotting

MALDI was first used as a method for imaging the surface of biological samples
by Caprioli et al ®). Two methods of sample preparation were initially

investigated:

1) Direct analysis of a fresh tissue section coated with matrix
2) Blotting of the tissue onto a target coated with C18 beads. The matrix was

then deposited on the blotted areas of the target.

In the investigation successful localization was observed for hormone peptides in
a rat pituitary tissue section. Metabolites were observed as well as molecular
ions. The conclusion of the investigation was that blots from the C18 beads

provided superior images. However in the time elapsed since (and with advances
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in instrumentation and methodology) direct tissue analysis has been more widely

utilized for biological molecular imaging.

A range of blotting media has been investigated as a support medium for MALDI
imaging analysis. Chaurand et al conducted further research into carbon-based
membranes. Their study conducted in 1999 " used carbon filled polyethylene
membranes which were considered suitable due to their electrical conductivity
and the fact they adhered proteins enabling clean up of the protein blot (by
washing with water) but without loss of spatial information. Other membranes
investigated include nylon ®3, nitrocellulose I, polyethylene ¥, and most

recently cellulose 1,

The combination of suitable matrix and blotting membrane is essential to produce
the highest possible quality of image. The crystals formed on the surface of the
membrane or direct tissue must be smaller than the image resolution to avoid

becoming a limiting factor.

The majority of investigations conducted with indirect blotting imaging MALDI
have concentrated on the analysis of proteins in tissue. Some studies have been
conducted into the detection of low molecular weight compounds in biological
tissue. Bunch et al ¥ used imaging MALDI MS for the detection and localization
of ketokonazole from cellulose membrane blots taken from porcine ear skin

surface and vertical cross sections.
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1.6.1.2.3 MALDI - MS Analysis of Direct Tissue

Direct tissue MALDI-MS imaging allows for the simultaneous mapping of many
endogenous molecular components or exogenous analytes from a thin section of
a tissue sample. Direct analysis of tissues eliminates the risk of analyte
spreading or loss of spatial resolution due to actions occurring during a
membrane blotting procedure. A diagrammatic outline showing a standard

sample preparation technique for direct tissue analysis is illustrated in figure 6.

A frozen sample is sectioned, usually by cryostat and transferred to a MALDI
target plate. The sample may be mounted on backing before the transfer, such
as an aluminium backing plate, charged paper film ¢ or directly onto double-
sided standard polymer tape "l The matrix coating may be applied before or
after transfer onto the target plate and a range of matrices and matrix deposition

methods have been utilized in various investigations.
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Figure 1.7 Overview of direct tissue imaging MALDI-MS [

The matrix application is a critical step in sample preparation and research is
ongoing in this field. The correct choice of matrix and application technique is
dependant upon the analyte or tissue being investigated, with most published
studies opting for airspray deposition [ [98. Recent advances in automated
spotting devices will add a new dimension to matrix deposition directly on tissue
and the publication of more independent results by these methods is eagerly

awaited.
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The application of a thin metal layer over the matrix usually by a process of
sputter coating has been shown to produce significantly higher analyte and
matrix fon yields particularly for low mass analytes . Gold and other metals
including aluminium and silver have been investigated (unpublished data,

Sheffield Hallam University).

1.6.1.3 Applications.of MALDI-MSI

1.6.1.3.1 Peptide and Protein Analysis

Many different tissues have been investigated using MALDI-MSI. Mouse and rat
brain sections have been imaged for the presence of protein changes occurring
as a result of normal cognitive function ['® 19" Neurological disorders including
Parkinson’s "2 and Alzheimers ! have been profiled by imaging protein
patterns occurring during progression of the disease. Imaging profiling of human
brain tumour xenografts has been investigated in a study conducted by Stoeckli
et al in 2001 ", The mass microscope has been used for the investigation of
peptides in rat, mouse and human pituitary sections. The increased resolution
offered by the mass microscope providing high quality images with a pixel size of

500nm and a resolving power of 4um %4,
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Imaging MALDI-MS is frequently used for the analysis of proteins and biomarkers
within tumour regions, tumour margins and within healthy tissue. The analysis is
conducted directly on tumour biopsy tissue and without the need for
homogenation or separation techniques. Tumours and tissue studied in this way
include human brain tumours [1051 [16] ajjowing for the tumour grade to be
determined with a 95% degree of accuracy when combined with statistical
algorithms. Other tissues examined include human breast tissue ['°”! and human

lung tissue 1%,

A recent paper published by Crecelius et al in 2005 is the first to investigate
three-dimensional images acquired by MALDI "% A single mouse brain was
sectioned into 264 20um thick sections 10 of which (in 500um steps through the
tissue) were chosen for imaging MS analysis. A 3D volume was created for all
264 sections by a computer program into which the 10 imaged sections were
placed. This allows for full 3D localization of myelin within the brain.

However, spatial information in the 3" dimension is low and many sections would
need to be imaged and inserted to provide a high resolution 3 dimensional

image.
1.6.1.3.2 Analysis of Pharmaceutical Compounds

MALDI MS has been utilized to investigate pharmaceutical compound in direct

[109]

tissue sections. Troendle et al profiled the pharmaceutical compound
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paclitaxel in human ovarian tumor tissue sections. Imaging MALDI-MS is a highly
effective tool for the analysis of small molecules and pharmaceuticals within
tissue. It has the particular advantage of allowing a range of drugs and
metabolites to be investigated during one experiment in comparison to a
specifically labeled technique such as autoradiography. Whole body imaging
(such as conducted on rats and mice) enables the localization of metabolites in
different organs from an orally administered drug "', Direct comparison with
whole body autoradiography is feasible, with the whole compound and selective
metabolites being identifiable in organ tissues. Imaging MALDI-MS offered the
advantage of specificity and speed but sensitivity was lower and this differed over

the organs due to tissue specific ion signal suppression.

1.6.2 Desorption Electrospray lonization (DESI) Mass Spectrometric

Imaging

Desorption Electrospray lonization Mass Spectrometry (DESI-MS) is a
combination of two ionization methods desorption ionization (DI) and
electrospray (ESI). In this process the surface of the sample being analyzed is
bombarded with charged droplets of solvent generated via electrospray. Impact
of the solvent droplets on the surface causes the ejection of charged particles
from the sample which can be measured by typical mass spectrometric methods.

The analysis is conducted at atmospheric pressure and without need for a matrix
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or other sample interference prior to analysis, therefore enabling true in situ

measurement.

Initial results from mass spectrometric imaging experiments utilising DESI as the

(M1 imaging alkaloid

ion source were published in 2004 by Takats et al
distribution in plant tissue. These were the first images acquired under ambient
conditions and at atmospheric pressure. The results were soon followed by the
profiling of thin sections of human liver for a range of phospholipids in metastatic
adenocarcinoma tissues '@ distinguishing between tumour and non tumour
regions. The presented images were acquired as linear profiles as opposed to 2-
dimensional maps. A recent publication by Cooks and co-workers '3 utilised an
automated DESI platform to acquire 2D images of corneal sections of rat brain
tissue showing the distinct localisation of individual phospholipids throughout the
brain. The sample is placed on the target and is moved under the fixed spray
nozzle around the area of interest. Limiting factors for the spatial resolution of
DESI imaging include the electrospray capillary diameter and the distance from
the spray tip to the sample surface. However significant spatial information is lost

from the initial impacting spot diameter and only resolutions as low as 300um

have been demonstrated on biological tissue thus far.
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1.6.3 Laser Ablation Inductively Coupled Plasma (LA-ICP) Imaging Mass

Spectrometry

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is a
powerful technique for the analysis of inorganic elements at concentrations
ranging from major to trace levels. A pulsed laser beam is used to ablate a small
quantity of material from the surface of the sample which is transported into the
plasma of the ICP-MS instrument by a stream of Argon carrier gas. The sample
to be analyzed is placed in a sample chamber with a quartz glass lid transparent
to UV light. A stream of carrier gas enters the sample chamber through a small
opening in the floor, travels through the interior of the chamber in a cyclonic
pattern and exits at the top, in the process picking up fine sample particles
produced by the ablation process and transporting them into the Argon plasma of
the ICP-MS instrument. The sample chamber is mounted on a stage that allows
the sample to be moved relative to the laser beam. Once passed into the argon
plasma source the ablated particles are rapidly ionized and then measured by
mass spectrometric techniques, usually by time of flight or quadrupole

instrumentation.

LA-ICP-MS is frequently utilised as a powerful microlocal element analytical
technique for the fast and direct determination of metal concentrations in
biological tissue and protein research [''* allowing qualitative localization of both

free and protein bound metals.
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LA-ICP-MS is a suitable technique for imaging due to a spatial resolution of
50um or less being achievable as well as being a sensitive and precise method
(with the use of an appropriate internal standard). Imaging experiments have
been performed by Becker et al ['*® for the localisation of elements such as P, S,
Cu, Zn, Th and U in thin cross sections of rat brain and also human brain
hippocampus [''®. The published results showed a deficiency of Cu and Zn both

in and around tumour regions of the rat brain.

1.6.4 Imaging SIMS and NanoSIMS

The use of SIMS for imaging purposes enables high quality images to be
produced at a resolution unparalleled by alternative mass spectrometric
methods. This comes at the expense of a lower mass range than can be
achieved by either MALDI or DESI ionization methods. SIMS imaging has been
demonstrated at submicron resolution and has been applied to elemental
imaging of single cells "1, Many biological tissues have been imaged by ToF-
SIMS including human kidney '8 nervous tissue [''®! and aorta ['® for both
pharmaceutical ['>"! and endogenous compounds """, The low mass range of
SIMS has meant that the compounds studied could only have a low molecular
mass or be larger mass molecules which produce characteristic fragment ions

enabling identification.
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Techniques have been developed to enable a greater ion yield to be obtained
from larger mass molecules including coating the sample with an organic acid
matrix (in similar techniques as used in MALDI-MS) known as matrix enhanced
SIMS (ME-SIMS) 23, This technique can produce spectra comparable to those
observed in MALDI for molecules of a mass of up to 2KDa "2, Molecular ions
from samples as large as lysozyme have been observed with the addition of the
matrix ['22, A further method of increasing sensitivity for larger analytes is by the
application of a thin coating of metal to the sample surface. Gold, silver and
platinum have been demonstrated to ihcrease the yield of large ions such as
lipids and fatty acids [/ for imaging purposes. Heeren et al reported the most
favourable results using coatings less than 5nm thick ['®®. A complication of this
technique is that the ions produced are often observed as metal adducts or
clusters. This may make peak assignment more difficult but once the correct
peak is identified valuable images may be produced. One impressive example is
the distribution of cholesterol within rat kidney sections ['>! by imaging of the

silver cationized molecular ions.

The accepted theory is that the metallic coating results in the production of nano-
islands on the sample surface onto which the analytes migrate. Sensitivity is
further enhanced by catalytic properties displayed by the nano-islands "%,

High resolution imaging of such high mass compounds would not be possible

without the coatings due to the lack of sensitivity exhibited. lon optics
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incorporating gold or bismuth cluster guns '?® 2"l have been demonstrated to
provide a narrow focused beam aptly suited for high resolution microprobe

imaging.

SIMS can be combined with tandem mass spectrometry for improved
identification of fragment ions. However, images comprised solely of MS/MS data
from one fragment will be poor due to the substantial loss in ion current during

the MS/MS process 1281,

1.6.5 Statistical Interpretation of MS-Imaging Data Sets

New data processing software supplied commercially enables manipulation and
new ways of presenting MS images. The application of principal component
analysis (PCA) to images enables variance and co-variance of analyte ions in the
image to be investigated, which would previously have been impossible due to
the amount of data contained in a high resolution image. These new advances in
the field point to a bright future for imaging analysis of a range of compounds

using this technique.

1.7 Conclusion

The need for the legislation and control of hazardous chemicals is clearly

important. The Health and Safety Executive play a crucial role in the monitoring
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of occupational exposure to hazardous compounds. Dermal exposure is
considered an important route of exposure to many hazardous compounds in the
workplace. Advances in current methods for occupational exposure monitoring
are constantly being sought by the HSE particularly in the field of dermal

penetration studies.

A wide variety of techniques are available for the analysis of compounds in skin
although the only one to offer localization of analytes is autoradiography and the
lengthy time of analysis is a crucial factor for the proposed monitoring of dermal

exposure.

A range of techniques and sample preparation methods have been discussed for
the mass spectrometric imaging of biological tissue. Imaging SIMS enables the
production of high resolution images (to submicron levels) but at the expense of
only operating over a low mass range. Laser ablation |ICP imaging mass
spectrometry is particularly suited to the analysis of inorganic elements in tissue.
It has been demonstrated as a quantifiable technique. DESI-MS imaging is a
recently developed technique and has been demonstrated for the analysis of
phospholipids in rat brain sections at atmospheric pressure. It enables true in situ

measurement of analytes as no matrix application or other sample interference in

58



necessary prior to analysis. However, only low spatial resolutions (300um) have

been demonstrated thus far.

Imaging MALDI-MS in microprobe mode has been shown to be applicable to a
wide range of biological imaging applications including dermal penetration
studies from membrane blots. With the recent advances in instrumentation‘and
methodology it is proposed as a rapid and sensitive method well suited for the
analysis and localization of hazardous compounds both on the skin surface and

penetrating into the skin.

The mass microscope enables the rapid production of images at high spatial
resolutions by decoupling spatial resolution from the laser spot size. However,
current instrumental limitations result in a low mass resolution making this

technique unsuitable for the analysis of complex biological tissues.
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