Application of imaging MALDI-MS to the determination of hazardous compounds in skin.
PRIDEAUX, Brendan.
Available from the Sheffield Hallam University Research Archive (SHURA) at:
http://shura.shu.ac.uk/20249/

A Sheffield Hallam University thesis
This thesis is protected by copyright which belongs to the author.
The content must not be changed in any way or sold commercially in any format or medium
without the formal permission of the author.
When referring to this work, full bibliographic details including the author, title, awarding
institution and date of the thesis must be given.
Please visit http://shura.shu.ac.uk/20249/ and http://shura.shu.ac.uk/information.html for
further details about copyright and re-use permissions.

8 H U O C IW

|

101

v fe ! H I W

V H jr

S-/C41 I

Sheffield

S i 1VVB

859

6

893

I

{

Return to Learning Centre of issue
Fines are charged at 50p per hour

REFERENCE

ProQ uest N u m b e r: 10700894

All rights reserved
INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com plete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest
ProQuest 10700894
Published by ProQuest LLC(2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106- 1346

Application of Imaging MALDI-MS to the Determination
of Hazardous Compounds in Skin
By
Brendan Prideaux

A thesis submitted in partial fulfillm ent of the requirements of Sheffield
Hallam University for the degree of Doctor of Philosophy

April 2007

Collaborating Organisation:
The Health and Safety Laboratory, Buxton, UK

Acknowledgements

Thanks to Dr Malcolm Clench for help and guidance throughout the project.
Dr Jackie Morton for all her assistance and Kate Jones for helpful chemistry
discussions (Health and Safety Laboratory).
Dr Angela Curtis and Dr Gareth S. Evans for cell biology sample preparation,
advice and information (Health and Safety Laboratory).
Joan Hague for all her assistance in the lab.
Family and friends for support and coffee.

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.

Contents

1.0 Introduction

1

1.1 Occupational Hygiene

2

1.1.1 Exposure

3

1.1.2 Dermal Exposure

4

1.1.3 Contact Dermatitis

6

1.1.4 Legislation

7

1.2 Dermal Absorption

9

1.2.1 The Structure of Skin

9

1.2.2 Barrier Properties of the Stratum Corneum

12

1.2.3 Dermal Penetration

13

1.2.4 Skin Source and Storage for Dermal Absorption Studies

15

1.2.5 Absorption Compounds of Interest

16

1.3 Dermal Absorption Measurement Techniques

17

1.3.1 Autoradiography

17

1.3.2 Diffusion Cells

19

1.3.3 Tape Stripping

20

1.4 Direct Spectrometric Analysis

22

1.4.1 Attenuated Total Reflectance Fourier Transform Infra Red
Spectroscopy (ATR-FTIR)

22

1.4.2 Remittance Spectroscopy

23

1.4.3 Fluorescence Spectroscopy

24

1.4.4 Photothermal Spectroscopy

25

1.5 Mass Spectrometry
1.5.1

Introduction to Mass Spectrometry

25
25

1.5.2 History of Mass Spectrometry

26

1.5.3 Time-of-Flight Mass Spectrometry (TOF-MS)

28

1.5.4 Quadrupole Time-of-Flight

32

1.5.5 Matrix Assisted Laser Desorption Ionisation(MALDI)

34

1.5.5.1 Ion Formation

36

1.5.5.2 Matrix

38

1.5.6 Secondary Ion Mass Spectrometry (SIMS)
1.6 Biological Imaging Mass Spectrometry
1.6.1

39
40

Imaging MALDI-MS (MALDI-MSI)

41

1.6.1.1 Instrumentation

42

1.6.1.1.1 Lasers

42

1.6.1.1.2 Oversampling

43

1.6.1.1.3 MALDI Mass Microscope

44

1.6.1.2 Sample Preparation

45

1.6.1.2.1 Matrix Application Methods

45

1.6.1.2.2 Membrane Blotting

46

1.6.1.2.3 MALDI-MS Analysis of Direct Tissue

48

1.6.1.3 Applications of MALDI MSI

50

1.6.1.3.1 Peptide and Protein Analysis

50

1.6.1.3.2 Analysis of Pharmaceutical Compounds

51

1.6.2 Desorption Electrospray Ionization (DESI) Mass Spectrometric
Imaging

52

1.6.3 Laser Ablation ICP Imaging Mass Spectrometry

54

1.6.4 Imaging SIMS and NanoSIMS

55

1.6.5 Statistical Interpretation of MS Imaging Data Sets

57

1.7 Conclusion

57

1.8 References

60

2.0 Applications of MALDI-MS to the Study of Diisocyanate Stability and
Introduction of a Novel Ethanol-Derivatization Method for Extraction from
Workplace Surfaces

77

2.1 Introduction

78

2.1.1 Introduction to Isocyanates

78

2.1.2 Hexamethylene Diisocyanate and Pre-Polymers

80

2.1.3 Reactivity of Isocyanates

81

2.1.4 Potential for Isocyanate Exposure

83

2.1.5 Occupational Health

84

2.1.6 Monitoring Isocyanate Exposure

85

2.1.6.1 Airborne Isocyanate

85

2.1.6.2 Surface and PPE Sampling

87

2.1.7 Aims

89

2.2 Methods

89

2.2.1 Materials

89

2.2.2 MALDI-MS Analysis of TDI Using Suspension Matrices

90

2.2.3 Analysis of Ethanol-Derivatised HDI(HDI-Urethane)

90

2.2.4 HDI Stability in Acetone

90

2.2.5 Stability of Ethanol-Derivatised HDI

91

2.2.6 Ethanol Swab Method and extraction Efficiency

91

2.2.7 Mass Spectrometric Analysis

92

2.3 Results

92

2.3.1 Analysis of TDI Using Suspension Matrices

92

2.3.2 Tandem MS of Peak at m/z 148

93

2.3.3 Reactivity of HDI with Ethanol

96

2.3.4 Stability of HDI in Acetone

99

2.3.5 Stability of Ethanol-Derivatised HDI

105

2.3.6 Ethanol Swab Method and Extraction Efficiency

109

2.4 Conclusion

111

2.5 References

114

3.0 Application of LC-MS to the Determination of the Biotransformation of
TDI to TDA by a Human Keratinocyte (HaCaT) Cell Line

119

3.1 Introduction

120

3.1.1

Introduction to High Performance Liquid Chromatography Mass

Spectrometry (LC-MS)
3.1.1.1 Partition Phases

120
120

3.1.1.2 Columns
3.1.1.3 Elution Methods

122
'

3.1.2 Mass Spectrometry
3.1.2.1 Electrospray lonization(ESI)
3.1.3 Metabolism of Diisocyanates

124
125
125
127

3.1.3.1 Application of Mass Spectrometry for Diisocyanate
Metabolite Monitoring

129

3.1.4 Dermal Diisocyanate Exposure and Immune Response

130

3.1.5 Aim

131

3.2 Methods

132

3.2.1 Materials

132

3.2.2 Preparation of Cells

132

3.2.3 Preparation of Standards

133

3.2.4 Preparation of Samples

133

3.2.5 Improved TDI Extraction Method: Preparation of Standards
3.2.6 Preparation of Samples

134

3.2.7 LC-MS Analysis

136

3.3 Results

137

3.3.1 Extraction of TDA from TDI-Spiked HaCaT Cells

137

3.3.1.1 Construction of Calibration Curves

137

3.3.1.2 Analysis of TDI-Spiked HaCaT Cells

138

3.3.2 Extraction of TDA from TDI Spiked HaCaT Cells Incorporating a
Triple Rinse Extraction Procedure

143

3.4 Conclusion

148

3.5 References

150

4.0 Sample Preparation and Data Interpretation Procedures for the
Examination of Xenobiotic Compounds in Skin by Indirect Imaging MALDIMS

154

4.1 Introduction

155

4.1.1 Introduction to Chlorpyrifos

155

4.1.2 Exposure

156

4.1.3 Toxicity of Chlorpyrifos

157

4.1.4 Methods of Measuring Chlorpyrifos Exposure

158

4.1.5 Introduction to Isocyanates

159

4.1.5.1 Isocyanate Reactivity
4.1.6 Aims
4.2 Methods

159
160
160

4.2.1 Materials

160

4.2.2 Analysis of Chlorpyrifos on Porcine Epidermal Surface

160

4.2.3 Depth Profiling of Chlorpyrifos Absorption

161

4.2.4 Analysis of HDI-2MP on Porcine Epidermal Surface

161

4.2.5 On-Membrane Ethanol-Derivatisation of HDI

162

4.2.6 Mass Spectrometric Analysis

163

4.3 Results
4.3.1 MALDI-MS Spot Analysis of Chlorpyrifos Standard and

163

Dursban 4

164

4.3.2 Profiling Chlorpyrifos Absorption on Skin Surface

165

4.3.3 Profiling Chlorpyrifos Absorption into Skin

169

4.3.4 Analysis of HDI-2MP on Porcine EpidermalSurface

173

4.3.5 On-Membrane Ethanol-Derivatisation of HDI

176

4.4 Conclusion

180

4.5 References

182

5.0 Indirect Blotting and Direct Skin Analysis by Imaging MALDI-MS to
Determine the Dermal Absorption of Hexamethylene Diisocyanate
5.1 Introduction

185
186

5.1.1 Introduction to HDI

186

5.1.2 HDI Exposure

186

5.1.3 Dermal Toxicity of HDI

187

5.1.3.1 Irritation

187

5.1.3.2 Sensitization

188

5.1.3.3 Toxicity of HDI Pre-Polymers

190

5.1.4 Aim
5.2 Methods

191
192

5.2.1 Materials

192

5.2.2 Indirect Blotting Approach

192

5.2.3 Direct Tissue Analysis

193

5.2.4 Mass Spectrometric Analysis

193

5.3 Results

194

5.3.1 Indirect Blotting Approach to Profile the Dermal Absorption
of HDI

194

5.3.2 Direct Skin Analysis to Profile the Dermal Absorption of HDI 195
5.3.3 Use of Gold Coating to Enhance Sensitivity of HDI Species from
Tissue

203

5.4 Conclusion

207

5.5 References

209

6.0 Conclusion and Future Work

212

6.1 Conclusion and Future Work

213

6.2 References

218

Appendix
Appendix 1
Oral Presentations

219

Appendix 2
Poster Presentations

220

Appendix 3
Publications

221

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
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after initial exposure). Conditions associated with exposure to toxic materials
include irritation, mutagenesis, carcinogenesis, reproductive constraints and multi
organ damage[2].

1.1.1

Routes of exposure

Workers may be exposed to toxic chemicals through three main routes; dermal,
respiratory or ingestion. Airborne particles 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 [3] and possible
genetic predeposition to occupationally induced disease such as cancers[4].

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
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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[5]. Chronic respiratory diseases are more
commonly observed and of these the most frequently reported is occupationally
induced asthma [6]. Occupational asthma (OA) is a disease characterised by
variable obstruction of airflow and / or airway hyper-responsiveness attributable
to factors associated with the workplace [7]. 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 [9]. This natural protection may be bypassed through cuts, abrasions or
punctures 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
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penetration of toxins [10]. 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
[11]

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
reduce or prevent chemicals from penetrating into the skin t12, 13].

However

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
exposure is a major, casual or contributory factor[14]. The best estimate of the
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

5

skin disease each year between 2000 and 2002. Approximately 80% of these
cases were clinically diagnosed as contact dermatitis [15].

1.1.3 Contact Dermatitis

There are three main types of contact dermatitis: irritant, urticarial and allergic.
The most common form is irritant contact dermatitis (ICD) which is responsible
for approximately 80% of cases [15]. 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. Surveillance of occupationally induced chronic irritant contact
dermatitis is frequently difficult due to the prolonged duration between exposure
and the onset of symptoms [16]. ICD is caused by direct injury to the cells. The
reaction with the irritant does not activate an immune cascade, but it is believed
that direct damage to keratinocytes induces the inflammatory response[17].

A less commonly observed dermatitis is contact urticaria. This form of contact
dermatitis represents an immediate anaphylactoid-type IgE mediated response
[18]_
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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

subsequently

required

concentration)
to

elicit

is

allergic

higher than
contact

the

concentration

dermatitis

(elicitation

concentration), which may be extremely low [19]. 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 [20].

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 [21]. More detailed obligations
are contained in the control of substances hazardous to health (COSHH)
regulations most recently updated in 2002 [22], 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
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on substances that are new to the European market[23]. 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 l24], 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
Nerve fibres

Dermis

Blood vessels
Sweat gland
Subcutaneous
Layer
(Hypodermis)

Paccinian corpuscle

Figure 1.1 The structure of skin as shown through a horizontal cross section [25]
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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 100-150jim 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
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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
Hemsdesmosome
Basement
membrane
zone
Anchoring
fibrils
(and anchor
ing plaques)
Fibronectin
Blood vessels

Figure 1.2 The structure of the Epidermis [26]

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
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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[25].

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
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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 [27] 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
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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

1

2

3

appendage
(follicle or
sweat duct)

Figure 1.3 The routes of penetration through the stratum corneum (adapted from Elias
1983)[27]
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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
corneum presents a thermodynamically and kinetically impossible passageway
for chemical transport [28]. However Moss et al, using mathematical modelling
techniques, propose that this can in fact occur and should not be entirely ignored
[29]. Following penetration across the stratum corneum, 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"1 per cm3 of skin, and reaches to within 0.2 mm of the skin surface
[30], 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 131’ 32].
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In addition, the permeability of drugs through pig skin has been repeatedly shown
to be similar to that through human skin [33,34]. 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 I36,37] some investigators have shown that the permeability
of human cadaver skin is largely unaffected after prolonged freezing at -20 °C up
to 466 days [38].

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[39].

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
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effect of solvents and chemicals in the mixture 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 corneum 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 [40, 41]. 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[42].

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
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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 [43].

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. In 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 [44]. 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 [45].
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[46]
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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)[47].

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 (LCMS) 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. In 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)[48].

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 [49]. 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
[50]. 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

1.4.1

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

21

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 [51]. 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 [52]. 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[53].

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[53].

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 [54]. 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 [55].
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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 [56].

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
Cavendish Laboratories, Cambridge University [57]. While researching the
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[58], 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 [59] 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 [60]. One important development in mass spectrometry occurred in
1946 with the proposal of the time of flight mass spectrometer by William E
Stephens [61]. 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 [62]. 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 Nobel
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 compound 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 I631.

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 TOFMS 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

x t

^

In this equation:

_

J_

2

Equation 1.1

2 m V

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

_ d
v ~

Equation 1.2

~

Equations 1.1 and 1.2 can be combined to produce equation 1.3

zeV = —m
2

Equation 1.3

The time of flight of an ion (t) can be determined by rearranging equation 1.3
(shown in equations 1.4 and 1.5)

t2 =

d2 m
Equation 1.4

2eV z

t=

d

m

■j2eV \ z

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

relative long waiting period follows in the range of 100ps, 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 [65].

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. Ions of higher energy will travel further into an electrostatic repeller 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 1.4 Comparison of a linear and reflecting ToF instrument[66]

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
lower energy than the original parent ion and hence penetrate the reflectron less.
They can be distinguished when linear and reflectron-acguired 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 [67]. 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 mlz 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.

Eleclraspray

Ar

QO

Turbit
Pump

Figure 1.5 Schematic diagram of a standard quadruple time of flight mass spectrometer
(quadruple number is indicated as QO, Q1 and Q 2 )[68]

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 a l[69].

1.5.5 Matrix Assisted Laser Desorption Ionisation (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 Ionisation (MALDI) was first utilised in 1988 by Hillenkamp and Karas
[70]. 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[71].

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 cocrystallize 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

Ion 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 [72].
Arguments against this mechanism are supported by the lack of a viable
explanation for matrix suppression effects 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 [73]. In the
photochemical ionisation (PI) 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 1ps) and the
significantly lower quantity of analyte molecules being present in relation to
matrix molecules[74].

A cluster ionization theory for MALDI ion formation has described in several
papers published by Karas and co-workers [75, 76]. 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 and 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.

Inorder 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 asthe
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 (a-CHCA) is of used for compounds of low
molecular weight and peptide fragments/smaller proteins where as 2,5Dihydroxybenzoic 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 [77].Their mode of action is believed to be due
to thermal absorption of the laser causing ionisation of the analyte[78].

1.5.6 Secondary Ion 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 based 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
[79], which produces an ion beam of Ga+ or ln+ at spot sizes of less than 1pm in
diameter. Newer ion sources have been designed which employ full molecular
ions (SF6+ and CeBr6+) 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 [80]. Traditionally it is the positive
ejected ions which are analysed. However, negative ion methods can be used
and a primary oxygen beam (0 2+) is usually used for this purpose.
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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 (1013 primary ion cm'2) 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. Ion 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 [81]. The beam profile is believed
to provide the advantages of the N2 lasers for imaging purposes. A recent paper
produced by Bruker [82] 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 N2 laser.
A comparison conducted between the structured Nd:YAG and N2 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 a l [83] produced images with a spatial
resolution of 4pm, far lower than the theoretically achievable resolution of 28pm
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 20pm 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 1-5jim 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
25|im were obtained using commercial lasers of sizes up to 200jxm.

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 [85]. 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 4jim
far smaller than a typical optimised MALDI ion probe (approx 25pm )[86].
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 t82]. 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
electrospray deposition [87] and airspray [88]. 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
[89]. 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 [90].

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 [87]. 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 [91] 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 [92], nitrocellulose [93], polyethylene [94], and most
recently cellulose[88].

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 a l[88] 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 [96] or directly onto double
sided standard polymer tape [97]. 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 [95]

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 [96] [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 ion yields particularly for low mass analytes [99]. 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 [100,101]. Neurological disorders including
Parkinson’s [102] and Alzheimer’s [97] 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 [103]. 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 4pm [104].
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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 11051 11061 allowing 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 [107] and human
lung tissue[106].

A recent paper published by Crecelius et al in 2005 is the first to investigate
three-dimensional images acquired by MALDI [108]. A single mouse brain was
sectioned into 264 20jam thick sections 10 of which (in 500jim 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 3rd 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
tissue sections. Troendle et al [109] 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 [110]. 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 Ionization (DESI) Mass Spectrometric

Imaging

Desorption
combination

Electrospray
of

two

Ionization

ionization

Mass

methods

Spectrometry
desorption

(DESI-MS)

ionization

(Dl)

is

a

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
ion source were published in 2004 by Takats et al [111], imaging alkaloid
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 [112] distinguishing between tumour and non tumour
regions. The presented images were acquired as linear profiles as opposed to 2dimensional maps. A recent publication by Cooks and co-workers [113] 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 300pm
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 [114] 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
50jim 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 a l[115] 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 [116]. 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 [117]. Many biological tissues have been imaged by ToFSIMS including human kidney [118] nervous tissue [119] and aorta [120] for both
pharmaceutical[121] and endogenous compounds i117\ 119]. 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)[122]. This technique can produce spectra comparable to those
observed in MALDI for molecules of a mass of up to 2KDa [123]. Molecular ions
from samples as large as lysozyme have been observed with the addition of the
matrix [123]. 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 increase the yield of large ions such as
lipids and fatty acids [124] for imaging purposes. Heeren et al reported the most
favourable results using coatings less than 5nm thick [123]. 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 [124] 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[125].
High resolution imaging of such high mass compounds would not be possible
without the coatings due to the lack of sensitivity exhibited. Ion optics
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incorporating gold or bismuth cluster guns [126,127] 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 [128].

1.6.5 Statistical Interpretation of MS-lmaging 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
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necessary prior to analysis. However, only low spatial resolutions (300jnm) 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
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of

complex

biological

tissues.
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2.1 Introduction

2.1.1 Introduction to Isocyanates

Isocyanates are a group of highly reactive compounds containing the functional
group NCO. Diisocyanates (molecules containing two functional isocyanate
groups) are the most important for industrial use.

Isocyanates can be either

aliphatic or aromatic. A list of diisocyanates commonly used in industry is shown
in table 2.1. 1,6-hexamethylene diisocyanate (HDI) 4,4-methylene biphenyl
diisocyanate (MDI) 2,4- and 2,6-toluene diisocyanate (2,4-and 2,6-TDI) account
for greater than 90% of commercially used diisocyanates in the U K [1]

Isocyanates have a variety of uses in industry, the most common being in the
manufacture of polyurethane foams and paints [2]. The most recent major survey
on isocyanate use and control in the UK was conducted by the HSE in 2005 t3]. A
wide variety of industrial uses were investigated including motor vehicle repair
(MVR), foam manufacturers, vehicle manufacturers, coatings and adhesives,
industrial painters, printers and laminators and insulation contractors.
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Isocyanate Name

Molecular
Weight

Structural Formula
NCO

Isophorone diisocyanate
(IPDI)

222.3

1,6-Hexamethylene
diisocyanate
(HDI)

168.2

4,4-Methylenebiphenyl
diisocyanate
(MDI)

250.3

NCO
OCN

OCN

NCO
CH.

2,4-Toluene diisocyanate
(2,4-TDI)

NCO

174.2

NCO
CH
2,6-Toluene diisocyanate
(2,6-TDI)

OCN

174.2

NCO

Table 2.1 Structural information for common industrial diisocyanate monomers

For the majority of industries and tasks investigated in this study the amount of
recorded airborne NCO was small (below 1jig NCO/m3 in 75% of cases). The
largest single group of reported isocyanate users was small firms (less than 5
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employees) car body repairers and the highest measurements of NCO were
collected during the spray painting process in the truck and car manufacturing
industry.

Maximum isocyanate exposure limits (as specified by COSHH regulations) are
20pg/m‘3 over an 8 hour period. A short term exposure limit, 15 minute reference
period, of 70pg/m'3 is specified [4]. This limit is expressed as weight of total NCO
groups not of a specific monomer or other NCO containing unit.

2.1.2 Hexamethylene Diisocyanate and Pre-Polymers

HDI is an aliphatic isocyanate that is used almost exclusively in the manufacture
of paints and surface coatings due to the presence of the aliphatic radical which
provides light and weather stability to the painted product. The majority of 2component spray paints contain HDI in biuret or isocyanurate ring form as shown
in figure 2.1. The pre-polymers have higher molecular weights and are thus less
volatile than their parent monomer. They still contain reactive isocyanate groups
which may be inhaled when generated in aerosol form during the spraying
process [5, 6].

At the time of manufacture, biuret prepolymer contains

approximately 0.7% of the HDI monomer. However, the monomeric HDI content
may increase to as much as 1.6% due to in situ breakdown of the biuret[7]. The
HDI polyurethane component of the coating may undergo thermal degradation to
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the HDI monomer and reactive pre polymer forms, thus increasing the amount of
reactive monomer present[8].

a)

b)

OCN,
'(CH2)6

o
OCN'

^NCO

OCN^
(CH2)6

,(CH2)6
"NH

o
"N '

"NH

,(CH2)6
"NCO

(H2C)6
'"NCO

^(CH2)6

Figure 2.1 Pre-polymer forms of HDI: a) isocyanurate ring and b) HDI biuret

2.1.3 Reactivity of Isocyanates

Isocyanates will react with one or more alcohol groups to form a urethane (figure
2.2). Polyurethanes (as used in spray paints) are manufactured using poly
functional NCOs (such as HDI biuret or isocyanurate) and poly-functional
alcohols (polyols).
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o
R

NCO +

Isocyanate

R'OH --------►
Alcohol

RHNCOR'
Urethane

Figure 2.2 The formation of a urethane from the reaction of an isocyanate with an alcohol

R

N=

C=

O

+

Isocyanate

H20

R ------ NH2 +

Water

Amine

C02

Figure 2.3 The hydrolysis of an isocyanate to an amine with the release of carbon dioxide

O
R

N = C=
Isocyanate

O

+

H2N

R'

Amine

--------*----R ------NHCNHR'
Urea

Figure 2.4 The formation of a urea from the reaction of an isocyanate with an amine

Isocyanates are highly reactive with water and will readily hydrolyse to their
corresponding amine as shown in figure 2.3. These amines can react with further
intact isocyanate groups to form a urea (figure 2.4). In the case of diisocyanates
(difunctional isocyanates), large polyurea polymer chains can be constructed by
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hydrolysis of one NCO group and subsequent reactions between the resulting
NH2 and further diisocyanate molecules

Due to the highly reactive nature of the isocyanates, sample analysis can be
compromised. Derivatising the isocyanate with a suitable derivatising agent is the
preferred method of stabilizing isocyanates for storage and analysis

2.1.4 Potential for Isocyanate Exposure

Occupational exposure to airborne isocyanates is of great concern. Pulmonary
exposure may result from inhalation of vaporized monomeric isocyanates (such
as TDI) or by larger / less volatile isocyanates iri aerosol form (i.e HDI pre
polymers) [6].

There is significant opportunity for dermal exposure to occur even with use of full
personal protective equipment (PPE) [9]. Any penetration, by a hazardous
compound, of coveralls or protective gloves leads to prolonged exposure. Most
research on protective gloves has concentrated on permeation and durability
particularly for solvents and solvent-based products. However, investigations
have shown that chemical agent penetration inside protective gloves is common,
if not inevitable, for dusts, water-based and solvent-based products alike [10] and
that resultant hand exposure inside gloves is prolonged and occluded[11].

83

2.1.5 Occupational Health

With the dramatically increased use of polyurethane paints, plastics, foams and
coatings, diisocyanates have emerged as the most commonly identified cause of
occupationally induced asthma in the developed world [12]. It is estimated that
approximately 5-20% of workers exposed to diisocyanates develop asthma with
the possibility of sensitisation increasing with prolonged exposure time and
increased frequency [13]. The majority of investigations have concentrated on
occupational exposure to airborne isocyanates

Studies conducted previously have concluded that monomeric, pre-polymeric
and polyisocyanate species are all capable of causing asthma in exposed
workers [14,15]. Despite the substantial research on isocyanates, the pathogenic
mechanisms, host-susceptibility factors and dose response relationship remain
unclear[16].

The primary route of exposure and sensitisation is believed to be via inhalation
of airborne isocyanates via the respiratory tract. Studies conducted using animal
models have suggested however, that dermal exposure to isocyantes may also
be an important route of respiratory sensitisation. An investigation conducted by
Karol in 1981 concluded that dermal exposure of guinea pigs to the isocyanate
TDI resulted in pulmonary sensitisation [17]. Although the data for human dermal
exposure is more limited it is likely that skin exposure can induce isocyanate
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sensitization [18,19]. Skin exposure may be especially important with less volatile
diisocyanates such as polyisocyanates and MDI, where skin contact may be the
main route of exposure. Exposure to isocyanates can also result in contact
dermatitis, skin irritation and less commonly hypersensitivity pneumonitis [22].

The high reactivity of the NCO functional group is believed to be key to the
sensitization response. Isocyanates can bind to carrier proteins, via reaction of
the NCO group with nucleophiles such as the SH, NH2, NH and OH groups
present in these proteins. Several peptides and proteins found in airway epithelial
cells, serum and skin have been observed to bind to diisocyanates. These
include albumin [20] and keratin [21]. The covalent binding of the isocyanate group
to these carrier proteins is a vital link leading to sensitization.

2.1.6 Monitoring Isocyanate Exposure

2.1.6.1 Airborne Isocyanate

In the UK, airborne isocyanate exposure is measured by a personal sampler
attached directly to a w orker[23]. The sampler consists of a pump (to maintain
and regulate airflow), a filter cartridge and/or an impinger containing a
derivatising liquid for trapping and stabilizing the isocyanate.

85

A measured volume of air is drawn through a glass fibre filter impregnated with
the derivatising agent 1-(2-methoxyphenyl) piperazine (1-2MP) and/or an
impinger filled with 1-2MP solution. Any organic isocyanate groups present react
with the 1-2MP to form non volatile urea derivatives. The filters are desorbed into
acetonitrile and the solution may be concentrated prior to analysis. Analysis is
conducted by high performance liquid chromatography (HPLC) using ultraviolet
and electrochemical detection methods. Quantification is by comparison with the
relevant isocyanate monomer standard. Total concentration of isocyanate in air
is calculated from the sum of all detected isocyanate derived peaks. Using this
method the estimated limit of quantitation is -0.1 jig NCOm'3.

The use of both the impinger and the impregnated filter enables airborne
isocyanates in the vapour phase and airborne aerosol isocyanate particles to be
detected. The methodology from which the Health and Safety Executive Method
for the Determination of Hazardous Substances (MDHS) was constructed was
evaluated by Brown et al in 1984[24] and has been demonstrated to be suitable
for analysis of both aromatic and aliphatic isocyanates[25]. The method has been
evaluated for pre-polymer formulations of HDI (Desmodur N3390), TDI
(Desmodur L) and MDI (Desmodur V L )f26].

Other derivatising agents have been investigated for stabilizing isocyanates for
analysis

including

9-(methylaminomethyl)anthracene

[27], N-4-nitrobenzyl-n-

propylamine [28] and 1-(2-pyridyl)piperazine [29]. Their mode of action is by the

86

formation of a stable urea compound by the reaction between the amine
derivatising agent and the free NCO groups.

2.1.6.2 Surface and PPE Sampling

There is no current HSE approved protocol for the extraction and analysis of
isocyanates from exposed workplace surfaces. The HSE promote the use of an
alcohol wipe method for the extraction of aromatic amines from surfaces in the
workplace [30]. This method involves wiping a defined area of the surface with a
wipe moistened with 1ml of methanol. This is followed by extraction into a further
10ml of methanol. Aliquots are removed and analyzed by high performance liquid
chromatograpy (HPLC).

The US Occupational Safety and Health Administrator (OSHA) propose the use
of a wipe sampling method using commercially prepared pads that change colour
upon contact with isocyanates [31]. These types of indicators are particularly
suitable as a screening tool when assessing the extent of surface contamination
because they are inexpensive and the results are immediate. If an indicator wipe
yields a positive result, a wipe sample can then be taken and sent to a laboratory
for confirmation. The colorimetric wipes utilized are SWYPE™ (CLI Colormetric
Laboratories)[32] and a pink coloration is observed upon contact with isocyanates
(which becomes progressively darker with increasing isocyanate concentration).
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SWYPES™ are available for both aromatic and aliphatic isocyanates. However,
they cannot distinguish between different isocyanates in each respective group
and are only indicative of total free NCO present. The sensitivity of the wipes is
reported by the manufacturer as being as low as 3-5 jig for aromatic isocyanates.

Once the presence of isocyanates are confirmed by the SWYPE™, OSHA
promotes the use of an acetonitrile saturated glass fibre filter wipe (untreated)
over a 100cm2 area of surface exposed to isocyanates. The filter wipe is then
placed into a 1ml vial of acetonitrile containing 10 mg of the derivatising agent 1(2-pyridyl)piperazine. The derivatising agent acts to stabilize and enhance
sensitivity of the isocyanate during analysis. HPLC analysis is conducted for the
quantitation of T D I1331or MDI[34).

Chemicals have been observed to penetrate through gloves and personal
protective equipment (PPE). The OSHA method for analyzing the penetration of
isocyanates through gloves and other PPE is by use of PERMEA-TEC™ sensors
(CIL laboratories) [32]. These adhesive colorimetric sensors are placed directly
under the workers’ PPE before paint spraying commences. At the end of a
workers shift period the pads are removed from the worker and any colour
change is noted. The pads are available for either aromatic or aliphatic
isocyanates with sensitivity as low as 5jig for aromatic isocyanates. The pads
cannot differentiate between isocyanates present (except aromatic or aliphatic

forms) and are non quantitative (however, increasing colour depth does relate to
increased free NCO content).

2.1.7 Aims

The highly reactive nature of diisocyanates has been discussed. The aim of the
investigation was to assess the reactivity of diisocyanates and devise a method
for stabilising them prior to analysis. This derivatisation method would then be
incorporated into a surface sampling technique which would be applied to
occupational exposure monitoring.

2.2 Methods

2.2.1 Materials

Trifluoroacetic acid (TFA), and HPLC grade acetone, acetonitrile, and ethanol
were purchased from Fisher (Leicester, U.K). 2,4-Toluene diisocyanate (95%
with 4% 2,6 isomer), 1,6-hexamethylene diisocyanate, a-Cyano-4-Hydroxy
Cinnamic Acid

(a-CHCA), titanium oxide and graphite (fine powder) were

purchased from Sigma-Aldrich.
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2.2.2 MALDI-MS Analysis of TDI Using Suspension Matrices

A 50/50 mixture of titanium oxide / graphite suspension matrix was prepared in
acetonitrile at 25 mg/ml. 2jxl of the matrix was pipetted on to the target plate and
left to dry prior to spotting of TDI (1 mg/ml in acetone) onto the dry suspension
matrix.

2.2.3 Analysis of Ethanol-Derivatised HDI (HDI Urethane)

Neat HDI was added to ethanol at a concentration of 1 mg/ml. The sample was
stored at room temperature for a period of 10 minutes. Aliquots containing a 50 /
50 mixture of HDI in ethanol and a-CHCA (25mg/ml in ethanol containing 0.1%
TFA) were prepared and 1|il of the mixture was spotted onto the target for
MALDI-MS analysis.

2.2.4 HDI Stability in Acetone

HDI was added to acetone at concentrations of 1, 0.1, 0.01 and 0.001 mg/ml. 4
repetitions were performed. Samples were analysed at the following time points
0, 1, 2, 3 ,5 7,and 14 days. At each time point aliquots containing a mixture of 5pl
of each HDI sample and 5jil of a-CHCA (25mg/ml in acetone containing
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0.1%TFA) were prepared. 1 jllI of the mixture was spotted onto the target for
MALDI-MS analysis.

2.2.5 Stability of Ethanol-Derivatised HDI

HDI was added to ethanol at concentrations of 1, 0.1, 0.01 and 0.001 mg/ml, and
4 repetitions were performed. Samples were analysed at the following time
points: 0, 1, 2, 3, 5, 7 and 14 days. At each time point aliquots of a mixture"of 5pl
of each HDI/ethanol sample and 5pl of a-CHCA (25mg/ml in ethanol containing
0.1%TFA) were prepared. 1jil of the mixture was spotted onto the target for
MALDI-MS analysis.

2.2.6 Ethanol Swab Method and Extraction Efficiency

Standards were prepared by adding HDI to ethanol at 0, 0.2, 0.4, 0.6, 0.8 and
1mg/ml concentrations. 5 x 5 cm square areas were marked on a latex glove and
5pl of neat HDI was pipetted and spread over this area. The sample was left at
18°C for a period of 15 minutes. A sterilized standard hygiene swab (Technical
Service Consultants, Lancashire U.K) was fully submerged in ethanol for 5
seconds. The swab was removed and allowed to airdry for 30 seconds. The
swab was then wiped over the marked surface in a snakelike pattern for 30
seconds ensuring the whole area had been covered. The swab was immediately
placed into a vial containing 5ml of ethanol and sealed. Four repetitions were
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conducted using separate gloves. The method was repeated with swabs being
taken from a marked 5 x 5 cm aluminium plate in place of the glove (n=4)

2.2.7 Mass Spectrometric Analysis

All analyses were performed using an Applied Biosystems/MDS Sciex API “QStar” Pulsar I hybrid quadrupole time of flight instrument, fitted with an orthogonal
MALDI ion source and “O-MALDI Server 4.0” ion imaging software. The Nd:YAG
laser used has an elliptical laser spot size of 150 pm x 100 pm. The laser was
used at an energy setting of 30% (3.2 pJ) and a repetition rate of 1 kHz. The
laser was rastered over the sample spot for 2 minutes following a pre-designed
automated spiral search pattern

2.3 Results

2.3.1 Analysis of TDI Using Suspension Matrices

Due to the high reactivity of TDI, suspension matrices were used to prevent any
possible reactions occurring between an organic acid matrix (and / or solvent)
and the isocyanate.
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Spectra were acquired showing the presence of the TDI molecular ion at m/z 174
(figure 2.5). However, a peak was observed at m/z 148 at a much greater
intensity than the molecular ion.

Figure 2.5 MALDI-MS Spectrum showing the presence of M+ TDI and a subsequent peak at
m/z 148

2.3.2 Tandem MS of Peak at m/z 148

As the peak at m/z 148 was present in all the TDI spectra produced it was
proposed that this was a reaction product, presumably produced during sample
preparation. The unknown compound was observed at an m/z value of 26 lower
than TDI. Based on this mass difference the compound shown in figure 2.6 was
proposed:
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CH<

CH,
.NCO

NCO
CO,

+

H20

NGO
Figure 2.6 The formation of a TDI derived monoamine by hydrolysis of one NCO group.
Carbon dioxide gas is released

It was postulated that during the sample preparation process and exposure to the
laboratory atmosphere, one of the isocyanate groups of TDI is hydrolysed to an
amine. Isocyanates are known to hydrolyse readily to amines in the presence of
water. Tandem mass spectrometry was performed on both the TDI molecular ion
and the proposed TDI-derived monoamine to confirm the structure.

12043001222200*-004. 1
0
—0.30137043301

M+‘
TDI

m/z 146

m/z
118

I

m/z
132

I
xU.t I

Figure 2.7 MALDI-MS/MS product ion spectrum for the dissociation of TDI at m/z 174. A
smaller peak for the protonated molecule of TDI is observed at m/z 175.
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120430012222001-004.tO
-G
.301370433011

" M+ ' TDI
monoamine
m/z 148

m/z
106

I

m/z 120

Figure 2.8 MALDI-MS/MS product ion spectrum for the dissociation of the TDI derived
monoamine at m/z 148

The product ions observed from the tandem MS spectra (figures 2.8 and 2.9) are
summarized in table 2.2.

TDI
174

TDIMonoamine
148

Mass loss

Proposed loss

146

120

N/A
Molecular ion
28

N/A
Molecular ion
CO

132

106

42

NCO

118

n/a

56 (2x28)

2x CO

Table 2.2 Product ions resulting from the dissociation of TDI (m/z 174) and the TDI-derived
monomer (m/z 148)
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As observed from the data displayed in the table both compounds follow a similar
fragmentation pattern with initial loss of CO and NCO from one isocyanate group
occurring. The spectrum for intact TDI also shows a product ion at m/z 118 which
corresponds to loss of 2 CO groups. As the monoamine only contains 1 NCO
group the loss of a further CO is not possible and thus this product ion peak is
not present in the tandem MS of the m/z 148 monoamine precursor ion.

2.3.3 Reactivity of HDI with Ethanol

A relatively stable urethane is formed by the reaction of an alcohol with an
isocyanate. The spectrum showing the products of the reaction between ethanol
and HDI is shown in figure 2.9 and summarised in table 2.3. Unreacted intact
HDI monomer is only observed in the spectrum at low levels indicating a high
amount of the HDI monomer had either reacted with the ethanol or undergone
partial hydrolysis to monoamine and polymer species within the 10 minutes of
exposure. The protonated molecule of the urethane (ethanol derivatised HDI) is
present at m/z 261 (mass 260 Da). However, other reactions had occurred during
the experiment resulting in the production of a range of HDI species both
derivatised and underivatised by reactions with ethanol and these are also shown
in table 3.
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The HDI-derived monoamine is clearly observed at m/z 143 where 1 NCO group
has hydrolysed to the amine but the remaining NCO has not reacted with
ethanol. A derivatised monoamine is also observed where the intact NCO group
remaining on the monoamine has been derivatised by an ethanol. Derivatised
dimer species were observed as well as underivatised. Trimer species were
present in underivatised form only. This may be due to the rate of reaction
decreasing as the polymers increase in size (because of steric hindrance). From
this spectrum it can be determined that HDI is derivatised as a urethane by
reaction with ethanol. However, not all HDI species are derivatised during the 10
minute reaction time. The fact that only a relatively low amount of intact HDI is
present (in comparison to other HDI species) indicates that the initial hydrolysis
to the monoamine occurs rapidly upon exposure to the laboratory atmosphere
although the presence of only very low levels of hexamethylene diamine (formed
by full hydrolysis of both NCO groups of HDI) indicates that the HDI monoamine
is an important intermediary in the formation of HDA after this short time period.
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Nam e
Hexamethylene

h 2n -r-n h 2— II +H+

119

Diam ine

—| + H+
H2N-R-NCO 1

143

Underivatised
Monoam ine

189

Derivatised
Monoam ine

169

Underivatised
H D I monomer

261

Derivatised
H D I monomer

311

Underivatised
H D I dimer

403

Derivatised
H D I dimer

453

Underivatised
H D I trim er

1 +H+

“

H2N-R-NH-CO-OCH2CH3
OCN-R-NCO _ | + H+
—1+

H3CH2CO-OC-HN-R- n h -c o -o c h 2c h 3 1
OCN-R-NH-CO-HN-R-NCO

—

1 +H+
1

—| + H+
H3CH2CO-OC-HN-R-NH-CO-HN-R- NH-CO-OCH2CH31
OCN-R-NH-CO-HN-R-NH-CO-HN-R-NCO ^+ H+

Table 2.3 Summary of ethanol derivatised and underivatised HDI species as observed from
the spectra shown in figure 2.9

2.3.4 Stability of HDI in Acetone

The ion intensity of the peaks of interest at m/z 143 (HDI monoamine), m/z 311
(HDI dimer) and m/z 453 (HDI trimer) were normalised against the matrix [M+H]+
peak at m/z 190. Normalization enabled highly reproducible results to be
achieved.
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The HDI monomer was not observed even at the initial time point. Hydrolysis to
the monoamine appears to occur rapidly upon exposure to moisture in the lab
atmosphere during the sample preparation procedure. The predominant species
observed from the spectra was the HDI-derived monoamine although little or no
hexamethylene diamine (HDA) was observed even after 14 days storage in
acetone. Thus indicating that full hydrolysis of the HDI had not occurred during
the period of the experiment (14 days).

HDI monoamine, HDI dimer and HDI trimer species were observed even at the
initial (~0 hour) time point and so formation of these species occurs rapidly upon
spiking into acetone, mixing with the matrix and spotting onto the target plate. At
the highest concentration of 1mg/ml (figure 2.10) an increase in monoamine
occurs between time points 0 and 1 day. This is followed by a gradual decrease
in the amount of monoamine observed over the remaining time period indicating
possible degradation of the monoamine over time or further reactions occurring
between the monoamine and other isocyanate species present.

A large increase in both dimer and trimer formation was observed after 3 days of
storage in acetone. The amount decreased fairly rapidly between day 3 and 5
and then remained relatively stable. The reduction in the amount of dimer and
trimer observed after day 3 is possibly due to further polymerisation occurring of
the HDI dimer and trimer species.
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A similar pattern is observed for the lower HDI concentration at 0.1 mg/ml (figure
2.11). Once more the HDI monamine is the predominant species observed and a
slight increase in formation is observed up to 1 day storage. A decrease is again
observed between day 1 and day 5. A slight increase is observed at day 7 and a
further decrease occurs between day 7 and day 14. Trimer formation was not
observed until 2 days storage time and a large relative increase in dimer and
trimer formation was recorded after 3 days storage. As was observed for the
greater concentration samples, dimer and trimer quantities decreased after 5
days storage possibly due to further polymerisation reactions.

The lowest concentration of HDI in acetone to produce detectable species other
than the HDI monoamine was 0.01 mg/ml (figure 2.12). At this concentration HDI
monoamine was again the main species observed and the concentration
increased between day 0 and day 1. Once again the general trend was for HDI
monoamine concentration to gradually decrease over the remaining time period
investigated. Trimer formation was not observed to occur even after 14 days
storage. HDI dimers were observed after 3 days and concentrations remained
relatively stable up to the 14 day time point.
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2.3.5 Stability of Ethanol-Derivatised HDI

The ethanol-derivatised HDI monomer at m/z 261 was observed even at the
initial time point (~0 hours) for all concentrations. The amount of ethanolderivatised HDI monomer (HDI urethane) appeared to increase gradually over
the 14 day period and no degradation was observed over this time (figure 2.13).

Both derivatised and underivatised HDI monoamine species were observed over
all concentration ranges investigated. Following 1mg/ml spiking of ethanol with
HDI the predominant HDI species at the 0 hour time point is the derivatised
monoamine at m/z 189 (figure 2.14). However, there are also large amounts of
the underivatised monoamine and the ethanol derivatised HDI monomer present.
A rapid decrease in the amount of both derivatised and underivatised HDI
monoamine is observed between day 0 and day 1, possibly due to further
reactions occurring between these species or degradation. Following this rapid
decrease, the levels of both remain relatively stable over the remaining time
period. Levels of derivatised HDI monomer gradually increase up to the 14 day
limit.

At the 0.1 mg/ml concentration of HDI, derivatised monoamine is again the
predominant species at the initial time point (figure 2.15). The underivatised
monoamine is observed at approximately one third of the intensity of the
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derivatised monoamine. Derivatised HDI monomer was observed but at much
lower levels than the derivatised and underivatised monoamine. As for the
1mg/ml concentration of HDI, levels of HDI monomer both derivatised and
underivatised dropped rapidly between day 0 and day 1. However, no loss of
derivatised HDI monomer was observed over the entire 14 days, indicating the
high stability of this species. Underivatised HDI monomer was not observed at
all. This was probably due to the length of time taken to prepare the samples
exceeding the time taken for all of the monomer present to react, either with the
ethanol or to hydrolyse and / or polymerise.

At the lowest concentration of 0.01 mg/ml HDI in ethanol the same pattern was
observed (figure 2.16). The derivatised monoamine was the most predominant
species at the initial time point. Once more there was a rapid reduction in
derivatised and underivatised HDI monoamine observed between 0 and 1 day.
The ethanol-derivatised HDI monomer is therefore shown to be stable at this
concentration and no degradation occurs over the entire time period investigated.
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Ethanol-HDI Derivatisation Products (1 mg/ml)
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Figure 2.14 Graph showing the stability of the ethanol-derivatised HDI monomer (m/z 261),
monoamine (m/z 189) and underivatised monoamine (m/z 143) over a 14 day sampling
period. HDI was added to ethanol at 1mg/ml. Ion intensities of the protonated molecule of
each HDI species was normalised against the intensity of a-CHCA [M+H]+ at m/z 190 (n=4)

Ethanol-HDI Derivatisation Products (0.1 mg/ml)
+

+

0 .5

x
□

m /z

CO
CD

x

CD

E

□ m /z 143

0 .3

4—'

□

w
c
0
*4

m /z 261

c
c

o

d n
0

1

2

3

5

7

14

Time (Days)

Figure 2.15 Graph showing the stability of the ethanol-derivatised HDI monomer (m/z 261),
monoamine (m/z 189) and underivatised monoamine (m/z 143) over a 14 day sampling
period. HDI was added to ethanol at 0.1 mg/ml. Ion intensities of the protonated molecule of
each HDI species was normalised against the intensity of a-CHCA [M+H]+ at m/z 190 (n=4)
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Figure 2.16 Graph showing the stability of the Ethanol-derivatised HDI monomer (m/z 261),
monoamine (m/z 189) and underivatised monoamine (m/z 143) over a 14 day sampling
period. HDI was added to ethanol at 0.01 mg/ml. Ion intensities of the protonated molecule of
each HDI species was normalised against the intensity of a-CHCA [M+H]+ at m/z 190 (n=4)

2.3.6 Ethanol Swab Method and Extraction Efficiency

A calibration curve was constructed for the ethanol-derivatised HDI monomer
standards. A linear increase appears to occur between 0 and 0.6mg/ml of HDI in
ethanol as shown in figure 2.17. Above this concentration saturation appeared to
occur as indicated by a flattening of the curve. When the 0-0.6 mg/ml HDI range
is plotted a clear linear regression is observed and a high R2 value of 0.991 is
recorded, thus, indicating the method’s suitability for quantitative analysis over
this limited concentration range. The limit of detection (using the statistical
method recommended by Miller and M iller[35]) was calculated as 8.6 pg/ml.
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Calibration Curve for HDI-Ethanol Urethane (Linear Range)
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Figure 2.17 Calibration curve for the Ethanol-derivatised HDI monomer. Ion intensities of the
protonated molecule of ethanol-derivatised HDI were normalised against the intensity of aCHCA [M+H]+ at m/z 190 (n=4). Insert showing full calibration curve (0-1 mg/ml ethanol
derivatised HDI)

Using the calibration chart shown in figure 2.17 an average extraction efficiency
value of 30.3% (SD± 0.017) was determined from the aluminium plate. While
relatively low, this could be increased by performing successive swabs over the
same area of the aluminium plate. The use of a swab with a larger surface area
may also enable a higher extraction yield to be obtained. The method was highly
reproducible as indicated by the low standard deviation.
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A lower extraction efficiency of 12.9% (SD± 0.018) was obtained from the swabs
taken from the latex glove surface. The low extraction efficiency is probably due
to absorption of HDI into the glove and hence increased difficulty in extracting it
from the surface. Again further swabs over the same area may increase the yield.
However, reproducible quantifiable results were clearly obtained even with this
low extraction efficiency.

2.4 Conclusion

An intermediate product in the hydrolysis of diisocyanates to diamines was
observed in the spectra of both an aromatic diisocyanate (TDI) and an aliphatic
diisocyanate (HDI). The structure of the intermediate product was determined to
be a monoamine by MS/MS analysis, i.e. one of the NCO groups present on the
diisocyanate molecule had been hydrolyzed to NH2. In preliminary experiments
intact HDI monomer was observed at low levels after ethanol derivatisation but it
was not observed in the stability testing experiments. This was probably due to
the length of time taken to prepare all of the repeats being greater than 15
minutes. Larger amounts of intact TDI monomer were observed as this appears
to hydrolyze slower.

The stability of underivatised HDI species was monitored over a 14 day time
period. No intact HDI monomer was observed and the predominant HDI species
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observed was the monamine at m/z 143. Dimer and trimer formation was
observed to occur in situ with the highest concentration of these occurring after 3
days storage. Decreases in the amount of dimer and trimer occurred after this
time period possibly due to additional polymerization occurring. Similar trends
occurred over all concentrations investigated. However, dimer and trimer
formation took longer to occur and these species were observed at far lower
intensities when lower concentrations of HDI were investigated.

An alcohol derivatisation method was proposed for stabilizing samples of free
HDI monomer present in a workplace for subsequent transportation and MS
analysis. This was evaluated for HDI. The predominant HDI species observed
was the ethanol derivatised HDI monomer and degradation of this compound did
not occur over the 14 day experiment period.

Slight increases occurred after

prolonged exposure of HDI to ethanol indicating that the reaction was still
occurring at the end time point.

An ethanol swabbing method was proposed to enable on site derivatisation of the
HDI monomer for subsequent MS analysis. By normalizing the intensity of the
ethanol derivatised HDI monomer against the [M+H]+ of the a-CHCA matrix, a
calibration curve was produced which appeared to be linear over the range 0 0.6mg.ml HDI. From this calibration curve extraction efficiencies were calculated
and the swab method was demonstrated to be reproducible. Extraction
efficiencies were relatively low, 30.3% and 12.9% from the aluminium plate and
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latex glove respectively. Subsequent swabbing of the same surface would enable
higher yields to be obtained.

Ethanol swabbing is a relatively non-hazardous approach to in-vivo sampling
and with appropriate ethical approval, swabs may be taken directly from workers
skin as a non-invasive method to determine dermal isocyante exposure. MALDIMS is a useful method for the analysis of such samples as a wide mass range
may be investigated enabling the detection and characterization of the different
HDI species caused by reactions of HDI in the workplace. This may enable large
polymer species to be investigated as well as the alcohol derivatised monomer
species.
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3.1 Introduction

3.1.1 Introduction to High Performance Liquid Chromatography Mass
Spectrometry (LC-MS)

High-performance liquid chromatography (HPLC) has been widely established as
a separation technique suitable for many analytical applications. In this method
components in a mixture are separated due to a variety of chemical and/or
physical interactions between the analyte and the chromatography column. The
relative affinities of components of a mixture for either a solid stationary phase or
a liquid mobile phase will result in different rates of elution through the stationary
phase (chromatography column). Compounds which favour the stationary phase
will be retained in the column for longer than those with an affinity for the mobile
phase.

3.1.1.1 Partition Phases

The relationship between the analyte and the mobile and stationary phases
determines the separation of analytes in a mixture. The two most common types
of HPLC are normal and reverse phase.
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Normal phase liquid chromatography (NPLC) incorporates a polar stationary
phase and a non-polar mobile phase. It is used for the analysis of compounds
which are relatively polar in nature. Retention on the column occurs due to the
interaction of polar functional groups of the analyte with polar functional groups
located on the surface of the stationary phase. Adsorption strengths increase
with an increase in analyte polarity and an interaction between a polar analyte
and the polar stationary phase will increase the elution time. Steric factors also
contribute towards separation as well as hydrogen bonding and dipole-dipole
interactions. These factors often enable stereo-isomers to be resolved from one
another. The use of water or protic solvents may lead to changes in the hydration
state of the chromatographic media and thus lead to irreproducible retention
times. This has lead to reverse phase HPLC being frequently favoured over
NPLC.

In reverse phase (RP) chromatography the retention mechanism is dependent
upon the hydrophobicity of the stationary phase and the solute analyte. Hydrogen
bonding and dipole-dipole interactions also contribute to the separation
mechanism. The stationary phase is usually strongly non-polar and the mobile
phase is moderately polar. Non-polar analytes are retained longer on the column
and therefore more polar molecules elute more readily. The retention time may
be controlled by the choice of solvent used. The inclusion of a more polar solvent
in the mobile phase will increase the retention time whereas addition of a more
hydrophobic solvent will lead to a reduction in retention time. pH is an important
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consideration in method design as changes in pH levels will affect the
hydrophobicity of the analyte. Acidic silanol groups on the stationary phase
media facilitate interactions between solute analyte molecules and the stationary
phase and are also affected by the pH of the experiment[1]. Buffering agents may
also be used to control and maintain the pH [2]. The addition of an organic acid
such as trifluoroacetic acid may also be used to adjust the pH of the mobile
phase. Additional benefits when using an organic acid include the neutralization
of charges on residual exposed stationary phase silica and neutralization of
charges on the analyte due to the acid acting as ion pairing agents. The choice of
solvent is dependent on the chromatography partition mode and thus solvent
polarity is the key consideration. Examples of common solvents used include (in
order of increasing polarity) toluene, acetone, acetonitrile, methanol and water.
Reverse phase chromatography has a wider range of applications than normal
phase and is the most frequently used form of partition chromatography.

3.1.1.2 Columns

The column consists of the HPLC stationary phase packed into tubing (usually
stainless steel). The stationary phase media and the column diameter are
dependent upon the partition phase and properties of the investigated analyte. In
normal phase chromatography the stationary phase media usually includes polar
functional groups such as aminopropyl and cyanopropyl bound to silica. Reverse
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phase stationary media includes hydrophobic moieties, most often consisting of
C -18 hydrocarbon chains.

The internal diameter (ID) of an HPLC column is critical in determining the
quantity of analyte which may be loaded onto a column and also the resulting
sensitivity. Reduction in the ID will result in an overall reduction in the total
volume of the column. This is of experimental benefit due to decreased solvent
consumption (lower flow rate) and increased sensitivity. However this does result
in a marked decrease in the loading capacity of the experiment. Standard bore
columns (approximately 4-5mm) are used for traditional quantitative HPLC
analysis combined with a UV-vis absorbance detector. Narrow-bore columns
have an internal diameter of approximately 1-2mm are most commonly used in
experiments where higher sensitivity is required. They are frequently combined
with a mass spectrometric detection method (LC-MS).

The particle size of the column packing plays an integral role in the
chromatographic separation process. Most HPLC analysis is performed using a
stationary phase attached to the outside of small silica beads. A range of bead
size is used in standard HPLC columns, most commonly 5jim. A reduction in
particle size will lead to increased surface area and hence improved separation.
Additionally the peak width in the resulting chromatograph is lowered due to the
increased uniformity of the flowpath of the analyte as it navigates smaller
particles. Any reduction in particle size needs to be offset by an increase in
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pressure to maintain the optimum liner velocity, which increases by the inverse of
the particle diameter cubed [3]. The pore size of a porous stationary phase is also
of importance. Smaller pore sizes will result in an increase surface area however
larger analytes may become ‘trapped’ inside the pores and thus slow the kinetics
of the elution process.

3.1.1.3 Elution Methods

The elution of an analyte through the chromatographic system may be via
isocratic or gradient elution methods. In the isocratic process the mobile phase is
kept constant throughout the separation. Gradient elution involves varying the
mobile phase composition during the chromatographic run. In reverse phase
chromatography this usually involves the increase of hydrophobic solvent over
time during the analysis and thus assists the elution of the more hydrophobic
components of a mixture later in the analysis. Separation occurs as a function of
the affinity of the analyte for the current mobile phase composition in relation to
the stationary phase.

Other factors may also be manipulated during gradient

elution including flow rate and column temperature.
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3.1.2 Mass Spectrometry

The coupling of an LC system with a mass spectrometric detector enables a very
high sensitivity to be achieved. The formation of ions occurs in the gaseous
phase and this can occur under high vacuum i.e. low pressure or atmospheric
pressure conditions. The two most commonly used atmospheric pressure
ionisation (API) methods for LC-MS are Electrospray (ESI) and Atmospheric
Pressure Chemical Ionization (APCI). Good separation of the components within
a mixture is essential for quality mass spectra to be obtained for the individual
components of the mixture by LC-MS. One of the main areas of concern is the
change in physical state from liquid in the LC system to the gaseous phase for
the mass spectrometric detection. In gas chromatography the separation is
conducted in the same gaseous phase as the ionisation technique. However, gas
chromatography is only applicable to the analysis of volatile species. LC-MS is
more suited to compounds such as large polymers and highly polar compounds.

3.1.2.1 Electrospray Ionization (ESI)

The ESI source consists of a very fine needle and a series of skimmers. A
sample solution is sprayed into the source chamber to form droplets. The
droplets carry charge when the exit the capillary and as the solvent vaporizes the
droplets disappear leaving highly charged analyte molecules.
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The mechanism by which gas-phase ions are formed during the electrospray
ionization process have been greatly debated [4] The two proposed mechanisms
are the ion evaporation mechanism (IEM) and the charged residual mechanism
(CRM). Both mechanisms begin with the production of highly charged droplets
that are resistively and/or conductively heated at atmospheric pressure.

The electric field on the droplet surface increases as the charged droplet
evaporates (and thus decreases in size). Eventually the field overcomes the
surface tension resulting in droplet fission. In the IEM, gas-phase ions are formed
by emission from a droplet surface when the electric field becomes sufficiently
high. Iribarne and Thomson propose this occurs at a droplet diameter of <20nm
[5]. The fission event corresponds to an almost negligible loss in droplet mass, but
a significant drop in charge. In the CRM, droplet evaporation and successive
fission events continue until charged nanodroplets containing only single analyte
molecules are formed, which evaporate to dry analyte ions [6]. The dry analyte ion
will still retain the same charge from the single nanodroplet prior to solvent
evaporation. Following initial ion formation, the spray plume is sampled through a
small orifice into a region of low pressure to aid the production of a solvent free
collimated ion beam.
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3.1.3 Metabolism of Diisocyanates

Toluene diisocyanate (TDI) is a monomer used in the production of polyurethane
products such as urethane foams, surface coatings and varnishes. It is most
commonly used as a technical grade mixture of 2,4-TDI (80%) and 2,6-TDI (20%)
in the workplace [7]. TDI is well documented as a potent occupational sensitizer
and is extremely toxic in cases of both acute and chronic exposure [8]. Acute
exposure to high levels of TDI in humans has been shown to result in severe eye
[9] and skin irritation [10] as well as cause detrimental effects to the gastrointestinal
and respiratory tracts[11].

Methods for the biological monitoring of isocyanates have been presented by
measurement of the corresponding amine in hydrolysed plasma and urine as
summarised in table 3.1.

Experiments conducted by Persson et al [19] incorporating direct monitoring of
workers exposed to TDI have shown fluctuations in detected TDA concentrations
extracted from urine samples over the course of a working day. Interestingly
amine concentration in the workers plasma remained constant.

Further

investigations into the stability of TDA in these media were conducted and a
significant difference in the half life of the two TDA isomers was observed in urine
[20] (5.8-11 days for 2,4-TDA and 6.4-9.3 days for 2,6-TDA). Both isomers were
observed to have a half life of 21 days in plasma.
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Di isocyanate

Diamine Metabolite

References

2,4-toluene diisocyanate

2,4-toluene diamine

Timchalk et al 1993l12J

(2,4-TDI)

(2,4-TDA)

Sakai et al 2005 [13]

2,6-toluene diisocyanate

2,6-toluene diamine

Sakai et al 2005 113J

(2,6-TDI)

(2,6-TDA)

Sakai et al 2002 [14]

4,4-Methylene diphenyl

4,4-methylene dianiline

Skarping et al 1994 L1bJ

diisocyanate (4,4-MDI)

(4,4-MDA)

Dalene et al 1997[16]

1,6-hexamethylene

1,6-hexamethylene

Dalene et al 199011/J

diisocyanate (1,6-HDI)

diamine (1,6-HDA)

Liu et al 2004 [18]

Table 3.1 Summary of the diamine metabolite analyzed during previous quantitative analysis
of diisocyanate exposure

Following oral exposure, TDI is understood to undergo hydrolysis and/or
polymerisation in the stomach [21]. Once hydrolysed to TDA, acetylation may
occur resulting in the product bis(acetylamino) toluene which

may be

quantitatively analysed in urine. Studies conducted by Kennedy et a l[22] indicated
that, following in vivo inhalation exposure, less than 5% of the isocyanate was
detected in the bloodstream in low molecular weight form ( i.e. as an amine or
glutathione adduct) with the remainder identified as conjugated macromolecular
species. This study did not establish whether the reactions are occurring in the
lumen of the airways, directly in the circulatory system, or a combination of both.
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The detection of TDA in urine following dermal exposure to TDI was first
reported by Rosenberg and Savolainen

in

1985 [23]. Rats’ tails were

percutaneously exposed to TDI and its TDA metabolite was quantitatively
analysed in the form of acid-labile conjugates excreted in the urine. The reported
concentrations of TDA found in the urine after hydrolytic treatment were linearly
related to the estimated dermal toluene diisocyanate dose.

3.1.3.1 Application of Mass Spectrometry for Diisocyanate Metabolite
Monitoring

Diamine metabolites of diisocyanates have been extracted from biological fluid
matrices and quantitatively analysed by a range of analytical methods (table 3.1).
High performance liquid chromatography has been previously used. However,
modern environmental analysis favours the use of mass spectrometry based
methods such as gas chromatography mass spectrometry t19] and liquid
chromatography mass spectrometry [14].

Mass spectrometry allows precise

identification of hazardous compounds and reaction processes and this is of
particular importance when dealing with the

highly reactive isocyanate

compounds. The introduction of atmospheric ionisation techniques such as
electrospray ionisation (ESI) has enabled selected ion recording (SIR) of analyte
species with high sensitivity. Karlsson et a l[24] have previously demonstrated the
use of LC-MS with ESI to analyse the [M+H]+ di-n-butylamine (DBA) derivatives
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of a range of diisocyanates at very high sensitivity in SIR mode. Sakai et al
(2002)[14] described the first use of LC-MS for the determination of urinary TDA
in workers exposed to TDI without derivatisation of the TDA. The method was
demonstrated to be both sensitive and accurate enough to detect increased
levels of TDA in workers’ urine and is proposed as a suitable technique for the
biological monitoring of TDI exposure.

3.1.4 Dermal Diisocyanate Exposure and Immune Response

Exposure to TDI has been shown to result in allergic contact dermatitis [11]. The
mechanism of the allergic response is complex and involves both immune cells
and structural cells such as fibroblasts and endothelium. Contact allergy is an
example of a delayed type-4 hypersensitivity reaction and is mediated by allergen
specific T cells.

Langerhans cells (LC) and keratinocytes are an important

source of cutaneous cytokines, some of which are only induced following
appropriate chemical stimulation. Following an initial exposure to a contact
allergen, epidermal LC at the site of exposure are induced to migrate from the
skin and move, via afferent lymphatics, to draining lymph nodes. These cells
accumulating in the draining lymph nodes are known as dendritic cells (DC) and
function by presenting antigen to responsive T lymphocytes. Interleukin 1 (IL-1)
and granulocyte macrophage colony-stimulating factor (GM-CSF) are believed to
be responsible for the maturation and development of the dendritic cells [25].
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Tumour necrosis factor a (TNF a) is a keratinocyte derived cytokine which plays
a vital role in the allergy immune response [26]. TNF-oc, the expression of which is
upregulated in skin sensitization, has been shown to cause a time and dose
dependent accumulation of DC in draining lymph nodes. It has been proposed
that this epidermal cytokine provides a stimulus for LC migration from the skin [27].
Treatment of mice, prior to skin sensitization, with a neutralizing anti TNF-oc
antibody was shown to inhibit the ability of a potent contact allergen (oxazolone)
to stimulate the accumulation of DC in draining lymph nodes. This was thus
shown to inhibit the occurrence of contact sensitization[28].

An investigation conducted by Ban et al in 1997 concluded that the exposure of
guinea pigs to airborne TDI resulted in an increased level of TNF-a in bronchoalveolar lavage fluid and increased amounts of DC in the lung-associated lymph
nodes[29].

3.1.5 Aim

The aim of this investigation was to determine whether, following dermal
exposure, the metabolism of a diisocyanate to the corresponding diamine may
initially occur in the skin before entry into the circulatory system. An LC-MS
analysis method was used to detect any increase in free TDA following in vitro
exposure of human keratinocyte (HaCaT) cells to TDI in comparison to
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references containing only water or cell free media. The media matrix
surrounding the cells was removed at a range of time points after exposure.

3.2. Method

3.2.1 Materials

2,4-Toluene diisocyanate (95% with 4% 2,6 isomer), ethylene dianiline, sodium
hydroxide and dimethyl sulfoxide were purchased from Sigma-Aldrich (Dorset,
UK). 2,4-Toluene diamine was provided by the Health and Safety Laboratory
(Buxton, UK). HPLC grade acetonitrile, dichloromethane and glacial acetic acid
were obtained from Fisher Chemicals (Leicester, UK). Ammonium acetate
(HiPerSolv) was purchased from BDH (Dorset, UK). Dulbecco’s modified Eagle’s
medium (DMEM) was purchased from Invitrogen. Foetal calf serum (FCS) was
purchased from Perbio Science (FetalClone II batch AMF16511).

3.2.2 Preparation of Cells

HaCaT cells were provided for use at the Health and Safety Laboratory by
Professor N. Fusenig (German Cancer Research Centre, Hiedelberg, Germany).
Cells were seeded at a 100,000 cells per well in 1ml of DMEM media containing
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10% FCS in 12-well tissue culture plates following standard HSL cell passaging
protocols. All cell proliferation and exposure was conducted at the HSL in
accordance with the materials transfer agreement (MTS) in place for this specific
cell line.

3.2.3 Preparation of Standards

A stock solution of 2,4-TDA in dimethyl sulfoxide was used to prepare three
replicates of standards consisting of 0, 1, 5, 10, 25, 50, 75 and lOOjxmol TDA
suspended in 1ml of culture medium (DMEM containing 10% FCS). The same
stock solution was used to prepare standards of the same concentrations in 1ml
of Milli-Q water. In order to eliminate the need to calculate and correct data for
recovery factors these standards were then treated in the following manner.
200jiL of concentrated sodium hydroxide was added to each standard. 3mL of

dichloromethane was added and each sample was placed in a rotary tumbler for
10 minutes. Samples were centrifuged at 3000rpm for 5 minutes to separate out
the organic layer containing the TDA. 2mL of the organic layer was extracted and
dried under nitrogen gas. The dried TDA was re-suspended in 200|iL of
acetonitrile containing 5|xmol ethylene dianiline (EDA) as an internal standard.
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3.2.4 Preparation of Samples

The samples were prepared at the Health and Safety Laboratory, Sheffield.
The plates containing the cells and controls (containing only blank media or
water) were removed from incubation. A stock solution of 1mmol TDI in DMSO
was pipetted directly into each to produce a final concentration of 10jimol of TDI
in each well. This was repeated for a further set of plated cells and controls using
a 10mmol stock of TDI to produce a concentration of lOOjimol TDI in each well.
All plates were returned to incubation at 37°C. A 1ml aliquot was removed from
the corresponding well at the following time points: 0, 0.5, 1, 3, 6 and 24 hours.
The aliquots were immediately frozen in liquid nitrogen following removal from
the well and maintained at -80°C. All experiments were performed in triplicate.

The samples were defrosted rapidly by suspension in boiling water and the
addition of sodium hydroxide and extraction with dichloromethane (DCM) was
conducted following the same method as for the standards.

3.2.5 Improved TDA Extraction Method: Preparation of Standards

A stock solution of TDA (10mmol) in dimethyl sulfoxide was used to prepare four
replicates of standards consisting of 0, 5, 10, 25, 50, 75 and 100|imol TDA
suspended in 1ml of HaCaT culture medium. 50pl of 10mmol NaOH was added
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to each standard followed by the addition of 500|il of DCM. Each sample was
mixed in a rotary tumbler for 10 minutes. The sample was then centrifuged at
3500rpm to separate out the organic layer. 450ml of the organic layer was
removed. A further 500jil of DCM was added followed by tumbling and removal
of a further 450jil of organic layer. The DCM rinse was repeated for a third time
and the three 450pl extracts were combined and dried under nitrogen gas. The
dried TDA was re-suspended in 300pl of acetonitrile containing 5jimol of EDA as
an internal standard.

3.2.6 Preparation of Samples

Samples were prepared at the Health and Safety Laboratory, Buxton. 12 well
plates containing the cells and controls (containing blank media) were removed
from incubation. Stock solutions of 1mmol TDI in DMSO was used to add 10jimol
of TDI to the cells. A stock of 10mmol TDI in DMSO was used to add lOOpmol
TDI to a further set of cells. The TDI was added to 1 ml of media (warmed to
37°C) at twice the desired concentration. This media was pipetted onto the cells
(which were already sited in 1ml of media) to give the desired final concentration
of TDI. All plates were returned to incubation at 37°C. 1ml aliquots were removed
from the corresponding well at the following time points: 0, 1, 3, 6 and 24 hours.
The aliquots were immediately frozen in liquid nitrogen following removal from
the well. Four replicates of each experiment were performed.
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The samples were defrosted rapidly by suspension in boiling water and the
addition of sodium hydroxide and extraction with DCM was conducted following
the same method as for the standards.

3.2.7 LC-MS Analysis

i) Mass spectrometry

LC-MS analysis was conducted using an Applied Biosystems / MDS Sciex API
365 LC/MS/MS instrument. Samples were acquired in positive ion mode using a
turbo ionspray source with the following settings: Temp: 350°C, Nebulising Gas:
10 l/h'1, Curtain Gas: 10 l/h '1

Experiments were conducted in selected ion recording (SIR) mode monitoring the
protonated molecule [M+H]+ for TDA at m/z 123 and the [M+H]+ of EDA at m/z
213 with a dwell time of 0.5 seconds and a 0.20 m/z span.

ii) High Performance Liquid Chromatography
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All HPLC was performed using a LC Packings UltiMate hplc pump with a LC
Packings Famos autosampler. A mobile phase was used consisting of 60%
acetonitrile with a 40% 0.1 M ammonium acetate buffer (lowered to pH 4.7 by
addition of glacial acetic acid) at a flow rate of 50|il/min. A Phenomenex Luna
5jim C18 column of dimensions 1x150mm was used. Under these conditions the
TDA eluted rapidly from the column with a retention time of 2.5 minutes. A 40
minute run time incorporating a 10 minute flush with 100% acetonitrile was
necessary to ensure no analyte remained on the column between samples. An
injection volume of 10|il was used throughout.

3.3 Results

3.3.1 Extraction of TDA from TDI spiked HaCaT Cells

3.3.1.1 Construction of Calibration Curves

Calibration curves were constructed by linear regression between peak area and
compound concentration for the extraction of TDA from water and DMEM media
matrices. Even with the incorporation of an EDA internal standard as
recommended by the Health and Safety Laboratory, poor reproducibility and
linearity were observed for the extractions of TDA from both spiked water (figure
3.1) and media (figure 3.2).
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TDA concentrations from the extractions conducted from water were calculated
from the water calibration curve whereas the values for both the cell media
controls and the HaCaT cell extractions were calculated from the media
calibration curve. However, due to the poor linearity of the curves the accuracy of
values derived were questioned, which lead to the method developments as
utilised in the second experiment.

3.1.1.2 Analysis of TDI Spiked HaCaT Cells

From the graph showing data from the lOpmol TDI exposed cells (figure 3.3) a
rapid initial increase of TDA formation is observed in extracts from the cell media
control and the media containing the active cells. Between 0 and 30 minutes a 4fold increase is observed in the media containing the HaCaT cells. This may be
due to hydrolysis of TDI occurring within the cells. A smaller, 25% increase, is
observed in the media control samples over the same time period with a greater
than 2 fold increase occurring between 30 and 60 minutes. Smaller fluctuations in
TDA concentration are observed for both the media control and the active cell
samples over the remaining time periods (up to 24 hours), with a particular
increase occurring between 3 and 6 hours after exposure. This is followed by a
similarly sharp decrease in TDA concentration occurring between 6 and 24
hours.

138

O
0)

sz

cd

o

cd

4 —»

8 o'
|s

0
—•

to
»- ^
CO
CO >1
CO
CO -^3

O
X
CO
CO

1 I

O
X
CO
CO

CD
CO
XI
°
CO

5

«

T3
CD
>
Q)
CO

2

.2 o
co

co
>.

.2 5
CO > .

15

S
I
o o

3
■o

L .
* —• ~

»

o

o
i—

C

3

O
O
CD
O

T3
O
Q.
£

CD
w
o ~o
co c

T3

X

2

CL

o

^

.2

CO T t
Oi

E

»§
p ii
§£

O

i_

—

■q. o
w o
*5 0CO CD
'CO 3

£ 0 .

cO

co ai

CO >
E CD
CO ^

H

(Ji >

CO i=

s E3
_ j

^

>.

"8 o
C-c
'co LO
JD 'ro 0
O

5

to

S«
co E
O o
T- "C

in

■«

x

o

<
□

£

C*
§1
c -a
o Co
c
eaJVRKeajyeiAieuy

■o
0
c

P CUO
N—

CD

O£

■*-

> , p
x
£

* *1

ii

LJ CO
■0 CD
CD .E

.2 8

O

CM

LU ^

■ * £ CM

>
~
CO
CD
C

£

■go

i=

T3
CD
^
Q.
CO

co

0 o

i2 §

O T_r
0

©

£
3
O
o

co

©

o

c

o

eajvsueajyeiAieuy

CO
1—

X

"co
O

CO '

CM :

2
3
O)
ii

CO
£

3
O)

ON
m

This may be due to further reactions occurring between the TDA and
components present in the media although this is unlikely as the same pattern
was not observed in the samples spiked with the higher concentration of TDI
(figure 3.4). It is proposed that the result may be due to the poor precision of the
extraction procedure as discussed for the calibration standards. This appears to
be of particular concern for the 10pmol spiked samples.

Graph Show ing Mean Am ount of T D A (p,mol) Against Time
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Figure 3.3 Mean variation of the amount of TDA (|amol) in a culture of HaCaT cells, water
and blank culture media with time following addition of 10(imol TDI (n=3)
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The addition of a higher concentration of TDI to the media containing cells also
resulted in a sharp (3-fold) increase in recorded TDA (figure 3.4) between the 0
and 30 minute time period. Once more, fluctuations occurred for the remaining
time periods (1-24 hours) with an overall reduction in detectable TDA observed
during this time. Once again it must be reiterated that the fluctuations may be
caused by the poor precision of the method.

A 2-fold increase in TDA was observed in the media control samples over the
same time period with a smaller increase occurring between 30 and 60 minutes.
This was in contrast to the lOjimol spike where the greatest increase occurred
during the later time period.

Comparable levels of TDA (between 2 and 6jxmol over the 24 hour period) were
extracted from the water, media control and active cells following the addition of
10jimol of TDI. The addition of 100jimol of TDI to water resulted in a yield of 2254|xmol of TDA in the extracts over the 24 hour period.

Over the same time

period the control media and HaCaT cell extracted TDA only ranged between 4.5
- 11.5fimol and 4.8 - 12.8jimol respectively. One theory to explain the low yield
is the possibility of reactions or conjunctions occurring between the TDI and
components in the media. Isocyanates have been observed to bind to proteins,
peptides and amino acids all of which are contained in the media as they are
essential components for cell growth, survival and reproduction. Preferential
binding to these compounds may explain the low yield of unconjugated TDA.
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This theory is further supported by the greater concentration of TDA detected in
extractions from the spiked water control which contains no such materials for
the TDI to react with.

Graph Show ing the Mean Am ount of TD A (|umol) Against Tim e
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Figure 3.4 Mean variation of TDA (|imol) in a culture of HaCaT cells, water and blank culture
media with time following addition of 100(imol TDI (n=3)

Due to the reproducibility and accuracy issues, particularly with reference to the
calibration standards, a triple DCM rinse procedure of the spiked media was
developed to enhance the yield and reproducibility of the extraction method. A
new delivery vehicle for adding TDI to the cells was proposed. It was thought that
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pre-mixing the TDI (in DMSO) with cell media and pipetting this mixture onto the
cells would prevent possible cell trauma due to the immediate localised toxic
effect of TDI (and/or DMSO) on cells and enhance homogeneous distribution of
TDI throughout the media surrounding the cells.

3.3.2 Extraction of TDA from TDI Spiked HaCaT Cells Incorporating a Triple
Rinse Extraction Procedure

An optimised repeat of the initial experiment was conducted to reduce the
observed extraction errors and the water control was eliminated. A suitable
calibration curve was produced (figure 3.5) showing vastly enhanced linearity
and increased reproducibility.

For both spiked concentrations reproducibility was increased due to the triple
rinse extraction method. Figure 3.6 shows the TDA levels recorded from the
10|imol spiked samples and, as for the previous experiment, an increase in TDA
concentration can be seen for both the media control and the HaCaT cells
between 0 and 1 hour. A further vast increase in TDA concentration occurs in
the media control between 1 and 3 hours following exposure.

While the cell

extract levels remain relatively constant between 3 and 24 hours, the media
control shows a significant drop in TDA over the same time period.
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As for the previous experiment, the addition of an increased amount of TDI
(100pmol) did not result in a proportional increase in the yield of recorded TDA
(figure 3.7). Taking the 6 hour exposure point as an example, the 10-fold
increase in TDI concentration only resulted in a mean increase of 4.93|imol of
TDA from the HaCaT and 2.76jumol from media control samples (a sample for
chromatograph forlOmol and lOOmmol TDI spiked HaCaT cells is shown in
figure 3.8).

As isocyanates bind to proteins it may be expected that the TDI would conjugate
with peptides and or proteins in the media when the TDI DMSO was pre mixed
with warmed media immediately prior to delivery onto the cells. This could
possibly result in a further decrease in the levels of TDA recovered after the
lOOpmol TDI spike. However addition of the TDI DMSO mixture directly on the
cells (as conducted in the first experiment) resulted in the same low amount of
TDA detected after the 10Opmol TDI spike.
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3.4 Conclusion

LC-MS analysis and a media extraction method incorporating a triple DCM rinse
procedure has been developed as a quantitative method for the analysis of TDA.
The method produced calibration data showing good linearity. However, the test
samples analysed did not contain TDA in the expected concentration ranges
following spiking with TDI. Several reasons have been proposed for this including
possible reactions occurring between peptides and proteins.

Improvements and changes in the method increased the precision and accuracy
of the extraction and analytical process. However, despite these improvements
similar results were observed to the first experiment. The experiment is believed
to have been unsuccessful due to the isocyanate - peptide conjugation. As
peptides and FCS are essential media components for cell maintenance and
proliferation it appears the experiment is not viable in its present form, except as
a method for measuring the unconjugated diamine metabolite.

Conducting a lengthy acid hydrolysis as demonstrated by Skarping et a l [17] may
have increased the yield of TDA obtained but as this will hydrolyse any TDI or
TDA conjugates or similar species present in the media it would be impossible to
determine whether the diamine was pre-formed by reactions occurring within the
cells as opposed to the hydrolysis of any remaining TDI or toluene monoamine in
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the media during the extraction process. Another reason for the low yield of TDA
could be that the TDI was conjugated to proteins within the cells and was not
released back into the media as TDA. As only the media matrix surrounding the
cells was extracted the conjugate may have remained in the well plate.

Alternative analytical methodologies need to be investigated. One method would
be the identification and subsequent quantitation of a TDI conjugate biomarker.
Another would be to assess and quantitatively measure increases in cytokine
expression following exposure of the HaCaT cells to TDI. This could be
conducted using immunological methods such as ELISA assays.
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4.0 Sample Preparation and Data Interpretation Procedures for
the Examination of Xenobiotic Compounds in Skin by Indirect
Imaging MALDI-MS
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4.1 Introduction

4.1.1 Introduction to Chlorpyrifos

Chlorpyrifos (0,0-diethyl-0-(3,5,6-trichloro-2-pyridyl) phosphorothioate (figure
4.1) is an insecticide in common use worldwide. It is classified as an
organophosphate (OP) pesticide. Its structure consists of a phosphorothioate
attached to a pyrimidine ring containing three chlorines, which makes the
compound very hydrophobic in nature. Chlorpyrifos has many metabolites,
primarily the chlorpyrifos-oxon intermediate (CPO) and metabolites: 3,5,6trichloro-2 pyridinol (TCP) and 3,5,6-trichloro-2 methoxy pyridine (TMP)[1].

ci

ci

0

Cl
N

Figure 4.1 The structure of Chlorpyrifos
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Chlorpyrifos is commercially prepared by several methods, the most common of
which includes reacting TCP with 0,0-diethyl phosphorochloridothioate under
basic conditions with dimethyl formamide, as the final synthetic step. The
synthesis of chlorpyrifos was first described by Rigterink in 1966[2].

The

most

common

formulations

of

chlorpyrifos

include:

emulsifiable

concentrates, granulers, and wettable powders, but other formulations available
are dust, microcapsule, pellet, and sprays [3]. The purpose of each formulation is
based on delivery and pest control in order to maximize product stability and
availability to the target pest with a minimum of human exposure.

4.1.2 Exposure

Chlorpyrifos is mostly used as a foliar pesticide which can be applied by ground
or aerial equipment, depending on crop type, to primarily control a variety of
surface-feeding insects.

Chlorpyrifos is a component of many branded agricultural insecticide products.
One of the most common of these is Dursban 4. Dursban 4 contains chlorpyrifos
at a concentration of 480g/l in a registered solvent and is in liquid form at room
temperature. It is applied to the crop as a suspension in water at concentrations
ranging from 0.1-2% depending upon the severity of insect infestation.
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Chlorpyrifos can be absorbed via skin contact, inhalation and ingestion, with the
dermal route usually the most significant with occupational exposure [4]. Dermal
exposure to chlorpyrifos has been measured by applying solutions to human
volunteer skin and quantifying primary chlorpyrifos metabolites extracted from the
volunteer’s urine samples [5]. Until recently chlorpyrifos has been included in
formulations used for domestic infestation control and concerns have been raised
concerning infant and neonatal exposure resulting from household exposure [6].

4.1.3 Toxicity of Chlorpyrifos

Acute exposure to Chlorpyrifos causes inhibition of acetylcholinesterase (AChE,
EC 3.1.1.7) in the brain, neuromuscular junction and peripheral nerves. AChE
activity hydrolyzes acetylcholine to choline and acetate at cholinergic synapses.
Inhibition of AChE results in excessive accumulation of synaptic acetylcholine
which continually stimulates cholinergic receptors in the central nervous system
(CNS), autonomic nervous system and neuromuscular junction [7]. In vivo
chlorpyrifos toxicity is primarily due to the P450 mono-oxygenase-mediated
metabolism of chlorpyrifos to chlorpyifos-oxon (CPO), which is a more potent
acetylcholinesterase

inhibitor than

chlorpyrifos

[8]. The toxic

effects

of

organophosphates are largely associated with short-term exposures to high
concentrations of pesticide, during the manufacture, formulation, mixing and
application of these chemicals. In these cases, death may occur from respiratory
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failure due to the paralysis of respiratory muscles, increased bronchial secretions
and depression of the respiratory centre in the brainstem [9]. Long-term damage
to the nervous system can also be caused by prolonged exposure to lower doses
of chlorpyrifos. This is usually observed as poor mental health in patients as well
as a reduction in memory capability and attention span[10].

4.1.4 Methods of Measuring Chlorpyrifos Exposure

Exposure to chlorpyrifos in usually measured by recording metabolites such as
TCP and TMP in urine or plasma [11]. The analysis may be conducted by mass
spectrometric methods such as Gas Chromatography - Mass Spectrometry (GCMS) [12] or more frequently LC-MS [13, 14]. HPLC methods have also been
presented without the use of MS detection [15]. A urine extraction and clean-up
method has been described by Koch et al 2001 using an automatic steam
distillation process [16]. The use of this method allows limits of detection as low as
0.05jig per litre to be recorded when combined with GC-MS analysis.
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4.1.5 Introduction to Isocyanates

A detailed introduction to isocyanates has been presented in chapter two of this
thesis. Isocyanates are commonly used in industry in the manufacture of
polyurethane products such as foams, paints and plastics. They are highly
reactive compounds, known to produce adverse effects in humans after
exposure. Dermal exposure is of particular concern although the mechanisms of
this are poorly understood.

4.1.5.1 Isocyanate Reactivity

A comprehensive review of the reactive nature of diisocyanates has been
previously presented in chapter 2 of this thesis. A derivatisation method
incorporating the use of an alcohol to form a stable substituted isocyanate urea
has been demonstrated and the reaction mechanism discussed.

A range of

derivatising compounds have been described and demonstrated for stabilising
isocyanates for transportation and analysis including tryptamine [17], 1-(2methoxyphenyl) piperazine [18]and ferrocenoyl piperazide[19].
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4.1.6 Aims

Mass spectrometric imaging (MSI) analysis of isocyanate distribution on skin has
not, thus far, been presented. Localizing the compound on the dermal surface
could provide useful information concerning exposure parameters i.e. revealing
routes of dermal exposure to areas of skin not fully covered by workers personal
protective equipment (PPE).

The aim of the investigation was to develop an

imaging MALDI-MS method for measuring the distribution of the chlorpyrifos and
isocyanates both on the surface of skin and as a dermal absorption profile.

4.2 Method

4.2.1 Materials

1-(2-methoxyphenyl) piperazine derivatised 1,6-hexamethylene diisocyanate
(HDI-2MP) and Dursban 4 (Dow Agrochemicals) were provided by the Health
and Safety Laboratory, Buxton. Chlorpyrifos standards were purchased from
GMX. a-Cyano-4-Hydroxy Cinnamic Acid (a-CHCA) was purchased from SigmaAldrich (Dorset, U.K). Trifluoroacetic acid (TFA) and HPLC grade ethanol and
acetone were purchased from Fisher (Leicester, U.K). Cellulose and carbon
conductive membranes (0.08mm thickness) were obtained from Goodfellow, UK.
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4.2.2 Analysis of Chlorpyrifos on Porcine Epidermal Surface

Porcine ear skin was used as a model of human skin for the investigation. 5|jl of
suspensions containing Dursban in water at dilutions of 1:10, 1:50, 1:100 and
1:500 were applied to separate areas of a 2cm x 2cm piece of tissue. The tissue
was incubated at 37°C for 1 hour. A cellulose membrane was saturated in
methanol and air dried for a period of 60 seconds prior to blotting. The
membrane was applied to the tissue surface for 60 seconds. 5 ml of the matrix aCyano-4-Hydroxy Cinnamic Acid (a-CHCA), in acetone containing 0.1% TFA,
was applied to the membrane by airspray at a distance of 10cm. The experiment
was repeated using a carbon filled conductive membrane (0.08mm thickness,
Goodfellow, UK). Durban exposed tissue was blotted directly onto the carbon
membrane without the use of methanol. Matrix was applied as for the previous
experiment.

4.2.3 Depth Profiling of Chlorpyrifos Absorption

Suspensions of 200pl of Dursban in water (1:10 dilution) were applied to 2cm x
2cm pieces of tissue. The tissue was incubated at 37°C for 1 hour. Surface
bound Dursban was lightly rinsed from the tissue with water for 5 seconds. The
tissue was sectioned and blots of the tissue cross-sections performed onto
cellulose (saturated in methanol and air dried for 60 seconds) and carbon
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conductive membranes. 5ml of a-CHCA, at 25mg/ml in acetone / 0.1% TFA, was
applied to the membranes by airspray at a distance of 10cm.

4.2.4 Analysis of HDI-2MP on Porcine Epidermal Surface

Porcine ear skin was used as a model for human skin. 5 jil of 1mg/ml HDI-2MP in
methanol was applied to the surface of two pieces of porcine ear tissue

(2 x

2cm). A commercially available plastic ring binder enforcer was used to maintain
the circular distribution of the isocyanate on the skin. The tissue samples were
incubated at 37°C for a period of one hour. Each piece of skin was rinsed with
water and allowed to dry for 60 seconds before being blotted on the carbon filled
membrane or the dry cellulose paper membrane. Both membranes were
prepared for imaging analysis by applying 5ml of a-CHCA (25mgml'1) by airspray
to each respective membrane at a distance of 10cm.

4.2.5 On-Membrane Ethanol-Derivatisation of HDI

In order to evaluate the alcohol - isocyanate derivatisation/extraction approach,
1pi of neat HDI was pipetted onto the surface of a 2cm x 2cm piece of porcine
skin. The tissue was incubated at 37°C for 1 hour. A cellulose membrane was
saturated in ethanol and allowed to airdry for a period of 60 seconds. The
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membrane was applied to the tissue surface for 60 seconds. 5ml of the matrix aCyano-4-Hydroxy Cinnamic Acid (a-CHCA), in ethanol containing 0.1% TFA, was
applied to the membrane by airspray at a distance of 10 cm. The experiment was
repeated using porcine skin spiked with HDI in the same manner. In the
subsequent experiment the ethanol saturated cellulose membrane was only
allowed to airdry for a period of 30 seconds before being blotted onto the tissue.

4.2.6 Mass Spectrometric Analysis

All analyses were performed using an Applied Biosystems/MDS Sciex API “QStar” Pulsar I hybrid quadrupole time of flight instrument, fitted with an orthogonal
MALDI ion source and “O-MALDI Server 4.0” ion imaging software. The Nd:YAG
laser used has an elliptical laser spot size of 150pm x 100pm. The laser was
used at an energy setting of 30% (3.2pJ) and a repetition rate of 1 kHz. The laser
was rastered over the membrane surface and mass spectra were acquired at
0.2mm increments, the laser firing for approximately 2 seconds per spot.
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4.3 Results

4.3.1 MALDI-MS Spot Analysis of Chlorpyrifos Standard and Dursban 4

From the recorded spectra from the chlorpyrifos standard (figure 4.2a) a clear ion
pattern is observed for chlorpyrifos showing two peaks of approximate equal
intensity at m/z 349.9 and m/z 351.9 The distinct spectra are due to the chlorine
isotope distribution of the chlorpyrifos molecule.

A high intensity signal was

recorded for the protonated molecule [M+H]+ at m/z 351.87 and sodium adducts
were observed a m/z 373.84 for both the chlorpyrifos standard and the Dursban
4 formulation (figure 4.2b).

[M+H]+m/z 351.9

[M+Na]+ m/z 373.

Figure 4.2a MALDI-MS spectrum showing the presence of the chlorpyrifos protonated
molecule isotope pattern and sodium adducts from chlorpyrifos standard
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[M + H ]+ m /z 351.9

[M + N a ]+ m/z 373.

Figure 4.2b MALDI-MS spectrum showing the presence of the chlorpyrifos protonated
molecular isotope pattern and sodium adducts from Dursban 4.

4.3.2 Profiling Chlorpyrifos Absorption on Skin Surface

A relatively homogeneous coverage of a-CHCA matrix was observed on both the
cellulose and carbon membranes. The images included show the distribution of
the a-CHCA molecular ion over the surface of the blotting membrane (figures
4.3a and 4.3b). A lower intensity of matrix ions is observed in the regions of the
membrane blotted directly onto the Dursban; this may be due to matrix
suppression by the chlorpyrifos.
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Figures 4.4 and 4.5 show a comparision of two different approaches for surface
blotting techniques for the imaging of chlorpyrifos on skin. Whilst both
approaches proved successful as can be seen, the use of carbon membranes
yielded higher quality images. In addition analyte spreading was minimised
during the blotting process since there was no requirement for a transfer solvent.

Chlorpyrifos has been extracted from the surface of the porcine epidermal tissue
at the 1:10, 1:50 and 1:100 dilutions by utilising a methanol saturated cellulose
membrane (figure 4.4). At the highest concentration analyte spreading has
occurred and the intensity of ions observed at the 1:50 and 1:100 dilutions is low
(barely visible in the image at the 100 fold dilution). The lowest concentration at
1:500 was not observed on the membrane indicating the use of cellulose
membranes in this method could not extract sufficient chlorpyrifos from the
Dursban exposed tissue to be detected by the current instrumentation. The use
of the extraction solvent in this blot is the most likely reason for the analyte
spreading observed at the higher concentrations of Dursban.

Chlorpyrifos was observed at all the tested concentrations by imaging MALDI-MS
analysis of the carbon membrane (figure 4.5). Spatial resolution had been
retained at the higher concentration ranges and a good intensity of chlorpyrifos
molecular ions is observed for the entire dilution range examined. Using carbon
membranes the presence of chlorpyrifos was detected even at the 1:500 dilution,
although the ion intensity observed is low.
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Width (mm)

Figure 4.3a MALDI Image showing the homogeneous
coverage of the protonated molecule of a-CHCA (m/z 190)
over the cellulose membrane surface
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Figure 4.3b MALDI Image showing the homogeneous
coverage of the protonated molecule of a-CHCA (m/z
190) over the carbon membrane surface
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Figure 4.4 MALDI image showing distribution of the chlorpyrifos protonated molecule (m/z
351.9) on the cellulose membrane surface

3 3 .3 3 2 .0 3 0 ,0 -

Dursban 1:10
dilution

2 8 .0 -

>Dursban 1 :50
dilution

2 6 .0 2 4 .0 -

I 22,0-

.S120.01 8 .0 -

Dursban 1 :100
dilution

Dursban 1 :500
dilution

1 6 .0 1 4 .0 12.0 10 . 0 1.4-1
Width (mm)

Figure 4.5 MALDI image showing distribution of the chlorpyrifos protonated molecule (m/z
351.9) on the carbon membrane surface
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4.3.3 Profiling Chlorpyrifos Absorption into Skin

The protonated molecule of chlorpyrifos was observed from the cellulose blot of
the Dursban exposed porcine tissue (figure 4.6). However it was not seen across
the entire exposed area, but only in a small localised pocket. Chlorpyrifos ions
were detected down to a depth of 1.7mm in the tissue indicating chlorpyrifos had
penetrated through the stratum corneum. One reason for the poor extraction of
chlorpyrifos from the cross section of tissue could be due to the choice of a
volatile extraction solvent. The majority of ethanol had evaporated from the
membrane before the blotting took place (this was to minimise analyte
spreading), which was vital as maintaining spatial resolution was paramount for
this experiment. However, if the ethanol did not evaporate uniformly from the
membrane, this would leave pockets of the membrane that contained more
ethanol than others. This may explain why only localised areas of chlorpyrifos
were seen from the blot, i.e. the areas where chlorpyrifos is seen in the image is
where the membrane contained the most ethanol and thus more chlorpyrifos was
extracted from the surface.

The carbon blotting medium was also the most successful for imaging of the
vertical section. Chlorpyrifos was observed to reach a penetration depth of 1.7
mm (Figures 4.7 & 4.8). Chlorpyrifos was observed to penetrate through the
epidermis and dermis within the 1 hour exposure time with the highest
concentration being observed in the dermis. This can be clearly seen when the
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chlorpyrifos [M+H]+ distribution image is placed next to a subsequent skin tissue
section (figure 4.8). A small amount remains on the surface and the chlorpyrifos
concentration increases with depth until it reaches a peak amount in the dermis.
The prevalence of ions decreases in the lower dermis and hypodermis regions.
The possibility of chlorpyrifos being removed from the uppermost layers of the
skin during the light rinsing process is low due to the high hydrophobicity of the
compound.

Complete absorption of chlorpyrifos through skin is well documented with
chlorpyrifos being detectable in the urine of exposed workers (J. Cocker personal
communciation). A proposed reason for the improved performance of carbon
membranes is due to the relative non-polar and highly hydrophobic properties of
the analyte. From this limited study it would appear that the choice of membrane
is related to the hydrophobicity of the compound. However, the blotting
procedure is not 100% reproducible with satisfactory images only produced from
approximately 50% of the blots. The process also appears to be dependent upon
the physical properties of the tissue. Fat and endogenous liquids including blood
may be transferred during the blotting process causing analyte suppression and
resulting in the production of a poor quality image.
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Figure 4.6 Image showing the distribution of
Chlorpyrifos (m/z 351.9) within a vertical cross section of skin blotted onto a carbon
membrane. A penetration depth of 1.7mm is observed.
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Figure 4.7 Image showing the distribution of
Chlorpyrifos (m/z 351.9) within a vertical cross section of skin blotted onto a
cellulose membrane. A penetration depth of 1.5mm is observed.
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Figure 4.8 Comparison of the histological image obtained from a skin section and the
corresponding MALDI image taken from an adjacent section blotted onto a carbon
membrane. The chlorpyrifos appears to have penetrated through the epidermis, dermis and
into the hypodermis tissue. However after the one hour exposure time used in this
experiment the highest concentration of chlorpyrifos is in the dermis.
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4.3.4 Analysis of HDI-2MP on Porcine Epidermal Surface

The images show homogeneous matrix coverage over both the cellulose and
carbon membranes. A high intensity of matrix is observed on the surface of both
membranes as indicated by the coverage of the [M+H]+ for CHCA at m/z 190 for
the cellulose (figure 4.9a) and the carbon membrane (figure 4.9b).

The distribution of the derivatising agent methoxy piperazine (MP) on the surface
of the carbon filled membrane shows that some analyte spreading has occurred
(figure 4.9d). The image from the cellulose blotting retains the circular exposure
shape although there appears to be an excess of isocyanate that has formed part
of an outer ring (figure 4.9c). This is likely to be due to the isocyanate spreading
over the top of the ring enforcer during incubation rather than spreading during
the blotting process as the circular shape has been clearly maintained. The
analyte appears to have travelled over the plastic shape retainer before the
blotting as opposed to diffusion during blotting as in the case of the carbon filled
membrane. The carbon membrane produced a slightly higher maximum intensity
of MP [M+H]+ ions at m/z 193 (1.6 x 103 in comparison to 1.3 x 103) this may be
directly related to the slightly higher abundance of matrix ions observed on the
surface of the carbon membrane.
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Figure 4.9a Distribution of aCHCA [M+H]+ at m/z 190
over cellulose membrane

Figure 4.9b Distribution of aCHCA [M+H]+ at m/z 190
over carbon membrane
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Figure 4.9d Distribution of
MP derivatising agent [M+H]+
at m/z 193 over carbon
membrane

Figure 4.9c Distribution of
MP derivatising agent [M+H]+
at m/z 193 over cellulose
membrane
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Figure 4.9f Distribution of
HDI-2MP [M+H]+ at m/z 553
over carbon membrane
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HDI-2MP [M+H]+ at m/z 553
over cellulose membrane
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The molecular ion of HDI-2MP was observed from blots performed using both
types of blotting media (figures 4.9e & 4.9f). A higher degree of analyte
spreading occurred during the extraction of the isocyanate from the skin using
the carbon membrane.

HDI-2MP [M+H]+ maximum ion intensities were very similar for both blotting
media although the ions seem more highly concentrated within the ‘ring’ on the
cellulose membrane. The spreading which occurred during the carbon blot
resulted in the ions being distributed over a wider surface area.

From

comparison of the images 4.9c with 4.9e and 4.9d with 4.9f, a higher intensity of
HDI-2MP molecular ions is observed in the same locations as the higher
intensities of MP ions.

One reason for the loss of spatial information occurring during the carbon blots is
the hydrophilic nature of the compound. The HDI-2MP has a greater polarity than
the previously investigated chlorpyrifos and thus hydrophobic interactions
between the compound and the carbon surface are weaker. Hence the physical
and chemical nature of the analyte will influence the most suitable choice of
blotting media. The moisture content of the tissue is also a factor. Increased
moisture content will aid the transfer of a water soluble analyte into the absorbent
cellulose membrane whereas an excess of liquid results in ‘spreading’ of the
analyte over the shiny, non absorbent carbon surface during the blotting process.
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4.3.5 On-Membrane Ethanol-Derivatisation of HDI

Ethanol derivatised HDI was observed in the skin as monomer and dimer species
(figure 4.10 b&c). Underivatised HDI species were also present (figure 4.10 d-f)
and these were observed at higher intensities than ethanol-derivatised HDI.
Figure 4.10b shows the distribution of the ethanol derivatised HDI. Spatial
information has been clearly maintained during the blotting process and a high
intensity of the derivatised [M+H]+ ion is recorded (<1000 counts). The HDI dimer
is also derivatised by ethanol and this is observed from the same blot at an m/z
value of 403 (figure 4.10c). Again spatial resolution is maintained throughout the
blotting process and the ion intensity observed is approximately half that of the
derivatised monomer.

From experiments previously conducted at Sheffield Hallam University (and
reported in chapter 2 of this thesis) it is known that the reaction between an
alcohol and a diisocyante is time-dependent. Therefore it would be expected that
the HDI would not be fully derivatised during the relatively short blotting (and thus
short ethanol exposure) time period. This is clearly observed from the results
obtained. Underivatised HDI is observed in monoamine (figure 4.1 Od), dimer
(figure 4.10e) and trimer (figure 4.1 Of) form from the analysed blot. In all cases
the underivatised species was observed at far higher abundance than the
derivatised counterpart. In a direct comparison between the HDI dimer species a
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maximum ion intensity of 8500 was observed for the underivatised isocyanate,
showing an approximate 14-fold increase on the derivatised species (max ion
intensity of 590).

No derivatised trimer of HDI was observed from the blots. However, an
underivatised trimer was recorded at a relatively high intensity. As lower
intensities of HDI derivatised dimers were recorded than monomers it is believed
that the derivatisation kinetics decrease in relation to isocyanate polymer length.
This is supported by previous research that indicates isocyanate reactivity
decreases with polymer chain length t20]. Underivatised HDI monomer ([M+HJ+
expected at m/z 169) was not observed in any of the blots. It is believed that the
diisocyanate had hydrolysed to the monoamine (observed at m/z 143) or the
diamine 1,6-hexamethylene diamine (1,6-HDA) of which the protonated molecule
was observed at m/z 117.
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Increasing the ethanol saturation on the membrane led to increased intensity of
ethanol-derivatised HDI ions observed (figure 4.11 b&c). However, spreading and
thus loss of spatial information occurred. Underivatised ions were still observed
at much higher intensities than the derivatised isocyanates (figure 4.11 d-f). Even
with the increased amount of ethanol on the membrane a derivatised HDI trimer
was not observed. As the underivatised trimer was still present (figure 4.11f) it is
believed the derivatisation of the trimer did not occur before complete
evaporation of the ethanol from the membrane.

4.4 Conclusion

Solvent assisted blotting proved to be previously successful for determining the
xenobiotic distribution of compounds in biological tissue. Loss of spatial
resolution was observed but by manipulation of experimental parameters it could
be minimised. In contrast this procedure has not been found suitable for the
analysis of the absoprtion of chlorpyrifos into skin. Here, the loss in spatial
resolution caused by use of an extraction solvent was unacceptable and the use
of a hydrophobic membrane was found to be more appropriate.

The use of a dry cellulose membrane as a blotting medium for the determination
of derivatised HDI from skin proved sucessful. HDI-2MP was extracted from the
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skin surface and spatial resolution was maintained. The carbon membrane
proved less sucsessful in this instance. It is believed this is due, in part, to the
moisture content of the porcine tissue which is variable dependent on the tissue
section used. Increased moisture content aids the transfer of water soluble
compounds to the absorbant celulose membrane whereas the higher moisture
content could lead to increased analyte spreading during the blotting process
using carbon membranes.

Preliminary work caried out on the incorporation of a derivatisation step into
indirect MALDI imaging by blotting isocyanate treated skin onto ethanol soaked
membranes has indicated the potential of such an approach for stabilising
reactive analytes and enhancing sensitivity. However significant loss in spatial
information occurred with the increasing ethanol saturation of the cellulose
membrane indicating this method would be unacceptable for occasions where
such margins are paramount i.e depth profiling of compounds.

From the investigation it may be concluded that successful extraction and
imaging of an analyte from the skin is dependent upon optimisation of the blotting
parameters. Of paramount importance is the choice of blotting media whose
suitability is determined by the physical and chemical properties of the analyte.
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5.0

Indirect Blotting and Direct Skin Analysis by Imaging MALDI-MS to

Determine the Dermal Absorption of Hexamethylene Diisocyanate
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5.1 Introduction

5.1.1 Introduction to HDI

The reactivity of HDI was discussed in detail in Chapter 1 of this thesis. The
mechanism for the rapid initial hydrolysis of one isocyanate group to an amine
was presented as an intermediate product in the hydrolysis of diisocyanates.

5.1.2 HDI Exposure

Monomeric HDI vapourizes fairly rapidly, leading to the inhalation and dermal
exposure of workers who come into contact with the air containing the HDI
vapours. Polymeric and biuret forms typically have a very low vapour pressure
and therefore little or none is vapourized at room or paint shop ambient
temperatures [1]. Exposure to polymeric forms occurs primarily via the inhalation
or dermal route, when the paint / lacquer component is sprayed onto a metal
surface. During the spraying process, small droplets of the mixture (containing
both the monomeric and polymeric forms) suspended in the surrounding air is
inadvertently inhaled or lands on the exposed skin of a worker.
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The majority of studies concerning occupational exposure to HDI investigate the
inhalation exposure route. However dermal, oral and ocular exposure routes for
both monomeric and polymeric HDI have been reported [2]. The potential for
significant exposure of workers’ skin to HDI in paints has been demonstrated in
autobody shops[3].

5.1.3 Dermal Toxicology of HDI

5.1.3.1 Irritation

Acute toxic cutaneous responses to HDI have been observed in a range of
exposed animal models. The earliest data concerning the ability of HDI to act as
a direct skin irritant was published by Haskell in 1961 [4j. HDI was applied to the
non-occluded intact skin of adult male albino guinea pigs either undiluted (100%)
or in solutions of 0.05, 0.5, 5 and 25% in 1:1 acetone-dioxane containing 13%
guinea pig fat.

Applications of the neat compound resulted in actual skin

necrosis and guinea pigs exposed to concentrations as low as 5% displayed
severe erythema and edema. Less severe irritation was noted at the 0.5%
exposure and no irritation response was observed at the 0.05% concentration.

A further investigation into primary irritation by HDI conducted by Dupont (1977)
reported slight dermal irritation of guinea pigs 24 hours after exposure to a 0.1%
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solution of HDI in acetone. No irritation response was detected in animals
exposed to a lower 0.01 % HDI solution [5].

Toxic cutaneous responses have been demonstrated in rabbit models [6]. Male
New Zealand Rabbits were topically exposed to HDI by covering shaved skin
with 2.5 x 2.5cm cloths saturated with 500pil of undiluted HDI and covered with
an inert PVC film.

After 4 hours exposure the patches were removed and

irritation of the skin was immediately observed, presenting as moderate to severe
erythema and slight corrosion in all the animal test population. Severe cutaneous
edema was observed in all but one animal. Upon investigations at subsequent
time points, dry surface necrosis was observed. However, by the final time point
(8 days after exposure) no further gross cutaneous changes were reported.

5.1.3.2 Sensitization

In addition to producing acute dermal irritation responses, HDI has also been
reported to induce skin sensitization after dermal exposure to laboratory animals.
Stadler and Karol (1985) investigated the dose-response relationship for dermal
sensitization to HDI in guinea pigs [6]. This was proposed as a simulation model
for human occupational exposure. Male guinea pigs were initially exposed to a
sensitizing dose of HDI. Seven days after the initial dose, a further topical dose of
either 0, 0.01, 0.1,1 or 10mg was placed on the skin and examined for erythema.

188

Initial reactions were reported after 8 hours and erythema reached a maximum
severity at 24 hours following exposure. The severity of erythema was observed
to follow the dose-response relationship. The 0.1 mg exposed group displaying
the lowest severity and the 10mg group exhibiting the highest. The relationship
between dose and response was found to be statistically significant (p<0.05).

A BALB/cBy mouse model has also been investigated [6]. Sensitizing doses of
HDI were topically applied to mouse ear skin. Five days after the initial dose, HDI
in the dose range 1,10, 100 and 1OOOjig was placed on the ear and the skin was
examined for an immune response (increase in skin thickness) after 24 hours.
Sensitization was shown to follow a dose-response curve in the region of 1 10Opig HDI. However, as doses were increased above 100mg, a reduction in ear
thickness was observed. The chemical dose threshold required to sensitize 50%
of the tested mouse population (SD5o) was calculated as approximately
0.20mg/kg.

Thorne et al (1987) conducted a study to investigate the potential for cross
sensitization

between

HDI

and

dicyclohexylmethane-4,4'-diisocyanate

other
(HMDI),

di isocyanates,

notably

diphenylmethane-4,4'-

diisocyanate (MDI) and Toluene diisocyanate (TDI)[7]. Groups of male mice were
exposed to dermal doses of HDI and other diisocyanates (separately) in acetone.
A control model of animals exposed only to topical doses of acetone was utilised
and no adverse dermal reactions were observed in this test group. Mouse ear
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skin was used for the exposure study and the dermal reactivity of each dose of
HDI was determined by observing changes in dermal thickness.

A dose-

dependant relationship was observed with an increase in ear swelling occurring
as the dose of HDI increased.

Of the diisocyanates investigated, HDI was

reported as being the most potent dermal sensitizer with TDI being the weakest.
HDI was calculated as having an SD50 value of 0.088mg/kg which was more than
60 times greater than TDI. The diisocyantes were observed to elicit cross
reactivity. Mice sensitized to a specific isocyanate demonstrated cross-reactions
with all dermally applied aromatic (MDI and TDI) or aliphatic (HDI and HMDI)
isocyanates. However, the greatest immune response was observed when the
skin was exposed to the same isocyanate used to induce sensitization.
Interestingly the study noted that aliphatic isocyanates induced a more severe
dermal response than aromatic isocyanates (which are most frequently
associated with respiratory sensitization).

Lethal doses were reported as

2,800mg/kg applied topically in acetone. A topical dose of HDI at this
concentration resulted in a 100% mortality rate of the mouse test population
within 16 hours of exposure.

5.1.3.3 Toxicity of HDI Pre-Polymers

Polymeric HDI has been reported to induce an immune response in male guinea
pigs previously sensitized to the HDI monomer [8]. In this investigation initial
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sensitization was induced by four direct intradermal injections of dilute HDI
monomer (0.1ml of 1% HDI in dimethyl phthalate) once a week over a three week
period. A pre-sensitized test group exposed to the HDI polymer Desmodur N-75,
which contained 74% 1,3,5-tris(normal-hexylisocyanate)-biuret and 0.45% free
HDI monomer, elicited a more severe immune response (erythema and erythema
plus edema) and in a greater number of the test population than a pre-sensitized
group exposed to HDI monomer only. No further studies on dermal sensitization
to polymeric HDI have yet been published. However, further studies have been
conducted on respiratory sensitization to pre-polymer HDI biurets. Dose-related
pulmonary immune responses [9] and increased expression of stress-induced
markers [10] were observed following HDI biuret exposure in animal models.

5.1.4 Aim

Indirect and direct methods of tissue analysis by imaging mass spectrometry
have been discussed in the introduction to this thesis. Both cellulose blotting
(indirect) and direct skin approaches, combined with imaging MALDI-MS
analysis, were utilised to investigate the dermal absorption of the diisocyanate
HDI using excised porcine ear skin.
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5.2 Method

5.2.1 Materials

a-Cyano-4-Hydroxy Cinnamic Acid

(a-CHCA) was purchased from Sigma-

Aldrich (Dorset, U.K). 1.6-hexamethylene diisocyanate (HDI), trifluoroacetic acid
(TFA) and HPLC grade ethanol and acetone were purchased from Fischer
(Leicester,

U.K). Cellulose membranes were obtained from

Goodfellow,

(Cambridge, UK.)

5.2.2 Indirect Blotting Approach

1pl of neat HDI was spotted onto the surface of a 2cm x 2cm piece of porcine ear
skin and incubated at 37°C for 1hour. The tissue was sectioned and blots of the
tissue cross section were performed on dry cellulose membranes. 5 ml of aCyano-4-Hydroxy Cinnamic Acid (a-CHCA) at 25mg/ml in acetone containing
0.1% TFA, was applied to the membrane by airspray at a distance of 10cm.
Image analysis was performed using BioMap software. The mass spectrometric
image was superimposed over a light microscope image (4x magnification) of a
corresponding histological section sectioned at 14pm thickness using a cryostat.
The skin section was stained using standard haematoxylin and eosin (H&E) stain
protocols.
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5.2.3 Direct Tissue Analysis

Porcine ear skin was spiked with HDI and incubated as above. Sections were
taken at 12pm increments by cryostat and placed onto aluminium backing. 5 ml
of a-CHCA matrix (25mg/ml in acetone containing 0.1% TFA) was applied by
airspray at a distance of 10cm from the tissue. The experiment was repeated with
the addition of a sputter coating of gold (~5nm) applied directly after the matrix to
the surface of a 12pm section of tissue using an Emitech SC7620 Mini Sputter
Coater.

5.2.4 Mass Spectromeric Analysis

All analyses were performed using an Applied Biosystems/MDS Sciex API “QStar” Pulsar I hybrid quadrupole time of flight instrument, fitted with an orthogonal
MALDI ion source and “O-MALDI Server 4.0” ion imaging software. The Nd:YAG
laser used has an elliptical laser spot size of 150 pm x 100 pm. The laser was
used at an energy setting of 30% (3.2 pJ) and a repetition rate of 1 kHz. The
laser was rastered over the membrane surface and mass spectra were acquired
at 0.2mm increments, the laser firing for approximately 2 seconds per spot.
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5.3 Results

5.3.1 Indirect Blotting Approach to Profile the Dermal Absorption of HDI

Intact HDI was not observed from the blot. As HDI is known to be highly reactive,
hydrolysis of the diisocyanate to the monoamine may have occurred upon
exposure to water content in the air during the process of application of HDI onto
the skin. Hydrolysis may also have occurred during absorption into the skin upon
exposure to the high water content of the porcine skin. The HDI monoamine
(molecular mass 142) was observed from the blot as the protonated molecule at
m/z 143.

The distribution of the monoamine of HDI at m/z 143 was mapped from the tissue
blot using BioMap software. By superimposing the resulting image over a
histological image acquired from the H&E stained porcine skin tissue, an
absorption profile was obtained (figure 5.1). HDI was observed to have
penetrated through the epidermis and into the hypodermis. The highest
concentration of HDI was observed in the dermis. The maximum penetration
depth of HDI observed was 2.6mm.

Hexamethylene diisocyanate has been previously reported to penetrate through
skin and be excreted as the diamine derivative, hexamethylene diamine (HDA),
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in the urine [2]. The presence of the HDI monoamine in the dermis indicates that
penetration readily occurs across the stratum corneum within the 1 hour
exposure time. However the absence of any protonated HDA molecules indicates
that full hydrolysis may only occur in vivo, possibly upon conjugation with proteins
in the circulatory system.

Due to the high fat content of the skin and the presence of endogenous liquids
such as blood and lipids, analyte spreading and poor matrix crystallization may
occur. Successful blots were only achieved from approximately 50% of the
sample population.

5.3.2 Direct Skin Analysis to Profile Dermal Absorption of HDI

An optical image showing the structure of the porcine ear tissue investigated is
presented in figure 5.2.

Inhomogeneous matrix coverage was observed over the porcine skin section.
Figure 5.3 shows the distribution of the protonated molecule of a-CHCA at m/z
190. Matrix ion intensities are very low over the tissue, most likely due to poor
crystallization of the matrix as a result of the waxy nature of the skin tissue.
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The phosphatidyl choline (PC) head group is commonly observed as a fragment
ion in the MS analysis of various lipids [11] and tissues [12]. In figure 4a the
distribution of the PC head group at m/z 184 appears to be inhomogeneous
throughout the tissue. However, one main cause of this inhomgeneity is the
inhomogeneous coverage of the matrix on the tissue. When the intensity of the
PC head group at m/z 184 is normalized against the protonated molecule of the
matrix (m/z 190) a more homogenous distribution of the PC head group is
observed throughout the porcine ear skin (figure 5.4b). A clear distinction can be
observed between the skin layers and the cartilage running through the centre of
the ear. Only a very low intensity of m/z 184 ions is observed in the cartilage
whereas vastly greater intensities are observed in the skin tissue. This is as
would be expected due to the high lipid content (and thus high PC content) of the
skin.
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Intact HDI ([M+H]+ expected at m/z 189) was not observed on the skin surface
following normalization against the matrix at m/z 190. However, the hydrolysed
monoamine at m/z 143 was clearly observed following normalization and its
distribution is shown in figure 5.1. The explanation for the absence of intact HDI
is again believed to be due to the diisocyanate being hydrolysed to the
monoamine upon exposure to water either; during application to and absorption
in the skin, or during the cryostat tissue sectioning process. As occurred with the
indirect blotting method, HDA was not detected on the tissue.

The relatively homogeneous nature of the distribution of the PC head group
through the porcine skin enabled it to be used as a reference for dermal
penetration. The image of HDI monoamine distribution in the skin section was
superimposed over the distribution of the PC head group enabling the location of
the monoamine in the skin to be determined (figure 5.6). From this image HDI
was observed to penetrate through all layers of the skin, ultimately reaching the
cartilage. Upon penetrating thus far it appears to spread horizontally along the
cartilage as further absorption isn’t possible due to the impermeability of the
cartilage. The highest intensity of HDI monoamine is observed in the dermis and
a penetration depth of 2.3mm was observed in this sample.

However HDI

monoamine was not detected in the upper skin layers, with the m/z 143 ion
initially being observed at a depth of 0.6mm into the skin.
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HDI has been reported to readily penetrate through the skin and so it would be
expected that the highest concentration of HDI monoamine to be located in the
dermis. However, small quantities of HDI monoamine would be expected to
remain on the surface and in the epidermal skin layers (as was observed from
the indirect blots). The absence of the HDI monoamine in this region may be a
result of analyte suppression caused by a high quantity of matrix accumulating
around the edges of the tissue section during airspray application. Normalization
against the matrix would however be expected to minimise this effect. Another
proposed reason is curling or folding of the skin section on the aluminium plate.
Due to the waxy and fragile nature of the skin sections adhesion to the aluminium
plate was relatively low, leading (in some sections) to notable raising of the
section edges upon removal from the cryostat and thus probable dehydration of
the tissue.

Porcine Ear Skin

Porcine Ear Cartilage
Porcine Ear Skin

Figure 5.2 Optical image of HDI-spiked porcine ear prior to sectioning
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Figure 5.3 MALDI Image showing the
inhomogeneous distribution of the molecular ion of aCHCA (m/z 190) over the porcine ear section surface
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5.3.3

Use of Gold Coating to Enhance Sensitivity of HDI Species from

Tissue

Coating biological tissue sections with gold has been shown to increase
sensitivity of mass spectrometric analysis of certain compounds for MALDI t13]
and SIMS [143 analysis. In this investigation porcine ear skin sections (pre-spiked
with HDI) were sputter-coated with a thin layer of gold after the application of aCHCA by airspray deposition with the aim of observing any enhancement in
detected sensitivity of HDI species on the tissue.

Inhomogeneous a-CHCA coverage was again observed over the tissue section
surface with a very low intensity of protonated molecular ions being detected (fig
7). The PC head group was observed but was also apparently inhomogeneously
distributed throughout the skin (figure 5.8a). Normalization against the matrix at
m/z 190 resulted in a clearly more homogeneous distribution of the PC head
group (figure 5.8b) enabling the skin and cartilage tissue layers to be clearly
distinguished.

The HDI monoamine at m/z 143 was not observed in the porcine ear section
without normalization (figure 5.9). When normalized against the matrix at m/z
190, the HDI monoamine was observed at very low intensities (figure 5.10). As in
previous results, the isocyanate penetrated into the lower layers of the skin
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although an accurate penetration profile and depth cannot be determined from
this image due to the very low intensity of isocyanate ions observed (<15).

Very low signals for HDI monoamine were obtained from all gold-coated samples
in comparison to samples where a-CHCA matrix was used without the gold
sputter coating. The gold coating appeared to result in suppression of HDI
monamine [M+H]+ ionization. However, the PC head group was observed at
equal or greater intensities than by use of a-CHCA alone.

13.9

15.0

16,0

17.0

18.0

19.0

20.0

2 l'.0

22.0

23.0

2 4 .0 2 4 .7

Width (mm)

Figure 5.7 MALDI image showing the
distribution of a-CHCA [M+H]+(m/z 190) over
porcine ear section sputter-coated with gold
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5.4 Conclusion

The indirect and direct methods for imaging MALDI-MS analysis of the dermal
absorption of HDI proved successful. In both the direct and indirect investigations
the distribution of the protonated HDI monoamine at m/z 143 was mapped in
skin. Similar absorption profiles were obtained by both methods. Penetration of ^
HDI-derived monoamine through the stratum corneum occurred readily with the
highest amounts of HDI monamine observed in the dermis after the 1 hour
exposure period.

Both imaging methodologies have advantages and disadvantages. The use of
indirect blotting increased the potential for spreading of the isocyanate during the
blotting process and the success of the blot was dependent upon the
composition of the tissue. High fat levels and the presence of endogenous liquids
such as blood resulted in a successful blot being achieved in only approximately
50% of cases. A homogeneous matrix coverage was achieved over the
membrane surface thus negating the requirement for normalization against the
matrix.

Direct skin analysis eliminated the risk of analyte spreading during blotting but
difficulties occurred in sectioning the porcine ear tissue. ‘Curling’ of the tissue
edges also proved to be a problem and it is believed this may have resulted in
suppression of the HDI monoamine signal in the upper layers of the skin section.

207

By normalizing the HDI monoamine ion intensity against the a-CHCA [M+H]+ the
location of HDI within the tissue section was determined. However, it must be
noted that normalizing against the matrix intensity will not compensate for analyte
suppression effects (ASE) or matrix suppression effects (MSE)[15] which may be
occurring.

The use of an independent internal standard incorporated in the

matrix mixture would be ideal, although due to the highly reactive nature HDI and
its cross reactivity with other isocyanates a deuterated isocyanate internal
standard would not be suitable.

The application of a gold layer above the matrix did appear to improve the
sensitivity of endogenous lipids in the porcine skin. However, the HDI
monoamine was only observed at low intensities in the tissue resulting in a poor
quality image which was not suitable for penetration studies.
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6.1 Conclusion and Future Work

Occupational hygiene monitoring is of vital importance for the protection of the
health and wellbeing of workers. Health and Safety governing bodies are
constantly searching to optimise analytical methods for determining occupational
exposure levels to hazardous compounds.

Mass spectrometric methods have previously been applied to the analysis of
occupationally sampled

hazardous compounds.

The most common

MS

techniques used are LC-MS and GC-MS. The aim of this thesis was to apply
MALDI-MS and specifically the relatively new technique of MALDI-MS imaging
(MALDI-MSI) to the characterization and localization of occupational compounds
of interest in skin.

The application of MALDI-MS and MALDI-MS/MS for the initial stability testing of
an aliphatic and an aromatic isocyanate resulted in the observation of a reaction
occurring where one isocyanate group hydrolysed to an amine. This was
observed to form rapidly upon exposure to water vapour in the laboratory
atmosphere. The diamine hydrolysis products of many diisocyanates in biological
fluids are reported in the current literature (listed in chapter 3 of this thesis) but
direct measurement of a diisocyanate derived monoamine has yet to be reported.
The monoamine intermediate product may hold a vital role in sensitization
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reactions. Immunological methods could be applied to obtain further information
concerning this.

Due to the highly reactive nature of isocyanates, a derivatisation step is
incorporated into most analysis. An ethanol-derivatisation step to stabilize the
HDI monomer and related monoamine species is reported in chapter 2 of this
thesis. The ethanol-derivatised HDI (HDI urethane) proved to be stable over a 14
day experimental period. A surface swabbing method incorporating the ethanol
derivatisation step was introduced and was shown to be reproducible for the
extraction of HDI (as the ethanol derivatised urethane) from both personal
protective equipment and a sample aluminium surface.

The MALDI-MS technique provided a rapid method of analyzing many samples
of monomeric and pre-polymeric HDI species in comparison to standard GC-MS
and LC-MS methods. However, further work is recommended to identify and
characterize larger polymer forms of isocyanates which would be expected to
occur in the workplace during the application of the diisocyanate. MALDI-MS
would be viable for this due to the large mass range covered and would provide
further vital information relating to the types of HDI species to which workers are
exposed.

Occupational exposure monitoring via direct sampling of diisocyanates from
workers skin

has

inherent difficulties.
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Most

analytical

methods

require

diisocyanates to be derivatised for transport and analysis. Due to the toxic nature
of the derivatising agents, direct sampling via impregnated swabs or wipes of
workers skin is impossible. The ethanol-saturated cellulose blotting method
described in chapter 4 of this thesis proved to be successful for the extraction
and derivatisation of HDI from porcine ear 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 retention.

A similar method was used for the analysis of the insecticide chlorpyrifos, for
both skin surface sampling and permeation studies. Due to the hydrophobic
nature of the compound, carbon membranes appeared to be a more suitable
blotting medium and produced images at higher intensities which retained a
higher degree of spatial information than the ethanol-saturated cellulose
membranes. From the images obtained, chlorpoyrifos was observed to readily
penetrate through the stratum corneum and the greatest amount was located in
the dermis after the 1 hour exposure time.

The mechanisms by which diisocyanates react within the body are not yet fully
understood. Diisocyanates have been observed to penetrate through the skin
and to be excreted in the urine (usually in protein-conjugate form). A method for
the determination of free TDA monomer formed by reactions (hydrolysis) of the
TDI monomer when applied to HaCaT Cells by LC-MS was described in chapter
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3 of this thesis. The method incorporated the use of a novel extraction procedure
to extract TDA from the cell media and water control and this extraction proved to
be precise. Only small amounts of free TDA were observed in the cell media
extracts, however, even after the spiking of a 100jimol concentration of TDI. The
TDI appeared to remain conjugated to proteins and/or peptides in the cells and
culture media.

The monoamine of HDI proved to be relatively stable for imaging MALDI
analysis. As described in chapter 5 of this thesis, the monoamine was mapped
through the excised porcine ear section by both indirect blotting and direct skin
approaches. A similar absorption profile was observed for both methods showing
that HDI penetrated readily through the stratum corneum and that the highest
concentration was located in the dermis. These are the first data describing direct
MALDI-MS analysis of skin as the waxy nature of the surface has been reported
previously to lead to poor matrix crystallization and homogeneity [1]. By
normalizing the protonated molecule of the HDI monoamine against the
protonated molecule of a-Cyano-4-Hydroxy Cinnamic Acid (oc-CHCA) matrix, the
location of HDI (in monoamine form) in the skin was clearly observed. It would be
interesting to determine whether the HDI was hydrolyzing to the monoamine in
the skin or whether the reaction had already occurred during the pipetting and
skin incubation procedure. Again this could be further investigated by use of an
immunological technique (i.e. monitoring cytokine expression) preferably using
live tissue as (from the evidence determined during direct exposure of TDI to
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keratinocyte cells) conjugation of the isocyanate would occur with proteins in the
HaCaT cells.

It must be noted that all the results obtained for the dermal extraction or
permeation experiments were dependent upon the properties of the excised (and
snap frozen) porcine ear skin that was used as the model for human skin. It
would be realistic to assume that the snap freezing procedure may compromise
the integrity of the stratum corneum to some extent, resulting in greater
penetration of compounds. Ideally excised human skin or artificial skin constructs
would be used for these investigations. However, due to ethical constraints this
was not possible during the experimental duration.

Methods for sampling and MALDI-MS analysis of isocyanates and chlorpyrifos
have been developed. Future work will involve testing both the MALDI-MS
analysis and alcohol derivatisation method via field sampling of workplaces
(specifically autobody spray shops and adhesive manufacturers) where large
quantities of HDI pre-polymers are used. The data obtained will provide more
information on the isocyanate species present under these conditions and may
result in the development of new and/or improved Health and Safety Executive
methods

for

the

determination

of

hazardous

di isocyanates.
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substances

(MDHS)

for
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Appendix

Oral Presentations

Winner of the Barber- Bordoli prize for best postgraduate oral presentation,
'Imaging Matrix Assisted Laser Desorption Ionisation—Mass Spectrometry
for the Investigation of Dermal Absorption of Chlorpyrifos1presented at the
British Mass Spectrometry Annual Conference, York, UK (September 2005).

'Applications of Imaging Matrix Assisted Laser Desorption Ionisation Mass Spectrometry to the Study of Dermal Absorption of Isocyanates'
presented at 3rd National Conference on Environmental Mass Spectrometry,
Chester, UK (April 2006)

Selected for the Journal of Mass Spectrometry award for an oral presentation
titled 'Applications of Imaging MALDI-MS to the Dermal Absorption of
Isocyanates'

presented at the International Mass Spectrometry Conference,

Prague, Czech Republic (September 2006)

'Investigation of the

Dermal

Absorption

and Surface Sampling

of

Isocyanates using Novel Methodology' presented at British Occupational
Hygiene Conference, Glasgow, UK (April 2007)
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Poster Presentations

'Applications

of Matrix Assisted Laser Desorption Ionisation

- Mass

Spectrometry to the Study of Dermal Absorption of Isocyanates for
Occupational Hygiene Interests' presented at American Society of Mass
Spectrometry

Annual

Conference, Nashville,

US (June 2004),the 2nd

Environmental Mass Spectrometry Meeting, Chester, UK (April 2004), Royal
Society of Chemistry Research Forum, Preston, UK (July 2004), and the British
Mass Spectrometry Annual Conference, Derby, UK (September 2004).

'Applications

of Matrix Assisted Laser Desorption Ionisation

- Mass

Spectrometry to the Study of Dermal Absorption of Chlorpyrifos for
Occupational Hygiene Interests' presented at American Society of Mass
Spectrometry Annual Conference, San Antonio, Texas, US (June 2005) and the
Royal Society of Chemistry Research Forum, Plymouth, UK (July 2005),

'Applications of Imaging MALDI-MS to the Study of Dermal Absorption of
Isocyanates' presented at American Society of Mass Spectrometry Annual
Conference, Seattle, Washington, US (June 2006) and the Royal Society of
Chemistry Research Forum, Cork, Ireland (July 2006)
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Matrix assisted laser desorption ionisation mass spectrometry - New
technique for drug distribution studies, Chemistry Today, 2005 23 p5-8
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