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ABSTRACT

Photodynamic therapy (PDT) is a non-thermal technique for inducing tissue necrosis with
light following the administration of a photosensitising drug. One of the main challenges
facing PDT is the development of real-time monitoring techniques to improve the dosimetry
since current clinical therapy relies purely on pre-determined drug and light doses. This
thesis deals with the development of methods for monitoring PDT dosimetric parameters of
tissue oxygenation and the photosensitiser concentration. Spectroscopic studies were
carried out both in vitro and in vivo using the following photosensitisers: aluminium
disulphonated phthalocyanine and S5-aminolaevulinic acid induced protoporphyrin IX
(PpIX). The techniques of laser induced fluorescence spectroscopy and diffuse reflectance
spectroscopy were employed and spectra were resolved using a charge-coupled device
(CCD) spectrograph system, The CCD array was also used for fluorescence imaging of
photosensitisers in tissue.

These techniques were evaluated firstly using a stable tissue phantom material containing
the photosensitiser. Studies were then carried out in tissue using fibre-optic probes and
changes in the fluorescence and reflectance spectra were recorded during PDT. Both
photosensitisers exhibited photobleaching and a fluorescent photoproduct could be detected
with PpIX, both in animal and clinical biopsy specimens. Different kinetics were observed
when the blood supply was occluded.

A time-resolved approach for the study of tissue oxygenation during PDT was developed,
relying on the oxygen-dependent phosphorescence quenching of a probe compound. A
significant depletion in tissue oxygenation by up to a factor of ten was observed during
PDT treatment with a smaller reduction at further distances from the treatment source light.
The dependence of tissue autofluorescence during PDT was studied using ultraviolet
excitation. A rapid decrease was observed in NADH fluorescence during PDT.

The spectroscopic techniques developed in this project are capable of monitoring the effect
of PDT on tissue, and with further development may provide a means of real-time
monitoring of PDT for clinical use.



TABLE OF CONTENTS

1. INTRODUCTION

1.1 History of PDT
1.2 Mechanisms of PDT

1.3 Photosensitisers
1.3.1 Aluminium disulphonated phthalocyanine
1.3.2 5-aminolaevulinic acid
1.3.3 mTHPC - FOSCAN

1.4 PDT dosimetry

2. BACKGROUND AND THEORY

2.1 Dosimetry Models

2.2 LIGHT DOSE
2.2.1 Introduction
2.2.2 Tissue Optics
2.2.2.1 Modelling of Light transport in tissue
2.2.2.2 Tissue Optical Parameters
2.2.2.2.1 Scattering coefficient:
2.2.2.2.2 Absorption coefficient:
2.2.2.2.3 Anisotropy factor:
2.2.3 Measurement of Optical Energy in situ

2.3 Photosensitiser Concentration
2.3.1 Absorption
2.3.2 Absorption and emission spectra
2.3.2.1 Excited states
2.3.3 Fluorescence and Phosphorescence
2.3.4 Quantum Yield
2.3.4.1 Luminescence Kinetics

2.3.5 Molecular structure

16

16

18

21
23
25
28

29

31

32

34
34
34
35
36
36
37
38
38

38
39
41
41
43
45
45
48



2.4 Quenching
2.4.1 Stern-Volmer relationship
2.4.2 Lifetimes

2.5 Oxygen Measurement

2.6 Conclusion

3. MATERIALS AND METHODS

3.1 Introduction

3.2 PDT excitation source

3.3 Steady state fluorescence: Emission Spectroscopy

3.4 Steady state fluorescence: Imaging

3.5 Steady state diffuse reflectance

3.6 Microspectrofluorimetry

3.7 Phosphorescence lifetime measurement
3.7.1.1 Time Gated Switch

3.8 Epoxy tissue phantoms

3.9 Animal model
3.9.1 Protoporphyrin IX (PpIX)
3.9.2 Aluminium disulphonated phthalocyanine (A1S2Pc)

3.10 Conclusion

4. REFLECTANCE AND FLUORESCENCE SPECTROSCOPY OF
PHOTOSENSITISERS

4.1 Introduction

4.2 Background and Theory
4.2.1 Diffuse reflectance spectroscopy, R4
4.2.2 Laser Induced Fluorescence (LIF) Spectroscopy

4.2.3 Use of scattered light as reference

49
50
52

53

53

54

54

54

55

59

62

64

67
69

71

72
72
73

73

74

74

76
76
78
79



4.3 Geometry

4.4 Results
4.4.1 Epoxy Tissue Phantoms
4.4.2 Angle of the detector fibre
4.4.3 Effect of concentration on LIF and Rd
4.4 .4 Effect of pathlength on LIF and Rd
4.4.5 Concentration Calculation
4.4.6 In vivo Spectroscopy
4.4.6.1 Diffuse reflectance spectroscopy from living tissue

4.4.6.2 Fluorescence spectroscopy of living tissue

4.5 Discussion

4.6 Conclusion

5. PHOTOBLEACHING OF PHOTOSENSITISERS

5.1 Introduction

5.2 Background
5.2.1 Quantum yield for photobleaching

5.3 Photobleaching in cells and solutions
5.3.1 PpIX photobleaching
5.3.2 Phthalocyanine photobleaching

5.4 RESULTS

5.5 PART 1: Aluminium disulphonated phthalocyanine (AIS2Pc)
5.5.1 Tissue Phantom photobleaching
5.5.2 In Vivo experiments with A1S2Pc
5.5.2.1 Changes in signal from tail during PDT
5.5.2.2 Diffuse reflectance measurements from tail
5.5.2.3 Laser induced fluorescence from tail
5.5.2.4 Laser induced fluorescence from colon
5.5.2.5 Diffuse reflectance measurements from colon

5.5.3 Reduction of the blood supply during PDT

5.6 Part 2: Protoporphyrin IX (PpIX)

81

83
83
85
87
92
98
100
100
102

105

106

109

109

112
113

114
114
116

117

117
117
120
120
121
123
125
127
128

131



5.6.1 PpIX cuvette
5.6.1.1 Fluorescence spectra from ex vivo tissue samples
5.6.1.2 In vivo experiments with ALA induced PpIX
5.6.1.2.1 Fluorescence images of in vivo colon PDT
5.6.1.2.2 Diffuse reflectance measurements with PpIX
5.6.2 Occlusion of blood supply
5.6.2.1.1 Lesion size
5.6.3 Fractionation of the light dose with ALA induced PDT

5.7 Mathematical model of photobleaching
5.7.1 Photobleaching of AlS2Pc versus PpIX
5.7.2 PC simulation of photobleaching

5.8 Discussion
5.8.1 Photobleaching: Aluminium disulphonated phthalocyanine (AlS2Pc)
5.8.2 ALA induced PpIX photobleaching

5.8.3 Fractionation

5.9 Conclusion

6. MICROSPECTROFLUORIMETRY

6.1 Introduction

6.2 Materials and method
6.2.1 Iron chelators to enhance PpIX production
6.2.2 Photobleaching: effect of PDT on tissue
6.2.3 Human tissue photobleaching

6.3 Results
6.3.1 PpIX spectra with iron chelating agents
6.3.2 PDT on rat colon: fluorescence images and spectra

6.3.3 PDT on human tumour tissue

6.4 Discussion

6.5 Conclusion

7. NADH FLUORESCENCE

131
133
134
136
136
137
142
144

151
152
153

159
159
162
163

164

167

167

167
170
172
172

173
173
175
179

182

184

185



7.1 Introduction

7.2 Background

7.3 Material and methods

7.4 Results
7.4.1 In vitro studies
7.4.2 Ex vivo studies
7.4.3 In vivo studies
7.4.4 Imaging

7.5 Discussion

7.6 Conclusion

8. OXYGENATION MEASUREMENT

8.1 Introduction

8.2 Background
8.2.1 Instrumentation for measuring pO, levels
8.2.1.1 Oxygen Electrode
8.2.1.2 Pulse Oximetry for oxygen monitoring
8.2.1.3 Blood Gas Analysis

8.2.1.4 Fluorescence lifetime monitoring

8.3 Phosphorescence Lifetime Quenching
8.3.1 Measurement of Time Resolved Phosphorescence
8.3.2 Analysis of the Detected Phosphorescence Decay
8.3.2.1 Analysis using Jandel Sigmaplot
8.3.2.2 Analysis using Microsoft Excel
8.3.3 RESULTS
8.3.3.1 In Vitro studies
8.3.3.1.1 Reference Gasses
8.3.3.2 De-oxygenation
8.3.3.2.1 Nitrogen Purging
8.3.3.2.2 Ascorbate Oxidase, Ascorbic Acid
8.3.3.2.3 Glucose Oxidase, Glucose and Catalase
8.3.3.2.4 Photochemical Method using PpIX and AlS2Pc

185

186

188

191
191
194
194
197

200

201

203

203

204
205
206
207
207
208

209
209
213
213
214
216
216
217
219
219
220
221
223



8.3.4 In Vivo Experimental studies 225
8.3.4.1 PATCPP pharmacokinetics 226
8.3.4.2 Phosphorescence Signal 226
8.3.4.3 Clamping of the Liver and Colon 229

8.3.4.3.1 Clamping of the blood supply to the Colon 229
8.3.4.3.2 Clamping of the Liver 230

8.3.4.4 PDT on the Liver 231

8.4 Discussion 237
8.5 Conclusion 240
9. CONCLUSION 242
9.1 summary of experimental work 243
9.2 Future experimental directions 246
9.3 Clinical relevance 247

9.4 Conclusion 247



TABLE OF FIGURES

Figure 1-1 Simplified diagram of PDT action. Type Il (singlet oxygen) mediated pathway is the

principle mechanism accounting for PDT tissue damage. 19

Figure 1-2 Schematic representation of the chemical structure of aluminium disulphonated

phthalocyanine. 23
Figure 1-3 Simplified biosynthetic pathway for haem. Fluorescent and photoactive components are

enclosed in rectangles. Controlling enzymes are in italics. 26
Figure 1-4 Schematic representation of the chemical structure of protoporphyrin IX (PplX). 27
Figure 1-5 Clinical application of FOSCAN courtesy of C Stewart. 28

Figure 2-1 Beer Lambert law. I,, light incident on a solution of thickness x. With I,, being the intensity
of the transmitted light. 40

Figure 2-2 Jablonski Energy diagram. I[llustrating the absorption of a photon promoting the electrons

to a higher energy level and the possible routes of deactivation. 42

Figure 3-1 Schematic representation of experimental apparatus used to monitor steady-state

Sfluorescence A) in solutions and B) from tissue samples & phantoms. 56

Figure 3-2 Schematic representation of the apparatus used to acquire fluorescence images from

samples containing photosensitisers 59

Figure 3-3 Illustration of Twilight software and fluorescence intensity profiles. 61

Figure 3-4 Schematic representation of the experimental apparatus for measuring diffuse reflectance,

Ra 62

Figure 3-5 Reflectance spectrum with and without filter in the white light source. 63

Figure 3-6 Schematic representation of the microscope with spectrograph and CCD attached for

microspectrofluorimetry. 65

Figure 3-7 Schematic representation of the molecular structure of PdTCPP. 66

Figure 3-8 Schematic representation of the experimental apparatus for monitoring phosphorescence

lifetime. 67

Figure 3-9 Timing diagram with the time gated switch. Note the effect of grounding the amplifier input
during the TTL pulse. 70

Figure 4-1 Example of 'dip’ in diffuse reflectance spectrum due to absorption of chromophore. R, is the

total reflectanc signal recorded. 77

Figure 4-2 Schematic representation of the volume of tissue sampled as the distance between the

excitation and detection fibre is varied 81

Figure 4-3 Schematic illustration of overlap of excitation and detection areas when using a bifurcated

fibre bundle 82




10

Figure 4-4 Fluorescence emission from phantoms containing AICIPc - taken 2 months apart. Spike at

632nm is from the excitation source (low powered HeNe laser). 84

Figure 4-5 Variation in recorded fluorescence intensity with angle of detector fibre - normalised to

intensity of scattered excitation light at 632nm. 86

Figure 4-6 Diffuse reflectance spectra from samples with AICIPc at different concentrations 87
Figure 4-7 Absorbance at different PS concentrations calculated from diffuse reflectance spectra 88
Figure 4-8 Fluorescence spectra from phantoms with different concentrations of photosensitiser 89
Figure 4-9 Changes in the detected excitation light with concentration and fibre separation - note log

scale. 91

Figure 4-10 Diffuse reflectance spectra at different fibre separations - block containing 0.78 M
AICIPc 93

Figure 4-11 Schematic representation of integrating sphere experiments with phantoms. 94
Figure 4-12 Diffuse reflectance spectra recorded using an integrating sphere and phantoms with

different photosensitiser concentration. 95

Figure 4-13 Changes in fluorescence intensity with sample volume (fibre separation- normalised to
scattered laser light). Fluorescence emission from phantom containing AICIPc detected at 780nm __ 96
Figure 4-14 Diffuse reflectance from phantom A) with 5pM mTHPC, B) with 5pM FeCIPc & C) 5uM
PP 97

Figure 4-15 Calculated average absorbance (670-680nm) versus surface source-detector separation
(from Ry) 98
Figure 4-16 Look-up graph to find concentration of unknown phantom from gradient of graph 4-15 99

Figure 4-17 Diffuse reflectance from Wistar rat tail at different source detector separations. Top

control spectra. 101
Figure 4-18 PplX fluorescence from, tail (full) and liver (dotted) of Wistar rats. 103
Figure 4-19 Fluorescence intensity of PpLX after administration of 50mg/kg ALA 104
Figure 5-1 Basic PDT reaction mechanisms. 112

Figure 5-2 Schematic representation of the possible changes to the chemical structure of PpLX during
PDT. 115

Figure 5-3 A) Fluorescence image of tissue phantom after 90J. B) Diffuse reflectance of tissue phantom

showing monomer depletion. 118

Figure 5-4 Fluorescence Intensity at radial surface distances of tissue phantom (3.12 M normalised to

fluorescence intensity before illumination). 119

Figure 5-5 Schematic representation of fibre positioning for diffuse reflectance (white light) and

Jluorescence emission spectroscopy. 121

Figure 5-6 Diffuse reflectance spectra as a function of 675nm irradiation energy (J) from tail of Wistar

rat previously administered with Smg/kg AIS2Pc (fibre separation 3mm). 122
Figure 5-7 Diffuse reflectance spectra from tail after administration of Img/kg AIS2Pc. 123



11

Figure 5-8 Fluorescence images of rat tail after administration of 5Smg/kg. (left to right, pre-treatment,
10J, 20J & post treatment after 30J. Full image 2cm across. 125

Figure 5-9 Normalised fluorescence intensity at 680nm from tail of Wistar rat. 126

Figure 5-10 Fluorescence images of colon PDT with 5mg/kg AIS2Pc showing increasing region of
photobleaching. 127

Figure 5-11 Fluorescence intensity from rat colon previously administered with Smg/kg AIS2Pc 2hrs

prior to treatment. 128

Figure 5-12 Diffuse reflectance spectra from rat colon after administration of 5Smg/kg AIS2Pc. 129

Figure 5-13 Bleaching rate of occluded and normal rat colon during PDT detected at 3mm from source

with Smg/kg administered 2hrs prior to treatment. 130
Figure 5-14 AIS2Pc reflectance spectra from tail during clamping. 132
Figure 5-15 Fluorescence from PplX during PDT - excitation at 594nm 133

Figure 5-16 Fluorescence spectra across ex vivo colon sample after administration of 200mg/kg ALA
2hrs prior to treatment with 25J. Spectra recorded using a bifurcated fibre bundie. 135
Figure 5-17 Fluorescence spectra from colon of Wistar rat administered with 200mg/kg

aminolaevulinic acid. 136

Figure 5-18 Fluorescence images of rat colon PDT with PpIX. A) pre treatment, B) after 10J of light,
C) after 20J of light and D) post treatment. 138

Figure 5-19 Fluorescence spectra at 3mm from the treatment source during PDT in a clamped colon
containing PpLX - Spectra 1 before treatment, 2 and 3 during treatment and 4 post treatment. 139
Figure 5-20 PplX fluorescence spectra - 3mm fibre separation. Removal of clamp post treatment.
(Black before treatment begins, red during treatment and green post treatment - with clamp removed)
Note appearance of photoproduct peak at 670nm 140

Figure 5-21 Example of fitting of three Lorentzian curves to fluorescence emission from PpLX 141
Figure 5-22 Decrease of PpIX fluorescence-636nm (at 4mm from treatment source) in clamped,
unclamped and ex vivo colon samples. 143

Figure 5-23 Colon lesions produced when A) during PDT, B) during PDT with an occluded blood

supply. 145
Figure 5-24 PplX fluorescence from colon before and after PDT with 30J and 2mm fibre separation. 146

Figure 5-25 Fluorescence intensity changes measured at 636nm during fractionation interval with

PplX and 20:80 fractionation regime with 150s interval. 148
Figure 5-26 PplX fluorescence spectra during PDT (30J) with multiple intervals of 150s. 150
Figure 5-27 PplIX fluorescence spectra during PDT with multiple intervals of 50s. 153
Figure 5-28 Typical output from photobleaching simulation program 155
Figure 5-29 Effect on the rate of decrease of S, with initial oxygen levels. 156
Figure 5-30 Changes rate of photobleaching with intensity of incident light 157

Figure 6-1 Experimental setup for obtaining fluorescence emission spectra from cyrosections 169



12

Figure 6-2 Fluorescence emission spectrum from ruby disc illuminated with 543nm light. 170
Figure 6-3 Fluorescence from cryosection of colon. A) ALA only, B) ALA and CP20 & C) AL A and
CPY%4 174

Figure 6-4 Fluorescence images of colon A) at centre of treatment and B) at Smm from the treatment

source. 176
Figure 6-5 Fluorescence from 'end part’ of colon, furthest from the light source 177
Figure 6-6 Fluorescence spectra from photobleached region at centre of treated area 178
Figure 6-7 Fluorescence from the top layer of human tumour cryosections. 180
Figure 6-8 Fluorescence spectra from different depth of tissue after 100s of PDT treatment 181
Figure 6-9 Fluorescence image of human BCC after 100s of light. 182
Figure 7-1 Absorption and emission properties of NAD & NADH. 186
Figure 7-2 Mirror arrangement for detection of NADH fluorescence with a single fibre. 189

Figure 7-3 Fluorescence emission from NADH and NAD in solution using LS50B spectrophotometer.191

Figure 7-4 NADH fluorescence during AIS2Pc PDT irradiated at 100mW for 8 minutes. 193
Figure 7-5 Fluorescence from different tissues of Wistar rat. 194
Figure 7-6 Changes in NADH fluorescence emission during PDT. 195
Figure 7-7 Comparison of NADH fluorescence from rat liver with ALS2PC. 196
Figure 7-8 Fluorescence intensities from liver - clamped and unclamped. 197

Figure 7-9 Fluorescence image from liver with ALS2PC PDT after 18J- full image size 2 x 1.8cm. _ 198
Figure 7-10 Intensity profiles through the centre of the photobleached area on a rats liver with 5mg/kg. 199

Figure 8-1 Stern-Volmer plot with 1,= 637ms and k,= 381 torr’'s”. 211
Figure 8-2 Phosphorescence decay trace from tissue phantom containing PdTCPP. 215
Figure 8-3 Spectral characteristics of PATCPP in solution. 217
Figure 8-4 Typical phosphorescence decay trace from a deoxygenated solution containing PdTCPP

=629 5. 218
Figure 8-5 Phosphorescence lifetime from solution purged with oxygen reference gases. 219
Figure 8-6 Lifetime during nitrogen purging. 220
Figure 8-7 Effect on the lifetime of adding aliquots of ascorbate (100pM) 221
Figure 8-8 Effect of glucose/glucose oxidase on the phosphorescence lifetime of PATCPP 222

Figure 8-9 Lifetime changes during PDT on solution containing PpLX (circles) and S2(triangles). 224
Figure 8-10 Increase in phosphorescence emission intensity in rat colon after administration of

250mg/kg Oxypor. 226

Figure 8-11 Phosphorescence decay trace from liver of Wistar rat (t=364 us) 228

Figure 8-12 Changes in phosphorescence lifetime during occlusion of blood supply to the colon. __ 230
Figure 8-13 Phosphorescence lifetime changes during clamping of colon. 231




13

Figure 8-14 Lifetime changes during PDT on rat liver. Triangles represent lifetimes from unsensitised

control animal. 232

Figure 8-15 a) time resolved control trace from unsensitised liver; b) trace observed after 60J with a

fibre separation of 9mm (r=100us) & c) trace after same energy dose but with fibres adjacent (7=2um).234
Figure 8-16 Lifetime changes at radial surface distances from treatment light source. 235
Figure 8-17 Lifetime changes across treatment area after a PDT treatment with ALA. 236



for Craig and for Julie

Every worthwhile accomplishment, whether big or small
has its stages of drudgery and triumph;
a beginning, a struggle and a victory



15

ACKNOWLEDGEMENTS

The work carried out in this thesis was performed at the National Medical Laser Centre,
University College London. I am extremely grateful to Dr Sandy MacRobert and Prof.
S.G Bown who provided not only much needed guidance and advice but encouragement
at all times. Thank you for providing me with the opportunity to undertake research in a

field that I was interested in.

I wish to express my sincere thanks to Dr Giovanni Buonaccorsi not least for proof
reading this thesis. I also wish to thank the other members of research in the department;
Miss A Curnow and Mr M Postle-Hacon for their invaluable help with the animal
studies, Dr D Pattison for his help with the photobleaching modelling & Dr M Scott for
his help with the oxygenation experiments. My colleagues have provided support and
encouragement throughout this project. I wish to thank them all: Dr S Antrobus, Dr S
Chang, Mr A Gordon, Mr C Hopper, Dr A Sahota, Mr D Whitelaw and Mr J Witt.

I owe thanks to many people outwith the department: Dr R Springett for his patience in
teaching me about CCD devices, Dr T Oldham and Miss J Lacey for running absorption

spectra for me, Mr P Darkin for preparing cryosections.

I wish to thank my parents without who I would never have come this far. A thesis is
not a lot to get in return! I am grateful to my friends who have always been there when I
needed some help or relief. This thesis could not have been completed without the

unquestionable support of Julie, I don’t think I can ever repay her.

The work carried out in this thesis was funded by the EPSRC.

The work carried out in this thesis is my own except where detailed in the text and has

not previously been entered for a higher degree or award at this or any other University.



Introduction to PDT 16

1. INTRODUCTION

Photodynamic therapy (PDT) is a non thermal technique for inducing necrosis following
administration of a light activating photosensitiser agent which may be selectively
retained in malignant tumours relative to the surrounding normal tissue. The treatment
uses a range of photosensitisers, each of which has different spectral characteristics and
requires different excitation wavelengths. The excitation source is usually a laser with
the wavelength matched to an absorption band (normally in the red) of the
photosensitiser. Red light is used due to the increased penetration of the light through
biological tissue, if light of shorter wavelength is used then it is absorbed by the
chromophores (e.g. melanin) in the tissue very quickly. Laser light sources are used
primarily because it is relatively straightforward to couple laser light into an optical fibre.
Since the light can then be delivered to almost any site the localisation of the treatment is
improved. The narrow absorption wavebands of some photosensitiser means that
efficient excitation is achieved using a laser source which is wavelength tuned to match
the peak absorption wavelength of the photosensitiser. Laser sources are not the only
source available, in principle any light source with an wavelength output matched to the
absorption of the photosensitiser could be used. Arc lamps are finding increasing
application for the treatment of skin tumours since coupling to fibres is not the major

concern.

1.1 HISTORY OF PDT

PDT can be traced back to the turn of the century when Raab (1900) used acridine to kill
paramecia in the presence of light. This concept was then used by von Tappeiner &
Jesionek (1903) to treat skin cancer with topical application of eosin, with varying
degrees of improvement. The term ‘photodynamic’ was introduced by von Tappeiner to
designate that this treatment having a tissue oxygen dependence. Hausman, (1911)
having focused on a substance derived from dry haem conducted a series of experiments

on animals, the results of which have led to the current day development of porphyrin
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based photosensitisers. Extraction of the fluorescence substance from the tumours
studied resulted in the discovery that the active component was a group of porphyrin
derivatives of haematoporphyrin (Hp) which is the transformed product of haem by a

haemolytic bacterial infection associated with tumours (Policard 1924).

After further purification of these photoactive porphyrin derivatives Lipson et al (1961)
identified the most active as being haematoporphyrin derivative (HpD). HpD however,
is still a mixture of monomeric and oligomeric porphyrins. Isolation of the oligomeric

porphyrins has led to the photosensitiser dihaematoporphyrin ether/ester (DHE).

HpD was the most commonly used photosensitiser for experiments and clinical trials
until it was replaced by a purified compound containing haematoporphyrin dimers linked
with either ester or ether bonds: an agent which is now known DHE or Photofrin
(Dougherty 1987). While Photofrin is the main photosensitiser in routine clinical use and
is typically given in an injected dose of 2.5mg/kg intravenously, the lesion is then treated
48hrs later with 630nm red light. DHE has a relatively low absorption coefficient and
causes prolonged skin photosensitivity therefore patients must remain out of sunlight for
up to 1 month after treatment. There are several second generation photosensitisers
which have improved properties, such as higher absorption coefficients, longer
wavelength absorption bands and result in lower skin photosensitivity post treatment.
Among them is a natural precursor aminolaevulinic acid (ALA) which is part of the haem
biosynthetic pathway and produces protoporphyrin IX (PpIX) in cells. ALA induced
PpIX has a maximum tolerated dose of 60mg/kg and is administered orally, although
there has just recently been an intravenous preparation made at UCL. PpIX PDT has
shown to produce superficial lesions and is currently targeting small tumours but is
showing promise for oral cancers and as a treatment for Barrats oesophagus. The clear
advantage of PpIX PDT is that there is only skin photosensitivity for 24hrs after
treatment. A more powerful photosensitiser is meso-tetra-(m-hydroxyphenyl) chlorin
(mTHPC or FOCAN) which has been shown to have a much deeper tissue effect and can
be used on larger tumours. mTHPC is excited at 652nm and is typically given in doses

of 1-2mg/kg. Phthalocyanines have shown promise as photosensitising agents, in
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particular the disulphonated compound (AIS2Pc). Bishop et al (1993) separated the
isomers of the phthalocyanine into pure form and this form is shortly to be used in
clinical trial at UCLH for the treatment of skin disorders. AlS2Pc (or S2) has a large
absorption band which peaks at 675nm and is typically administered intravenously at a
dose of 1mg/kg. It is hoped that come the turn of the century PDT will stand as a
standardised therapeutic option for malignancies, with specific photosensitisers being
used to target different tumours and lesions thereby tailoring the therapy to the individual

case.

1.2 MECHANISMS OF PDT

Photodynamic therapy requires the combination of photosensitiser, light of a wavelength

matched to an absorption band of the photosensitiser and tissue oxygen. The

photosensitiser absorbs the red light promoting the molecules to the first excited singlet

state. The excited molecules can decay by three main mechanisms;

¢ internal conversion where the molecule loses energy to the solvent and returns to the
ground state

o radiative decay via fluorescence to the ground state

e intersystem crossing to the metastable triplet state

The photosensitiser in the triplet state can react with the tissue elements, either by

producing hydroxyl and superoxide radicals (type I phototoxicity), or by energy transfer

to ground state oxygen to form singlet oxygen (‘O,) via a type II phototoxicity

mechanism.
TYPE 1 T+ROT +R'> electron transfer
TYPE I T+0,>S,+10; resonant energy transfer

It is generally accepted that singlet oxygen causes cellular destruction through the effects
of functional or structural alterations of cellular components by photo-oxidation

(Dougherty et al, 1983). The basic principles of PDT are shown in figure 1-2.
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Figure 1-1 Simplified diagram of PDT action. Type II (singlet oxygen) mediated pathway is the
principle mechanism accounting for PDT tissue damage.

The role of singlet oxygen (type II) as the phototoxic reaction pathway has been firmly
established, although type I reactions may play a small role. The measurement of singlet
oxygen in vivo has been unsuccessful due to its rapid quenching and chemical interaction
with the tissue. Although 'O, has not been measured in tissue, there is ample indirect
evidence using specific singlet oxygen quencher the PDT effect can be abolished (Firey et
a, 1988 and Patterson et al, 1990). The three main subcellular components susceptible
for photodamage following PDT are proteins, lipids and nucleic acids. Structural change
can lead to cross-link formation or subsequent biochemical reactions amongst various
components, causing functional or structural breakdown of cellular organelles - resulting

in cell death.

A) Molecular mechanism - Membrane damage

An important site of action of most photosensitisers is the plasma and organelle
membranes. The main constituents of the membranes are phospholipids, cholesterol and
proteins. There is sufficient evidence suggesting membrane photooxidation is mediated
by protein damage rather than by lipid peroxidation (Ceckler et al, 1986). The amino

acids tryptophan, cysteine and histidine in the membrane are sensitive to
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photosensitisation with porphyrins, chlorins, purpurins and methylene blue. Following
illumination, impaired amino acid transportation, increased permeability and the
formation of multiple blebs are characteristic of plasma membrane dysfunction (Moan et

al, 1979 and Kessel 1986).

B) Molecular mechanism - Mitochondrial damage

Another possible mechanism which most photosensitisers exhibit is the photosensitiser
induced photodestruction of the mitochondrial (Rosenthal &Ben Hur, 1989). Specific
mitochondrial damage after PDT includes inhibition of oxidative phosphorylation with
diminished transmembrane electron transport enzyme activity (Hilf et al, 1984 and Moan
1986).

C) Molecular mechanism - DNA damage

Nuclear localisation of photosensitiser in not common in cells, however, in view of the
close vicinity of DNA loops to the nuclear membrane damage is a reasonable expectation
following PDT. Different photosensitisers have been shown to have varying effects on

the DNA damage induced with PDT (Moan et al 1980 and Ben Hur et al 1987).

D) Cellular mechanism - Apoptosis

Apoptosis is a cellular response to photooxidation and is a possible mechanism for PDT
induced cell destruction (Agarwal et al, 1991). The dying cell implodes into membrane
delineated fragments called apoptotic bodies which are phagocytosed by macrophages or
neighbouring cells. This mode of cell death has been observed with HpD, Photofrin and
a series of phthalocyanines (He et al, 1994) and in vivo tumour models (Oseroff 1993).
Many details of the apoptosis cell death mechanism remain unclear but it is accepted that
it is dependent on the cell-types, possible growth conditions, the photosensitiser used and

the PDT dose.

E) Tissue response - In vivo vascular response
Vascular damage is one of the primary mechanisms accounting for porphyrin based PDT

effects in vivo (Selman et al, 1984, Star et al, 1986 and Reed et al, 1989). Vascular
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permeability may also be an important PDT parameter since some commonly used
photosensitisers circulate in association with macromolecules such as LDL and albumin;
the probability of drug uptake into the tumour mass might then be a product of the
‘leakiness’ of the tumour neovasculature, since PDT itself induces changes to the
permeability of vessels and water balance, within a few hours of treatment.
Vasoconstrictions have been observed in both tumour and normal tissue models, as a
result of both thrombosis and also genuine vasoconstriction. The overall effect of these
vascular effects is commonly an increase in tumour fluid pressure. This is the opposite

effect to UV irradiation which induces vasodilation.

The prompt vascular effect following PDT might be expected to lead to changes in the
tissue oxygen tension and this has been measured in tumours for Photofrin-mediated
PDT (and will be addressed in Chapter 8). Any structural changes in the endothelium are
likely to result in total stasis of blood flow. The role of vascular shutdown induced by
PDT as the primary cause of cell death has been questioned since lower fluence levels

result in diminished vascular damage due to continuing oxygenation of the tissues.

However, the contribution of each of these PDT cell death mechanisms remains unclear
and needs to be quantified. This is made increasingly difficult since different mechanisms

apply for each different photosensitiser depending on its cellular localisation.

1.3 PHOTOSENSITISERS

The most important feature of all photosensitisers is their ability to transform absorbed
light energy (photo-excitation) into chemical energy. In general photosensitisers ideally
must have the following characteristics (MacRobert et al, 1989):

e non-toxic

biochemically stable for long periods of time

o retained selectively in the target tissue relative to the surrounding normal tissue

high triplet state quantum yield

absorb at red or near infra red (NIR) wavelengths
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So far there is no one ideal photosensitiser, each having its advantages. The table below

gives the quantum yields for a variety of different photosensitisers (Bonnett, 1995).

Sensitiser | Extinction coefficient Quantum yields
M'em™
Peak red wavelength | Fluorescence | Triplet state Singlet
oxygen
HpD 3x10° @ 630nm <0.1 0.2 0.1
PpIX | 5x10° @ 630nm 0.1 0.8 0.6
SnET2 | 3x10* @ 665nm 0.1) 0.8 0.6
AIS2Pc | 2x10° @ 675nm 0.4 0.3 0.2
NPe6 | 4x10* @ 660nm 0.1) (0.8) 0.8
BPD 3.5x10* @ 690nm 0.05 0.75 0.7)
mTHPC | 3.5x104 @ 650nm 0.1 0.9 0.4

With values in brackets are estimates and all photosensitiser monomer except HpD. The
photosensitiser were: HpD -haematoporphyrin derivative, PpIX - protoporphyrin IX;
SnET2 - tin etiopurpurin, AlS2Pc - aluminium disulphonated phthalocyanine; Npe6 -
monoaspartyl chlorin €6; BPD - benzoporphyrin derivative and mTHPC meso-tetra-(m-
hydroxyphenyl) chlorin. Many photosensitisers are now being used for specific disease
related cases in the clinic, e.g. ALA is useful for superficial lesions, but seems less useful
for larger tumours. Phthalocyanines can be prepared easily in their pure form and in
large quantities and fulfil most requirements of the ideal photosensitiser, although they
do not clear from the system as quickly as PpIX.

The work carried out in this thesis concentrates on the photosensitisers AIS2Pc and ALA
induced PpIX. The next sections describe the background of each of these

photosensitisers.
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1.3.1 Aluminium disulphonated phthalocyanine

The increased interest in phthalocyanines (Pc) as a photosensitiser for PDT did not begin
until the advantages over HpD were reported (Chan et al, 1986 & Ben-Hur & Rosenthal
1985). Phthalocyanines are synthetic azaporphyrins (figure 1-2) but unlike porphyrins
they are metallated to improve the photobiological properties for PDT. A central metal
ion results in change of its photobiological efficiency. The singlet oxygen quantum yield
and lifetime of the excited triplet state depend on the nature of the central metal ion.
With a central diamagnetic metal (Al, Zn, Ga) the triplet yield is higher (improved 'O,
production) and the lifetime of the triplet state is longer than the analogue compound
containing a paramagnetic metal (Cu, Fe, Co, Cr) (Rosenthal & Ben Hur 1989). An
important photochemical property of Pc is the tendency to aggregate in aqueous
solution. The dimerised aggregate is photochemically inactive because of the enhanced

rate of deactivation from the singlet state (Darwent et al, 1982).
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Figure 1-2 Schematic representation of the chemical structure of aluminium disulphonated
phthalocyanine.
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Phthalocyanines tend to accumulate in membrane fractions especially with AIS2Pc due to
its lipophilic nature (Chatlani et al, 1991 & Bedwell 1993) Following PDT with AlS2Pc
morphological changes in membrane organelles have been observed. This leads to the
suggestion that the plasma membrane, microsomes and mitochondria are the major sites
of photodynamic action on cells in vitro (Ben Hur et al, 1987 and Rosenthal 1991). In
the tumour model, AIS2Pc is generally retained in cancerous cells rather surrounding
normal tissue with a ratio of 2-3 to 1 (Tralau et al 1987). The mechanism accounting for
in vivo tissue destruction is believed to be mediated through shutdown of micocirculation
as vascular collapse with decreased blood flow and stasis (Selman et al 1986 and Stern et
al 1990). Shortened skin photosensitivity which lasts for approximately 2 weeks is an
advantage over skin photosensitivity with HpD which can last up to 2 months. AlS2Pc
has a high absorption coefficient and is water soluble. AlS2Pc will shortly be entering

clinical trial for oral tumours.
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1.3.2 S-aminolaevulinic acid

An advance in photochemistry has been the development and extensive pharmacokinetic
studies of aminolaevulinic acid (ALA). This is a naturally occurring and endogenous
intermediate substance in the biosynthetic pathway for haem in living cells (Kennedy &
Pottier 1992). In most mammalian cells, ALA is synthesised from glycine and succinyl
CO-A under the catalyse of ALA synthetase which is located mostly in the matrix
mitochondria (Ades 1990). In the haem pathway, the synthesis of ALA is the first
committed step which in turn controls the activity of ALA synthetase through negative
feedback (Hindmarsh 1986). Since ALA is the intermediate substance immediately after
a rate limiting step, endogenous or exogenous administration results in over saturation of
the pathway with ALA leading to an over production of the substance prior to the
second rate limiting step, which in the case of haem biosynthesis, is protoporphyrin IX
(PpIX). An excess of ALA therefore leads to an accumulation of intracellular PpIX
(figure 1-3) which is a potent photosensitiser (Pottier et al, 1986). There are other
photosensitising agents which can also be produced from excess ALA, they are
uroporphyrin I and IT which are both very soluble in water and coproporphyrins which
are slightly longer lived in the body than uroporphyrin but not as long as PpIX. PpIX is
slightly water soluble, has a high affinity for membrane lipids, and consequently is

retained by the majority of tissues.
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Figure 1-3 Simplified biosynthetic pathway for haem. Fluorescent and photoactive components are
enclosed in rectangles. Controlling enzymes are in italics.
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In animals studies PpIX biodistribution after ALA sensitisation revealed a greater buildup
in the epithelial lining of skin, larynx, stomach and colon. In normal tissue the ALA
induced PDT depth effect was found to be 1-2mm. Factors which influenced the depth
of effect may include the wavelength of the light (630 or 635nm) route of ALA

administration, mode of administration (bolus or fractionation) and tissue type.

The use of ALA induced PpIX has attracted much interest since PpIX is a potent
photosensitiser that is rapidly cleared from the body (24-48hrs) unlike Photofrin.
Although ALA mediated lesions are superficial this is an advantage for treating areas
which require a shallow cytotoxic effect Treatments can be repeated over a short period
of time without jeopardising the adjacent normal structures or causing skin

photosensitivity. Figure 1-5 illustrates the molecular structure of PpIX.

\

H,CO,C CO,CH,

Figure 1-4 Schematic representation of the chemical structure of protoporphyrin IX (PpIX).
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1.3.3 mTHPC - FOSCAN

One of the most successful second generation photosensitisers is mTHPC which is
licensed under Scotia QuantaNova as Foscan. Foscan is currently undergoing clinical
trials on a variety of different cancers. At UCL this photosensitiser is currently being
studied on oral and prostate cancers, although figure 1-5 demonstrates that this only one

small part of the clinical evaluation of this photosensitiser.

FOSCAN CLINICAL EXPERIENCE

| Upper Aero-digestive Tract 238 | | Miscellaneous 11|
Cis T1/T2 Head & Neck 101+35 { Intra-operative/interstitial 58|
T3/T4 Head & Neck 14 Head & Neck 5
Larynx (Cancer Papillomatosis) 21 Mesothelioma 20
Bronchus (early) 15 Prostate 21
Oesophagus (early) 40 Brain 12
Stomach (early) 20
I Skin 20|
[ Gastro-intestinal 22| Lip 3, BCCs, SCCs 11
Ampulia, bile duct 11 Breast 4
Liver 1 Vulva 2
Pancreas 7
Rectum 7 |(TOTAL PATIENTS 361

TREATED WITH FOSCAN

Figure 1-5 Clinical application of FOSCAN courtesy of C Stewart.

mTHPC absorbs light at 652nm allowing deeper penetration of the excitation light into
the tissue, this together with the diffuse distribution of the photosensitiser in tissue and a
high triplet state quantum yield allows a deeper PDT effect to be achieved. Thus
mTHPC is one of the most powerful photosensitisers under study. Skin photosensitivity

is reduced to about two weeks compared to 2 months with HpD.
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1.4 PDT DOSIMETRY

PDT dosimetry is becoming increasingly sophisticated as additional factors are identified

which influence the effectiveness of any given treatment. The simple relation where a

PDT treatment is described by an administered drug dose (mg/kg) and an incident light

dose (e.g. J/cm®) together with a drug light interval is insufficient for adequate PDT

dosimetry. There are many problems with this:

a) patient-to-patient variability in uptake and clearance of photosensitiser

b) variation in optical characteristics of tissue (wavelength dependent) in different tissues

c) changes in the light penetration as the treatment progresses - due to change in blood
flow

d) variability in the oxygen concentration in different organs effects the efficiency of
singlet oxygen production

e) photochemical consumption of the available ground state oxygen as it is converted
into singlet oxygen

f) self-shielding - where the photosensitiser absorbs all the light in the top layers of
tissue effectively reducing the penetration depth

g) photobleaching of the photosensitiser thus reducing the available active
photosensitiser concentration

Each of the above mechanism must be considered if accurate prediction of photodynamic

processes is to be achieved. Much of this thesis is devoted to investigation of these

factors and development of techniques to monitor their effect.

There is a huge gap between current clinical dosimetry for PDT and the above factors.
The advancement of dosimetry is slow because of the complex interdependency of all the
PDT factors, both physical and physiological. One of the fundamental problems is the
‘definition” of a biological end point. One possible solution is to move away from the
traditional ‘explicit dosimetry models’ (Grossweiner, 1997) since no account of the
photophysical/photochemical processes post irradiation is accounted for, to a technique
where the effect of the PDT on the tissue is monitored. This approach known as implicit

dosimetry allows the real-time monitoring of the PDT effect in the tissue and importantly



Introduction to PDT 30

has the advantage of including the photophysical/photochemical processes resulting from
PDT. The concept of implicit dosimetry (Wilson et al, 1997) is to monitor a parameter
which incorporates all of the response determining treatment factors, thereby avoiding

the need to measure them individually (such as NADH levels, chapter 7).

There are many issues which have to be addressed to improve PDT dosimetry.
Investigation as to what can be monitored in the clinical environment to provide real-

time information as to the progress of the treatment has been studied during this thesis.
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2. BACKGROUND AND THEORY

In this chapter, a brief description of the methodology for the measurement of the
parameters involved in PDT dosimetry will be presented. The basic principles together
with the background to performing in sifu measurements of the light energy,
photosensitiser concentration and tissue oxygenation levels are given. The reasons for
monitoring the above dosimetric parameters are discussed before a description of

possible techniques for monitoring these parameters in vivo.

‘Photodynamic dose’ is a term used to describe the combination of parameters required
to induce necrosis. Normally this ‘dose’ is studied in pre-clinical trials and then
developed through clinical trials. The photodynamic dose is the concentration of
photosensitiser, optical energy and oxygen required to produce singlet oxygen to such an
extent that irreversible damage is caused to the tissue. Monitoring techniques are being
developed in order to tailor this photodynamic dose to a particular treatment, this would
allow complete treatment since achieving a sufficient dose at the edge of the tumour
would be possible and if this area receives a sufficient dose then it is assumed the centre
of the tumour also does. At present clinical treatments do not use any real-time
monitoring during the treatment and the extent of the PDT effect is estimated from
previous studies, therefore any technique which can be easily used in a clinic will be

significant.

The monitoring of the dose parameters involved in PDT is not a trivial matter. The rest
of this chapter will discuss the various methods available for monitoring the dose

parameters together with the difficulties involved in doing so.
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2.1 DOSIMETRY MODELS

At present, clinical practice of PDT involves the administration of a predetermined
photosensitiser dose (mg/kg), waiting for a predetermined drug-light interval (both of
which have been selected following preclinical studies) and delivering a set amount of
optical energy for interstitial lesions (e.g. 50-100J for ALA & 5-20J for mTHPC) or a set
irradiance (J cm™) for superficial lesions depending on their diameter. This process is far
from ideal as no account of patient-to-patient variability is taken. Any method which
improves the current dosimetry protocols in the clinical environment is worthwhile, and
although measurement of each individual parameter will not provide a foolproof method

for the prediction of the PDT effect it will be an improvement over current practice.

It is clear from the discussion of the mechanisms of cell kill in Chapter 1, that the
production of singlet oxygen is a requirement for a photodynamic effect to be achieved in
the target tissue. However, the direct measurement of the concentration of singlet
oxygen is far from trivial. It has been reported that luminescence from the 'O, at
1270nm (which is a forbidden transition, see later) can be measured in solutions (Bohm
et al, 1994). To date it is impossible to measure this in vivo, due to the turbid nature of
tissue, the weak phosphorescence signal obtained in this transition (Rogers 1988 and Gal
1994) and the low steady state concentration of 'O, since it reacts so rapidly with the
surrounding biomolecules. Owing to the difficulty in the direct measurement of the 'O,
concentration in tissue, alternative methods for the prediction and monitoring of the
extent of the treatment have to be considered. Two possible approaches to the solution

of this problem are outlined below.

Dosimetry models for PDT are developing towards applying techniques in which the
effect of the light on sensitised tissue and the resulting effect of the treatment can be
predicted and monitored in real-time. Basic methodologies for this type of monitoring
have been proposed, for example the measurement of NADH fluorescence (chapter 7) or
of the changes in photosensitiser concentration during the treatment (i.e. photobleaching-

chapter 5). In both cases the effect of singlet oxygen on the sample is monitored.
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Dosimetry of this type will be referred to as "implicit" dosimetry since the effect of the
treatment is monitored. Although the basic approaches to this type of dosimetry are

understood it is still far from becoming a clinical tool (Ince et al, 1992).

As a result, current dosimetry models attempt to find a direct relationship involving the
three parameters required to induce a photodynamic effect; namely light at the correct
wavelength, a photosensitising compound (PS) and oxygen from which singlet oxygen
can be produced. The objective is to calculate the delivered light dose which ensures
that necrosis is achieved in all areas of the tumour. There is considerable literature on
light dosimetry models (Grossweiner, 1986; Mang et al, 1987, Profio & Dorion, 1987,
Grossweiner et al, 1987, Jacques 1989, Wilson & Patterson 1990; Star et al, 1992 and
Star 1997) but most of these studies assume PDT to be a threshold treatment in which
necrosis occurs if the light dose exceeds a certain level. The real-time monitoring of any
of the PDT parameters is far from trivial, but many groups have attempted to do just
that, hoping to develop a mathematical model which can predict the extent of the lesion
from, for example the fluorescence intensity surrounding the lesion (Braichotte et al

1993).

The assumption that a simple relationship exists involving the concentration of PS and
oxygen, together with the flux of light is naive: it is confounded due to the biological
nature of tissue. Vascular constriction is known to be of major importance during PDT
(Star et al 1986) and any model must also account for this process, which is just one of
many of the biological problems that must be completely understood before explicit

dosimetry will provide an accurate method of prediction of treatment effects.

The development and improvement of techniques for monitoring the three doses
involved in PDT will be discussed in detail in this chapter together with the various
methods for measurement of the dose factors, molecular oxygen, optical energy in situ

and the concentration of the PS in situ.
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2.2 LIGHT DOSE

2.2.1 Introduction

Photodynamic therapy is believed to rely on the production of singlet oxygen via energy
transfer from a light activated photosensitiser compound (figure 1-2). It is obvious, then,
that the distribution and intensity of the light surrounding the treatment site is important
to the efficiency of the singlet oxygen production since there exists a threshold dose
below which a necrotic tissue response is not produced (Grossweiner, 1997). Further

delivered light dose correlates well with the lesion size produced in most in vivo studies.

Tissue is a turbid optical medium in which scattering processes are dominant in
comparison to absorption. The main difficulty in the measurement of the light dose in
situ is the poor understanding of the complex propagation of light through tissue. A
simplified description of tissue optics is now presented (for a more in depth presentation
see e.g. Welch et al, 1995), to help to demonstrate how light dose can be monitored in

real-time in vivo.

2.2.2 Tissue Optics

Biological tissues are complex optical media with an extremely inhomogeneous structure
on both the macroscopic level (organs etc.) and the microscopic (cells and organelles).
In such a complex medium, rigorous mathematical models in which light is described as a
wave phenomenon (e.g. Maxwell’s equations) become intractable (Welch et al 1995),
and it is necessary to consider light to consist of a stream of particles (photons) with
some wave-like characteristics (e.g. wavelength). Wave properties such as interference
and polarisation become very difficult to describe in such a model, but tissue is
sufficiently inhomogeneous (scattering randomises polarisation and destroys coherence

of the light) that these properties are very rarely of any significance in tissue optics.

In any model in which light is considered to be a stream of particles, the two main

interaction processes are scattering and absorption. The latter describes the effective
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annihilation of a photon when its energy is taken up by an absorbing molecule,
(chromophore), present in the tissue - after absorption of a photon, a portion of the
energy can be re-emitted as luminescence. Scattering, however, is by far the dominant
factor in most tissues at visible or near infra-red (NIR) wavelengths (Cope, 1991). Ina
simple particle model a scattering event can be defined as a change in the direction of
propagation of a photon without a simultaneous change in its wavelength. Scattering in
this sense is mainly due to changes in the refractive index at the boundaries between
different tissues, between different cells and at the boundaries of organelles within the

cell.

2.2.2.1 Modelling of Light transport in tissue

There are a number of theoretical models which attempt to describe the propagation of
light through a turbid medium - these have been extensively reviewed elsewhere (Welch
et al, 1995) and will not be discussed in detail here. Models of photon transport provide
useful, if limited information on the propagation of light in tissue. It is usually impossible
to include any degree of complexity in the models without loss of generality and many of

the models become intractable in all but their simplest forms.

The most general model is the equation of radiative transport which can be derived by
consideration of the radiant energy balance at an arbitrary small volume of tissue. The
basic assumption with radiative transport is that the wave nature of light is ignored, and
all that is considered is the flow of energy within the medium, this is the case with all

models of light transport in tissue.
!A)- VL(r,SAl) + U, (r)L(r,(AZ) = Id?)'d,us(r,ﬁ'% &)L(r,SA)) +s(r, §A2) 2.1
Y3

The first term describes the net change in radiance due to energy flow, the second term
radiance lost due to absorption and scatter in all directions, the third the radiance gain in
the direction Q due to scatter from all other directions €' and the fourth term represents

the radiance source
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The equation of radiative transport is very complex and cannot be solved analytically for
any practical situation, but by making a few assumptions, namely that the transport
medium is homogeneous and that the absorption is very much less than the scattering, it
can be reduced to a diffusion equation. This model breaks down near sources and
boundaries, but is a good first approximation and allows many qualitative predictions to

be made.

In practice the current method of choice is Monte-Carlo modelling (Wang & Jacques,
1992), which is a random walk simulation in which probability paths are projected for
each photon entering the tissue. The use of a large number of photons results in a
statistical prediction of the light distribution within the tissue. To compute these
projections requires the values of the optical parameters of the medium, namely the

scattering and absorption coefficients and the anisotropy factor, g.

2.2.2.2 Tissue Optical Parameters
As mentioned previously the optical properties of tissue need to be determined to allow
the accurate calculation of light distribution through modelling. The optical parameters

that these models require are defined below.

2.2.2.2.1 Scattering coefficient:
When light enters tissue it can be scattered i.e. the direction of propagation is altered due
to the tissue inhomogeneity. To quantify the amount of photons that will be scattered
the scattering coefficient (1) is defined as the probability that a photon will be scattered
in an infinitesimal length ds, divided by ds. i.e.

P(scatter in ds) = pds
The scattering coefficient does not determine that all photons will undergo scatter in a

length ds but rather that there is a probability of | of scattering occurring.
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2.2.2.2.2 Absorption coefficient:

Light travelling through a turbid medium has the possibility of being absorbed by the
chromophores contained within the medium. In order to quantify the amount of
absorption that occurs the absorption coefficient (,) is defined as the probability of a
photon being absorbed in an infinitesimal length ds, divided by ds i.e.

P(absorbance in ds) = p.ds
The energy of the photon is transferred to the molecule that absorbs the light, promoting

the molecule to a higher energy state.

2.2.2.2.3 Anisotropy factor:

There is another parameter that can be defined to help in the understanding of the optical
characteristics of tissue - the mean direction of the scatter. |1, defines the probability that
a scattering event will take place but it does not give any idea as to the direction of the
scatter. The mean cosine of the scatter (g) is usually used to indicate the direction of the
scattering event. The values for g range between -1 and 1, with 0 indicating completely

homogeneous light and 1 representing forward peaked scatter.

2.2.3 Measurement of Optical Energy in situ

The determination of the total light dose delivered to the treatment site is complex and

interpretation of the results obtained from measurement using probe fibres is difficult.

Detector fibres can be used as probes to collect light at points within tissue but the
results obtained from these measurements are susceptible to small variations in fibre
position and to the geometry of the fibre probe in the tissue not to mention the
inhomogeneity of the tissue itself. Isoprobe detector fibres which can collect light
uniformly from all directions improve the results since the geometry of the fibre is less
critical. These fibres are ideal for measurement of the intensity of light within cavities.
They do however have a serious limiting factor - they are mechanically very weak and

insertion into tissue often damages the fibre and alters the uniformity of the response
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(Marijnissen 1996). The incorporation of detector fibres into light delivery devices for
PDT is already underway with isoprobes being used to monitor the amount of light at
distances from the diffusing fibre in the Star et al whole bladder light delivery device (van
Staveren, 1995).

It is possible to measure qualitatively the light dose from the amount of excitation light
that is reflected from the tissue surface being treated. The amount of light that is
reflected from the surface of a hollow organ for example can be used to calculate the
energy density of the excitation light at the surface of the tissue. Another type of
monitoring is fluorescence detection which is incorporated into the Patrick Thielen
oesophageal cylindrical light delivery device. In this case a monitoring fibre is built into
the device and is cleaved at 45°, light is collected from the fluorescence from the tissue
surface giving an in vivo measurement of the optical energy at the probe fibre tip. It
must however be remembered that the fluence level just below the surface of the tissue is
higher than expected due to the scattering of the light. Although this method is an
improvement on current practice whereby the energy is given as a set amount of joules it

does not provide information on the intensity of the light within the tissue.

Since tissue optical properties alter during a PDT treatment (Wilson et al 1997) real-time
monitoring is essential for accurate measurement of the optical energy delivered to the
treatment site. The development of such techniques is already well underway (as
described above), and the subsequent refinements of these techniques will provide much
improved light dose protocols. But the main theme of this thesis is the spectroscopic
study of the changes that can be observed during a PDT treatment. The next section
deals with the measurement of luminescence from the photosensitiser and the changes in

the emission spectrum that occur during the PDT treatment.

2.3 PHOTOSENSITISER CONCENTRATION

Accurate measurement of the concentration of the photosensitising agent (PS), from a

tissue sample requires chemical extraction or high pressure liquid chromatography
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(HPLC) being performed on a tissue sample. Obviously, this is of little practical use in
PDT, instead optical spectroscopic techniques are employed which although not truly
quantitative can indicate the concentrations concerned. These methods include laser
induced fluorescence spectroscopy (LIFS), diffuse reflectance spectroscopy and
absorption spectroscopy. Each of these techniques involves the absorption of light by
the photosensitising compound and the measurement of the subsequent luminescent
emission. To understand this and the subsequent techniques that will be discussed in this

thests a brief description of some relevant theory will be presented.

2.3.1 Absorption

In the context of luminescence measurements, absorption is described as the loss of light
due to the conversion of incident wave energy into other forms of energy, most
commonly thermal energy. The different concentration and types of chromophore
contained within the tissue determine the amount of absorption. Absorption is an
important process in PDT as it determines the amount of singlet oxygen produced
through energy transfer from the light induced triplet state of the PS compound. The

basic principles involved in absorption are defined below.
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Figure 2-1 Beer Lambert law. I, light incident on a solution of thickness x. With I, being the
intensity of the transmitted light.

Figure 2.1 shows a light beam interacting with a solution. The relative transmittance (T)
by definition is I/I;, (light intensity transmitted through the solution divided by the
incident light intensity). Mathematically, this can be expressed in terms of the absorber
concentration (c), the path length (x) and the molar absorption coefficient (e, which is

dependent on the wavelength):

T= Io _ 107 2.2
I, '
Rearranging, one obtains :
Iin
log,, — = &x 2.3

logio(Li/I¢r) is called the absorbance (A) or optical density (OD) and is a dimensionless
quantity. This relationship is known as the Beer Lambert Law and is one of the

fundamental laws of photometry. A isrelated to T as:
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A=log—=-logT 24

1
T
Unfortunately this simple approach can not be applied to tissue of any significant
thickness since the pathlength of the light is not linear due to scattering interactions. For

this reason the absorption of light must be defined in respect to some known

chromophore in order to achieve a quantitative measurement of absorption.

2.3.2 Absorption and emission spectra

The absorption spectrum of any compound can be obtained by plotting € against
wavelength (A). In an absorption spectrum measurement the transmitted light intensity is
compared to the incident light over a range of wavelengths (the wavelength of the
transmitted and incident light is the same), and the results plotted as a function of

wavelength.

The determination of a luminescence emission spectrum consists of the measurement of
the emitted light intensity over a range of wavelengths, however in this case the
wavelength of the excitation light is kept constant. Plotting the relative intensity of the

emitted light against wavelength results in a luminescence spectrum

2.3.2.1 Multiplicity of excited states

When a molecule has an even number of electrons, all the electron spins are paired i.e.,
the spins of the electrons in the same orbital are antiparallel (Pauli exclusion
principle)(Suppan, 1994). In this condition the total spin angular momentum of the

molecule is zero (|S|=0).
The multiplicity, (M) of a spectroscopic state is given by,

M=2|S|+ 1 2.5
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For S= 0 and M=1, this means that the molecule will have a single energy value when
situated within a magnetic field. This is called a singlet state (S,). The absolute energy

of this state is not dependent on the definition of a singlet state.

When the spin of an electron rotates upon excitation, the resulting two unpaired
electrons with half integral spin angular momentum will have the same orientation and
the molecule will have a total spin angular momentum of unity (|S|=1). In a magnetic
field this type of state will split into three levels having different energies. These
correspond to electronic angular momentum aligned with the field, against the field and

perpendicular to the field. This configuration is therefore called a triplet state (T).
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Figure 2-2 Jablonski Energy diagram. [llustrating the absorption of a photon promoting the
electrons to a higher energy level and the possible routes of deactivation.
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Figure 2-2 is a schematic representation of the energy states of a molecule. The energy
level representation is known as a Jablonski diagram. The energy levels of the various
states are represented on the vertical axis. The different sets of energy levels on the

horizontal axis are called manifolds or systems and are separated only for clarity.

When a molecule in the lowest vibrational level of its ground state absorbs light it is
excited to one of the higher energy states: immediately after the absorption the molecule
will be in one of the many vibrational sub-levels of its excited electronic state. Normally
the excited state molecule will quickly drop to its lowest vibrational sub-level of this
electronic state, by a process known as thermal relaxation which usually occurs over a
time scale of 10'%s. Alternatively the molecule can lose energy due to internal
conversion, which again is a non-radiative process and occurs when the energy gap
between excited states is small. Both the aforementioned processes result in the

molecule being in its lowest vibrational energy level of the first excited state.

2.3.3 Fluorescence and Phosphorescence

The energy difference between the lowest vibrational level of S; and that of S, (the
ground state) is large so that there is a small probability of this transition directly
occurring (i.e. $;—S,), and this is therefore a relatively slow process (10s). Under
certain conditions another form of deactivation of the excited state is possible -
luminescence. Luminescence is the spontaneous emission of light by an excited state
molecule which is observed when internal conversion is not sufficiently fast to cause de-

excitation.

Fluorescence is a short-lived emission in which the electron spin is unchanged after the
transition from S; to So. The decay time for fluorescence emission is typically in the 10”°
to 10”s range and consequently is of the same order as that of the lifetime of the excited

singlet state. Fluorescence can be expressed as

M+hv, > M* 2.6a
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M*—> M+hv, 2.6b

where M and M* are respectively the ground state and first excited state of a fluorescent
molecule. The downward transition is accompanied by emission of a photon, whose
energy E=hv;, is equal to the difference between the excited state energy and that of the

ground state immediately following the transition.

Another possible method for the deactivation of the S; state is via inter-system crossing
from S; to T, (figure 2-2). Once again the molecule loses energy until it is in the lowest
vibrational level of S;. The triplet state energy is less than that of S; and crossing to T} is

energetically favourable.

Deactivation from T, to the ground state is possible through the emission of a photon
(phosphorescence). A return to the singlet state is also possible and can be followed by

deactivation as detailed above, or by non-radiative energy loss.

Phosphorescence involves a change in the spin of the electrons, and as a result is termed
"spin forbidden", which means that there is a low probability of the transition from T; to
So occurring.  When this process does happen therefore, the emission is much longer-
lived than fluorescence because the lifetime of the triplet state (10 to 10 s) is much
longer than that of the singlet state. Since T, is of a lower energy than S; the emitted
photon contains less energy and phosphorescence is observed at longer wavelengths than

fluorescence.

Intersystem crossing where the electrons travel from S, to T, is only found in molecules
where the energy difference is small. Crossing in the opposite direction occurs through
thermal activation, where the molecule gains enough energy to promote the electron to
higher vibrational levels in T; and hence allow the transition back to S; through
intersystem crossing. Fluorescence which follows this path is similar to that occurring
directly from the S; state, but is termed delayed fluorescence since the electron has to

move to the triplet state and then back again in order to undergo radiative deactivation.
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The molecules in a triplet state have long lifetimes. This is the main difference between
fluorescence and phosphorescence, and as a result phosphorescent molecules are more
susceptible to interactions with other molecules in their environment. One such

interaction is termed quenching and will be discussed in detail later in this chapter.

2.3.4 Quantum Yield

The ratio of the number of photons absorbed to the number of photons emitted is termed
the quantum yield (®g) in any fluorescence measurement. It is possible to define a
phosphorescence quantum yield in this way but it must be remembered that it is the result
of a composite process - it is the product of the fraction of molecules in the T; state that
emit a photon with the fraction of the molecules initially in the S, state which through
intersystem crossing have become molecules in the T, state. When the rate of internal
conversion of a molecule from S, to S, is negligible the sum of the fluorescence quantum

yield ®¢ and phosphorescence quantum yield @, is equal to unity.

2.3.4.1 Luminescence Kinetics

The three possible routes for the deactivation of S;, (fluorescence, internal conversion
and intersystem crossing singlet to triplet) occur with the rate constants ki, ki and ki,>¥

respectively (Lakowicz, 1983). The total rate of deactivation of S; is therefore

d[s
JS = Ezz]] =—(k, +k, +kJ)S,] 2.7

where [S,] denotes the concentration of molecules in the S, state. The fluorescence
quantum yield can be defined as the rate of fluorescence (J=-kqS:]) divided by the rate
of absorption (J,). Under steady state conditions, J,=J;°, the fluorescence quantum yield

is therefore



Background and Theory 46

k
! 2.8

o =
4 k, +k, + kT

The lifetime, t¢, (time for intensity to fall to 1/e of initial intensity) of the first-order
process is defined as the reciprocal of the rate constant, thus the fluorescence lifetime is

then

1
T, =7 2.9
kf

and the lifetime of the singlet state is

1
STk, kKT

2.10

As a consequence the lifetime of the singlet state only approaches that of the

fluorescence when the intersystem crossing is much slower than the emission.

Similar equations can be generated for the triplet state. The total rate of deactivation

becomes

dlT
JI = E,;]=—<k,,+k,-?)[711 2.11

where the rate constants are related to phosphorescence k, and intersystem crossing
(triplet to singlet) ki, and [T;] is the concentration of molecules in the T, state.
Making the appropriate substitutions, results in for the phosphorescence quantum yield

@,
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@ ki 2.12
P (kp +kz:s)(kf +kis +k1§T) .

In comparison with the singlet state, the lifetimes of the phosphorescence and the triplet

state are respectively

2.13

1
T, =T
r kp

and

S 2.14
fr k,+ky
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2.3.5 Molecular structure

Theoretical explanations for the fluorescence and phosphorescence properties of
molecules are very complex but well reported. Some empirical rules concerning

molecular structure have been deduced and are now described.

For large organic molecules, the electronic configurations can be given in terms of the
molecular orbitals labelled as 6, ©, n ,x* and o* (ordered as increasing energy). As
ground state molecules the electrons usually occupy the first three orbitals. Electrons of
the n orbitals are the least strongly bound in a molecule and those of the ¢ orbital are the
most tightly bound. Electrons in excited states are usually found in the anti-bonding
orbitals ©* and 6*. The most readily observable transitions are (, ©*) and (n, ©*) with

the first occurring at much higher energies than the second.

Compounds which exhibit the highest fluorescence yield have in general the lowest
excited states (7, ©*) occupied. One reason for this is that the intrinsic state lifetime is
short when the energy difference is high, and thus the (n, ©*) states tend to decay by
photon emission before intersystem crossing can occur. Another reason is the rate of
intersystem crossing, which is dependent upon the closeness of the energies of the singlet
(S)) and the triplet (T;) states. The energy gap between the singlet and triplet state for
(m, m*) states is greater than that for (n, ©*) states, and thus intersystem crossing is faster
for (n, ©*) transitions. As a consequence of this, high phosphorescence yields are likely

to be detectable from molecules which exhibit the S, (n, ©*) transitions.

There are several substitution groups that can have an influence over the luminescence
properties of molecules. For example, Cl, B, I, NO, and others tend to reduce the
fluorescence yield of compounds. The presence of heavy atoms increases the intersystem
crossing by spin-orbit coupling which mixes the singlet and triplet states. It is this
process which leads to the phosphorescence from the palladium porphine probe
(PdTCPP) used in chapter 8. The central Pd molecule enhances the rate of intersystem

crossing so that transfer to the triplet state occurs much more quickly than fluorescence
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emission. A similar case is the iron phthalocyanine (FeCIPc) used as a non fluorescent
control to AICIPc in chapter 4. The paramagnetic nature of the iron at the centre of the
molecule enhances the intersystem crossing however it does not decay through
phosphorescence but non radiatively through internal conversion. The degree of
coupling is dependent upon the nuclear charge of the atom and the particular orbital of

the electrons involved.

2.4 QUENCHING

Quenching is a form of deactivation of an excited state (either triplet or singlet). A
substance that accelerates the decay of an excited state to a lower excited or ground
state is called a quencher (Suppan, 1994). Deactivation by this method can be divided
into two types: photophysical and photochemical. The former is caused either by
molecules of the same type (when it is called self-quenching) or by different molecules
such as oxygen, in which case it is known as impurity quenching. Photochemical
quenching can be further classified into electron-transfer, heavy-atom and energy-transfer
quenching. In the photochemical case, chemical reactions occur between the excited
molecules and some intended reagent or impurities in the solvent or with the solvent

itself.
In general, quenching is represented as

M*+Q->M+Q* 2.16
where Q is a chemical species (or quencher) different from that of M. Quenching is
therefore a bimolecular process i.e., it involves the interaction of two molecules.
Including impurity reactions the total rate of deactivation (J;>9) from the singlet state S,

1S

I3 =—(k, +k, + k] +k,[ODIS,] 2.17
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where [Q] is the quencher concentration and kq is the bimolecular (second order)
quenching rate. Then, the fluorescence quantum yield in the presence of a quencher

(@) is:

k
P2 = s 2.18
4 ky+k, +k +k,[0]

Again it 1s possible to apply the same considerations to the triplet state phosphorescence,

the total rate of deactivation becomes:
JT€ = (k, + kI +k,[ODIT] 2.19

considering the effect of quenching only for the triplet state, the phosphorescence

quantum yield is:

k kT

2 = P 2.20
PGk, R kG [ONk, + K, + R

In the equations above, a single quenching rate has been assumed (kg) for both
fluorescence and phosphorescence. However, since the efficiencies of the singlet and
triplet quenching can differ, one should note that these quenching rates may in practice

be different.

2.4.1 Stern-Volmer relationship

Equation 2.17 represents the fluorescence quantum yields including the effects of
quenching. Equation 2.20 are the equivalent equations for phosphorescence. To obtain
a ratio of the quantum yields division of the fluorescence quantum yield without

quencher present and that with quencher results in:
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q)f _ kf +kic +ki§r +kQ[Q]

= 2.21
ol k, +k, +k]
which for fluorescence gives
@,
Y 1+ky7s[0]= 1+ K, [0] 2.22
And similarly for phosphorescence:
o, _kp+k,.fs +k,[0] 593
2k, +kD )
which gives:
(I)P
§=1+kQTT[Q]:1+KQ[Q] 2.24
p

Equations 2.22 and 2.24 are called the Stern-Volmer relationships, and describe one of
the fundamental processes in photophysics, i.e. the dynamic quenching of fluorescence
and phosphorescence. Kg is known as the Stern-Volmer quenching constant and ts and
tr are the observed singlet (fluorescence) and triplet (phosphorescence) lifetimes in the

absence of the quencher as already defined (in 2.9 and 2.13)

The constant Ko can be obtained by plotting the ratios (®/ ®%) against different [Q]
concentrations (producing a straight line). As quenching involves the interaction of two
molecules, it is controlled by the rate of diffusion. Thus, the quenching rate constant,

Ko, is largely dependent on the solvent and the temperature.
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2.4.2 Lifetimes

Assuming that the number of quencher molecules is always much larger than the number
of excited state molecules being quenched, the product (ko[Q]) can be considered a
constant, since [Q] is not significantly affected during the quenching process. In these
circumstances (ko[Q]) is defined as the "pseudo first-order rate constant". Thus by
taking the inverse of the rate constants the lifetimes of the singlet and triplet states in the

presence of a quencher are determined:

1
2 = 2,25
5 k,+k, +k5 +k,[0]

and

1
¢ = 2.26
T, kD k0]

on substitution for fluorescence one obtains:

(Df Ts
— = 2.28
CD? 77

S

and similarly for phosphorescence one obtains:

Or_ T 2.29

These mean that the Stern-Volmer relations (2.22 and 2.24) can be expressed in terms of

lifetimes. Thus, generalising for both fluorescence and phosphorescence;

7
2 =1+kyl0] 2.30
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where 71, is the lifetime in the absence of the quencher and 7 is the lifetime in the presence

of the quencher.

2.5 OXYGEN MEASUREMENT

Tissue oxygen levels are critical to the efficiency of singlet oxygen production by the
photosensitising molecule. The accurate measurement of the partial pressure of oxygen
within tissue is very difficult, although various techniques are currently employed
clinically. The methods of measuring oxygen levels in vivo that are presently used in a
clinical environment are not suitable for use during a photodynamic therapy treatment

and will be discussed in detail in Chapter 8.

The method that this study is concerned with is the oxygen dependent phosphorescence
lifetime of a phosphor molecule. This technique was first introduced in 1985 by
Vanderkooi and Wilson for the study of anoxia (Vanderkooi et al, 1985). The method
has been altered for use during PDT where an estimate of the oxygen partial pressure
(p02), is calculated from the lifetime of the phosphorescence decay from a porphyrin
probe molecule. The method used and the modifications made are described in detail in

chapter 8.

2.6 CONCLUSION

The development of real-time spectroscopic techniques for monitoring the changes in
PDT parameters rely on the basic principles discussed in this chapter. Measurement of
the fluorescence emission in tissue phantoms and in vivo is based on the previously
described equations. The oxygen concentration as measured in chapter 8 is dependent
on the Stern-Volmer relation governing oxygen quenching of phosphorescence. This

theory forms the background to the measurements carried out in this thesis.
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3. MATERIALS AND METHODS

3.1 INTRODUCTION

Since there are common elements in the experimental set-ups which were used
throughout this project they will be described in detail in this chapter. The set-ups that
were employed to measure fluorescence emission are used not only in the measurement
of the steady state but also in the photobleaching (chapter 5) and NADH chapter
(chapter 7). Note that although the set-ups are essentially identical, the use of different
optical filters and optical fibre(s) or bundles for light collection were applied where
necessary for the experiment in question. All the experimental set-ups that were used in
this thesis were designed and assembled from scratch and were not inherited from

previous projects.

3.2 PDT EXCITATION SOURCE

The excitation light for all the PDT studies carried out in this project was supplied by a
25W copper vapour laser (CVL) which pumped a dye laser (Cu25, Oxford Lasers,
Abingdon, Oxfordshire, UK). The green line (511nm) from the CVL is used to pump the
dye laser which contains rhodamine 640 and rhodamine 670 for wavelength in the range
620-655nm, and oxazine 720 and rhodamine 640 for a longer wavelength range 665-
700nm (supplied by Oxford Lasers in pre-weighed quantities). The light from the dye
laser was then coupled into an optical fibre which typically had a 200pm core diameter.
The output power (typically in the range 50-300mW) was controlled using a stepper
motor which moves a shutter in front of the CVL, reducing the light to the dye cell.
Exposure time was selected using an external control panel with a countdown timer

which controled a shutter for the dye laser.

Most of the experiments that were carried out in this project were not done in the same
room as the laser. A fibre optic link from one room to the other was used to provide

PDT light to the animal.



Materials and Method 55

3.3 STEADY STATE FLUORESCENCE: EMISSION SPECTROSCOPY

A useful property of photosensitisers is fluorescence which provides the most sensitive
means of detection. It has been established that the intensity of photosensitiser
fluorescence from the images of biopsy samples can be related to the concentration of
the photosensitiser in the tissue (Grant et al, 1993), but this method, like chemical
extraction does not provide real-time data. The development of in vivo fluorescence

quantitation of photosensitisers would therefore be a major advance for PDT dosimetry.

Figure 3-1A shows the experimental setup that was used to measure the fluorescence
emission from solutions contained in a cuvette, figure 3-1B for in vivo and the tissue
phantoms measurements. The wavelength of the excitation source was selected to match
the photosensitiser absorption band. For the phthalocyanine compounds the source was
a ImW HeNe laser, operating at 632.8nm (LS2R, Aerotec), and for PpIX and mTHPC
the light was supplied by a 4mW HeNe laser operating at 543nm (1676, Uniphase,
Meteca, Ca, USA). The excitation light was passed through a narrow band interference
filter (+ 5nm) to remove the plasma lines which are also emitted from helium neon lasers.
The excitation light was focused into either a 600um, 0.37NA plane cleaved multi-mode
optical fibre (TRL 200, 3M) or a bifurcated fibre bundle (luminescence probe, PDT inc.,
Santa Barbara, USA), depending on whether point or spatially resolved measurements
were required, (section 4.3). When a single excitation fibre was used for excitation, the
fluorescence was detected using an identical optical fibre whose distance from the
excitation fibre could be varied thus providing an average fluorescence signal over the
pathlength in the tissue. Using the bifurcated fibre (as shown in figure 3.1) to collect the
fluorescence emission, the light collected was that volume overlap between the central

excitation fibre and the surrounding detection fibres (for detail see section 4.3).
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slit to the spectrograph. A three stage Peltier-cooled CCD (600x400 pixels, Mark II,
Wright Instruments Ltd, Enfield, London, UK) with each pixel being 27 x 27um giving a
16bit resolution (large dynamic range is important for diffuse reflectance measurements).
The CCD had an integral mechanical shutter to control the exposure time and was
sensitive over the spectral region 400-1100nm with a quantum efficiency of 0.4 at 700nm
and it was positioned in the focal plane of the spectrograph. The fibre input to the
spectrograph was adjusted to minimise the linewidth from a HeNe laser, thus achieving
optimum detection resolution. The spectrograph was fitted with a 600 I/mm diffraction
grating (77415, LOT Oriel Instruments, Conneticut, USA), blazed at 650nm. Schott
glass filters (RG 590 for the 543nm source and RG645 for the 632nm source, Image
Optics) were inserted into a custom made filter holder inside the spectrograph housing
which eliminated (most of - see later) the scattered laser light. When recording ‘NADH
fluorescence’ using the above apparatus the diffraction grating was replaced by another
blazed at 500nm to obtain a more uniform spectral response across the detection
waveband (400-550nm). The laser source providing the excitation light at 337nm in this
case was a pulsed (10Hz) nitrogen laser (LS203, laser Photonics), with a cut on filter

(transmitting from 400nm) inserted into the filter holder in the spectrograph.

The CCD/spectrograph was calibrated using the two laser lines from the HeNe sources
(543nm and 632.8nm) under algorithms in the Mogina software (Dept of Medical
Physics, UCL, London, UK) which was also used to control the CCD. The system had a
resolution of ~1.0nm. The sofiware allowed visualisation of the signal recorded and
conversion to an ASCII file which could then be imported into graphic illustration

software packages (e.g. SIGMAPLOT or EXCEL) for later analysis.

The main advantage of using a multichannel CCD array is the ability to acquire
simultaneous and rapid measurements over the desired spectral range (e.g. 600-800nm)
and thus minimise any potential spectral distortion resulting from movement of the
probe. Diffuse reflectance can be measured using a bifurcated fibre-optic bundle probe
(available from Oriel Ltd.), a white-light source coupled to one of the bifurcated arms

would be directed onto the tissue with the reflectance collected by the common end of
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the probe and then directed by the second arm to the spectrograph and CCD array.
These studies would be complementary to the fluorescence studies since analysis of
reflectance provides data on absorption. Moreover, since the red wavelength absorption
bands of photosensitisers exhibit a relatively narrow bandwidth of 20-30nm, the
sensitiser absorption in vivo at the therapeutic wavelength can be derived from analysis
of the reflectance spectrum . Several key measurements that will be made with this

technique:

o Firstly, the peak absorption wavelength of the photoactive monomer can be measured.
The peak absorption wavelength can vary by as much as 10nm (in vivo vs. aqueous
solution) which is comparable to the spectral width of the absorption band, so
accurate determination of the peak wavelength is important for efficient sensitiser
excitation using a monochromatic laser light source. Although sensitiser absorption at
the therapeutic wavelength is small compared to the intrinsic tissue absorption the 16
bit dynamic range of the CCD array would enable resolution of sensitiser spectra.

o Secondly, the degree of sensitiser aggregation (e.g. dimer formation) can be assessed
since aggregates exhibit different absorption spectra. Sensitiser aggregation is dose
dependent and renders the sensitiser inactive photochemically, and so should be

minimised as far as possible.

The excitation wavelengths which are used for the photosensitisers are very important.
The wavelength used for PpIX excitation was 543nm. A larger absorption band is
available in the 420nm range but using this wavelength would produce an increased
background due to the contribution of autofluorescence, generally the longer the
wavelength the less autofluorescence is excited. At 543nm there is also a deeper
penetration of the light resulting in an increased depth sampled. Another advantage of
the 543nm wavelength is that it can excite the fluorescent photoproduct of PpIX as
discussed in chapter 5 on photobleaching. When using AIS2PC the wavelength of choice
is 632nm (AIS2PC does not absorb at 543nm); although 340nm could also be used, once
again this would result in increased autofluorescence and very little penetration of the

excitation light.
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(Olympus ) on the front of the CCD, focusing an image of the surface of the sample onto
the CCD chip. The distance from the lens to the sample was minimised in order to
achieve the maximum resolution (image ~35mmX25mm) and is of the order of 15cm
from the surface of the sample. Care was taken to ensure that the distance from the lens
to sample did not adversely affect the uniformity of the excitation light from the
microlens since this is at a slight angle (~10°) which will increase as the lens gets closer

to the sample.

When imaging the laser light used to excite the fluorescence was removed using a
bandpass filter (Omega Optical Inc.) and the fluorescence is collected using an
interference filter (e.g. 635nm + 20nm for PpIX). When imaging fluorescence from
NADH in the blue-green region of the spectrum, the excitation light at 337nm is not
detected by the CCD therefore no excitation filter is required. The table below shows

the filters which were used when imaging fluorescence from PpIX, AlS2Pc and NADH

Photosensitiser | Excitation filter Fluorescence filter

PpIX RG 590 635 + 20nm
AlS2Pc¢ RG 645 690 + 20nm
NADH n/a 400nm cut on

Note that the detection filters are chosen to avoid the photoproduct emission for PpIX.
The CCD was computer controlled using Twilight software program (Dept of Medical
Physics, UCL, London, UK) which is a custom written image acquisition and analysis
package. The image could be acquired and intensity profile across the image could be
calculated in real-time together with average intensities over cursor set intensity regions,

as shown in figure 3-3.
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The main advantage of measuring diffuse reflectance using a CCD/spectrograph
combination lies in the ability to record the signal across a large wavelength range (600-
800nm) in a single acquisition, thus minimising any spectral distortion through movement
of the probe fibre. Another advantage is that absorbance is measured over the
wavelength range, showing areas where the sample absorbs light, which does not

necessarily correspond to the fluorescence emission e.g. aggregation of photosensitisers.

3.6 MICROSPECTROFLUORIMETRY

In order to determine the fluorescence properties of tissue containing photosensitiser,
spectra were recorded from thin macroscopic samples (e.g. biopsies). This enabled
acquisition of spectra under optically thin conditions such that tissue scattering and
absorption effects were negligible and measurement of spectra from different tissue
layers made possible by applying the macroscopic techniques described in section 3.3.
Fluorescence images were acquired together with the fluorescence emission spectra from
10um cryosections (mounted on microscope slides) of normal animal tissue previously
injected with a photosensitiser (colon, skin and liver samples from Wistar rats containing
either aminolaevulinic acid or aluminium disulphonated phthalocyanine). A schematic

diagram of the experimental setup used to do this work is shown in figure 3-6.
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(Mark I, Wright instruments). Comparison of the spectral shapes and intensities of the
fluorescence emission from the various tissue layers allows some insight into the origins
of the fluorescence and also on where the photosensitiser localises (Bedwell et al, 1992
& Chatlani et al, 1991). The rate and effect of photobleaching can also be studied in the

separate tissue structures as in section 6-4.

3.7 PHOSPHORESCENCE LIFETIME MEASUREMENT

In order to measure the oxygen levels within tissue the method of choice for this thesis
was the oxygen dependent phosphorescence lifetime of a porphine probe molecule. The
probe used was palladium meso tetra(4-carboxyphenyl) porphine (PdTCPP), which for
the in vivo experimental work was purchased in a lyophilised and buffered form as
OXYPOR (Digitimer, Welwyn Garden City, Hertfordshire, UK) which contained 10%
by weight of PATCPP but for use in solutions PATCPP was purchased in its pure form
(Porphyrin Products, Logan, UT, USA). The molecular structure is shown in figure 3-8.
The phosphorescence characteristics of this probe compound are described in the chapter

8 on oxygenation monitoring.

OOH

COOH

Figure 3-8 Schematic representation of the molecular structure of PdATCPP.
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800nm with a larger dynamic range than photomultiplier detectors, making it less prone
to saturation. The output from the APD was acquired by a digitising oscilloscope
(Tektronics 460) and integrated over a pre-set number of laser pulses (typically 50). The
oscilloscope had a 12 bit resolution and variable bandwidth which was set to 20MHz.
The integrated decay trace was then transferred from the oscilloscope to a PC via an
IEEE GPIB interface using Docuwave software (v1.0, National Instruments). The
triggering of the oscilloscope was achieved using a fast photodiode (201-579, Thorlabs),
baseline levels were set using the pre-trigger levels. The lifetimes were then calculated
with the PC using a least squares analysis (Sigmaplot, Jandel Scientific or Microsoft
Excel).

The high intensity fluorescence signal from the photosensitiser proved to be a major
problem when measuring phosphorescence in vivo. To overcome this problem a gated
switch was used between the APD and the oscilloscope. Using a signal generator it is
possible to set the gain on the amplifier of the oscilloscope to zero for a short period of

time (typically 10us) thus cutting out the fluorescence from the observed signal.

3.7.1.1 Time Gated Switch

An electronic switch was used to prevent the oscilloscope from detecting the first part of
the luminescence signal. The initial few microseconds after the laser pulse the detected
signal contains fluorescence from the photosensitiser which is much more intense than
the longer lived phosphorescence signal. Because the phosphorescence intensity is very
low, the electronic amplification required to view the signal is extremely high. The
fluorescence intensity is several orders of magnitude greater than the phosphorescence,
therefore the amplifier in the oscilloscope ‘sees’ a voltage of the order of kV for the
duration of the fluorescence, thus saturating the amplifier. As a result of this the
amplifier output sits at the maximum level (15V) and remains at this level until the
fluorescence has decayed (~10’s ns). The time taken for the output voltage to recover
its original level however is the same order as the lifetime of the phosphorescence signal.
This results in a bi-exponential decay in which one component is the luminescence signal

and the other is the recovery of the amplifier. The purpose of the switch is to prevent the
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The results obtained using the switch allowed for smaller phosphorescence signals to be
resolved since they were not masked by the fluorescence emission from the
photosensitiser. The switch did not alter the phosphorescence lifetime observed from the
probe molecule as lifetimes were calculated with and without the switch in the system

and were identical.

3.8 EPOXY TISSUE PHANTOMS

In order to ensure that the response of the techniques developed above were constant,
tissue equivalent optical phantoms which had constant and stable luminescence
properties were developed. The phantom was an adaptation of the one developed for
near infra red spectroscopy and tomography by Firbank & Delpy (1995). The base
material is a two part epoxy resin which sets over 72 hours (to minimise aberrations
through shrinkage) and forms an optically clear plastic. To the epoxy resin a scattering
material was added, in the form of amorphous silica spheres which have a diameter of
1000nm and a refractive index of 1.417 at 550nm. Before the hardener is added to the
resin various photosensitisers could be added, unfortunately only hydrophobic
photosensitisers would readily dissolve in the epoxy thus ruling out AlIS2Pc. In its place
we used AICIPc (chapter 4) and in place of PpIX (which was too unstable) another
porphyrin was used tetra phenyl porphine (TPP).

Series of phantoms were made up containing various photosensitiser concentrations over
the range 0.03-7.50uM. Weighing boats were used as moulds for the samples, allowing
easy access to both surfaces once they had cured. The samples measured 2.5cm x 2.5cm

and were 0.5¢m thick.

There were various problems encountered in the manufacture of the epoxy blocks. The
most significant of these was the uniform distribution of the scattering particles. Initially
it was thought that thorough stirring of a mixture containing the epoxy resin and the

scattering particles would result in uniform distribution but since the mixture cured over
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72hours the scattering particles settled to the bottom of the block. An ultrasonicator was
then used in an attempt to achieve a better and more permanent distribution. This
proved to be quite successful when the solutions were vigorously shaken and stirred at
frequent intervals to ensure that the scattering particles did not sink to the bottom.
Although this method did achieve the required results it was extremely time consuming
and tedious. A rolling ball mixer was then used. A mixture of the scattering particles
and the epoxy was placed in the container along with stone mixing balls of various size.
The mixture was them left running for approximately 2 hours before straining the
mixture to remove the stone balls. This proved to be the easiest and most repeatable

method for the preparation of the epoxy prior to addition of the photosensitiser.

The stability of the samples proved to be very good - the blocks remaining “active” for
many months (figure 4-1) and only displaying signs of photodegradation after deliberate

laser light irradiation for many minutes.

3.9 ANIMAL MODEL

The animal model of choice for all the in vivo experimental studies in this thesis was the
female Wistar rat (0.15-0.22kg), which was obtained from the Imperial Cancer Research
Fund. The rats were housed in temperature controlled quarters in suspended cages with
open mesh floors. The animals were anaesthetised for all procedures using inhaled
halothane (ICI Pharmaceuticals, Cheshire, UK). All the animal studies were carried out

by Alison Curnow and Matthew Postle-Hacon.

3.9.1 Protoporphyrin IX (PpIX)

A PpIX accumulation was achieved in the animals by administration of ALA. ALA
powder (Dusa, Pharmaceuticals, Inc., New York, USA) was dissolved in physiological
strength, phosphate buffered saline (PBS, pH 2.8) and administered intravenously. The
drug was left between 75-120 minutes to circulate through the body of the animal before

surgery took place.
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For the in vitro experiments involving PpIX (Sigma) a stock solution was prepared
(10mM, DMSO) freshly on the day of use and kept in the dark in a refrigerator until
required. The molecular structure of the molecule in figure 1-4. The administered

volume was ~0.2ml.

3.9.2 Aluminium disulphonated phthalocyanine (AIS2Pc)

AlS2Pc powder (Department of Chemistry, Imperial College, London, UK) was
dissolved in 0.1 M NaOH and buffered to pH 8 so that it was suitable to introduce to
animals. The administered volume was ~0.2ml. The molecular structure of AlIS2Pc is

shown in figure 1-2.

When phthalocyanines were used in the epoxy tissue phantoms AlS2Pc could not be used
since this compound is water soluble and would not dissolve in the epoxy resin. In its
place we used aluminium chlorinated phthalocyanine AICIP¢ which has very similar
absorption and emission spectra as AlS2Pc as demonstrated in figures 4-7 & 4-8. In
order to have a control block which would absorb the light at 675nm (similar to that of
AlS2Pc) but not fluoresce iron phthalocyanine (FeCIPc)was used figure 4-14B. FeClPc

does not fluoresce due to spin orbit coupling and the paramagnetic influence of the iron.

3.10 CONCLUSION

The techniques that have been presented in this chapter have been used during this thesis
to monitor the changes occurring in the luminescence emitted from tissue and
probe/photosensitiser compounds during PDT. The changes in these parameters are
induced by the reaction of singlet oxygen on the tissue and the subsequent biological
changes to the nature of the tissue being sampled. A more specific discussion of how

each technique is applied will be given in each experimental chapter.
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4. REFLECTANCE AND FLUORESCENCE
SPECTROSCOPY OF PHOTOSENSITISERS

4.1 INTRODUCTION

Determination of the photosensitiser level at the treatment site is one of the most
important challenges in PDT dosimetry. In current clinical practice a pre-set
photosensitiser dose is administered to the patient prior to treatment. A certain time
interval must be allowed between injection and treatment to allow the photosensitiser to
reach an optimal level in the tissue and this drug-light interval is also dependent on the
mode of delivery of the drug (e.g. injection, ingestion or topical application, Chang
1996). Patient-to-patient variability in the uptake/retention of the drug in normal and
tumour tissues means that prediction of the local concentration of the photosensitiser at
the treatment site at the time of administration of the drug is not possible. For this
reason methods are currently being investigated to improve the understanding of PS
uptake and retention in patients through real-time monitoring. Two of these methods
include laser induced fluorescence (LIF) and diffuse reflectance spectroscopy (R4) both

of which will be discussed in this chapter.

One of the variables that can be measured from a sample and used to estimate the
concentration of photosensitiser in samples is the steady-state fluorescence emitted by
the photosensitiser upon excitation by light. Fluorescence detection is the most sensitive
technique available for studying photosensitiser uptake and by using a sensitive CCD
array and spectrograph (described in Chapter 3) it is possible to collect spectra in vivo
via optical fibre bundles. However, fluorescence measurements are affected by tissue
absorption at the excitation and detection wavelengths therefore the interpretation of the
results obtained are far from straightforward. Other problems include unpredictable
signal attenuation caused by non-uniformity of the optical properties of the sample, and
the geometry of the excitation and detection fibre bundles. Absolute values of

photosensitiser concentration cannot therefore be measured irn vivo, but relative changes
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in concentration lead to proportional changes in the fluorescence emission provided the

same tissue is studied with the same detection geometry.

A second technique for the investigation of photosensitiser levels at PDT treatment sites
involves the measurement of diffuse reflectance spectra. In this method a white light
source is used and the light recorded contains less intense light, detected using a
CCD/spectrograph system (Chapter 3), at the wavebands which are absorbed by the
photosensitiser, in effect it provides an ‘inverse’ absorption spectrum. Using this
technique it is possible to study the absorption spectrum of the photosensitiser in vivo,
which is very important since the absorption maxima can change due to binding to

proteins in tissue.

A variant of this method, which became apparent when studying fluorescence and can be
used to indirectly monitor the photosensitiser concentration, involves the measurement of
the scattered excitation light. The emission from the tissue is monitored upon excitation
with a laser source and at high photosensitiser concentrations there is less laser light
emitted from the sample due to increased absorption and vice versa at lower
concentrations. This technique can be used to monitor the amount of self shielding in the

sample (Wilson et al, 1997).

The experimental apparatus is similar for measurement of both diffuse reflectance and
fluorescence and is described in Chapter 3. A brief background outlining how diffuse
reflectance and fluorescence have been applied to PDT in the past will be presented in
this chapter, together with a description of how these spectroscopic methods have been

developed and validated on living tissue.
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4.2 BACKGROUND AND THEORY

4.2.1 Diffuse reflectance spectroscopy, R4

Diftuse reflectance (Ry) is defined as the photons that are remitted from the surface of a
sample after they have undergone one or more scattering interactions (Wilson, 1995). Ry
therefore depends on the refractive index of the sample, which determines the amount of
specular reflection (Fresnel Law), and on the scattering and absorption properties of the
sample. Although by definition diffuse reflectance does not depend on refractive index,
internal reflection at the air-sample boundary is governed by refractive index and
therefore the intensity of the light just below the surface is higher than expected
(diffusion theory). Diffuse reflectance spectroscopy of tissue is generally carried out in
the red or near infra red wavebands where the total absorption from the tissue is lowest
and Ry is highest (Anderson & Parrish, 1981). Thus one can generally assume that the
scattering-to-absorption ratio is high in most soft tissues in this region of the

electromagnetic spectrum.

Three different types of diffuse reflectance measurement that can be made are (Wilson

and Anderson, 1991)

A) total diffuse reflectance where all the remitted light is collected from the
irradiated surface of a sample, normally using an integrating sphere

B) spatially resolved diffuse reflectance where Ry is given as a function of the
source-detector separation on the surface of a sample

C) time-resolved diffuse reflectance where the temporal distribution of short light

pulses as they progress through tissue are studied.

The work presented in this thesis will deal with the measurement of diffusely reflected
light at the surface of a sample where the source and detector are optical fibres. Spatially
resolved measurements (B) are made as well as point measurements and these will be

discussed in detail later in this chapter.
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with p,, & pay, representing the absorption coefficient with and without chromophore.
Since the optical pathlength depends on scattering, therefore for a fixed value of /, A is
proportional to the chromophore concentration. This type of absorption measurement is
of interest where the relative absorption changes are from a known chromophore. When
the sampled diffuse reflectance spectrum is subtracted from a control spectrum (sample
with no photosensitiser) a calculated absorption spectrum is achieved, therefore the
depth of the dip represents the amount of absorption of the light due to the

photosensitiser.

One of the main advantages that diffuse reflectance spectroscopy has over the
measurement of fluorescence is the ability to detect chromophores absorption bands
which do not induce fluorescence, such as non fluorescent photoproducts or aggregates

of photosensitisers (e.g. AICIPc figure 4-6). Several other advantages are listed below

a) enables determination of relative concentration
b) enables determination of absorption wavelength shifts
c) aggregates which are non-fluorescent can be detected

d) non-fluorescent photoproducts can also be resolved

Since we need to measure relative changes in the diffuse reflectance signal the tissue
phantoms will be used to establish a technique which is both repeatable and stable. Ry is
monitored as a function of fibre separation and as functions of concentration. In this
work Ry is detected over the wavelength range corresponding to the therapeutic

excitation wavelength.

4.2.2 Laser Induced Fluorescence (LIF) Spectroscopy

The fluorescence intensity emitted by photosensitisers can be used to estimate the
concentration of the PS in the sample. The fundamentals of fluorescence theory have

already been given in Chapter 2. Once the light has been absorbed, relaxation from the
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first excited singlet state (S;) to the ground state (S,) can result in fluorescence - the
amount of which is defined by the fluorescence quantum yield (section 2.3.4). The
higher the concentration of the chromophore present within the sample the greater the
number of photons that are absorbed and hence the greater the number of molecules
undergoing fluorescent emission. Measurement of the intensity of the fluorescence

emission is therefore a composite measurement:

I, =cllg 4.4

where I¢is the intensity of the fluorescence, c is the concentration of the chromophore I,
is the intensity of the excitation light, / is the pathlength and ¢ is the fluorescence

quantum yield. This equation applies strictly under optically thin conditions where there

is negligible self-absorption by the photosensitiser.

In tissue there are other contributing factors. The optical pathlength is much larger and
so scattering processes are significant, therefore equation 4.4 is no longer valid in the
pathlength. Light is also absorbed by tissue chromophores, the majority of which are
non-fluorescent but there is still some contribution from autofluorescence. If the
scattering and absorption properties remain constant then it is possible to apply equation

4.4 albeit under limiting conditions.

In this chapter the fluorescence emission from a stable phantom is used in order to
achieve an understanding of the effects of increasing the optical pathlength between the
source and detector. The effects of changing the concentration of chromophore on

fluorescence emission is also investigated.

4.2.3 Use of scattered light as reference

As a consequence of measuring fluorescence emission it was seen that scattered
excitation light (from the laser) was transmitted through the cut off filter and was

detected at the CCD/spectrograph. There are two cases where this is a useful property,
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1. as a reference intensity

2. as a measure of absorption

Case 1.

The intensity of the fluorescence spectra that are recorded using the CCD/spectrograph
detection equipment depend on the geometry of the detection system and the intensity of
the excitation light. In order to normalise the spectra the intensity of the excitation light
is used as a reference. The transmitted light at the excitation wavelength which is
detected by the CCD/spectrograph is proportional to the incident light on the filter. The
percentage transmitted is constant therefore the recorded intensity can be used to
normalise the fluorescence spectra. Figure 4-4 demonstrates this observed ‘leakage’ at

the fluorescence excitation wavelength (in this case 632nm).

Case2

The intensity of this ‘laser spike’ is related to the concentration of the photosensitiser in
the sample with lower signals resulting from higher PS concentrations (Stratonnikov et
al, 1996) when the light is tuned to the absorption maxima of the photosensitier (e.g.
680nm for AIS2Pc). Photons from the light source, (tuned to the maximum absorption
band of the photosensitiser) after being scattered through the sample are collected by the
detection optical fibre and detected on the CCD. Therefore by monitoring the intensity
of the detected light at the excitation wavelength it is possible to achieve a relative
estimate of the PS concentration. The effect of high concentrations of photosensitiser
can be visualised using this method and it provides a good method for the monitoring of
self shielding in a tissue phantom. Unfortunately this method can not be used to measure
the spectral shift which is evident from the photosensitiser, and the effects of the

aggregation of photosensitisers cannot be measured.
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4.4 RESULTS

4.4.1 Epoxy Tissue Phantoms

In order to assess the changes in the fluorescence and reflectance with concentration and
pathlength a stable optical phantom was required, which had similar optical
characteristics to that of tissue. This also enabled assessment of the various techniques
prior to being used during in vivo studies. For this reason a two part epoxy resin was
used with a scattering substance included to give a medium which had optical properties
similar to those of breast tissue (2.5 x 2.5 x 0.5cm). An absorber was also added to
account for the background absorption of the chromophores contained within normal
tissue (e.g. haemoglobin). A full description of the fabrication process and the materials

involved in making the phantoms is given in section 3.8.

One of the main advantages of using a solid tissue optical phantom was the spectral
stability of the blocks. It was found that the fluorescence emission spectra did not
degrade over a period of months. This is discussed in detail in Chapter 5 where
photobleaching was only observed if high power laser irradiation was employed at the
peak absorption wavelength of the photosensitiser, however under normal light levels
degradation was negligible. This is clearly demonstrated by the two fluorescence
emission spectra from the phthalocyanine, AICIPc shown in fig 4-4 which were taken 2
months apart, using the CCD/spectrograph with a RG 645 cut-on filter and a bifurcated
fibre bundle. As can be seen the shape of the recorded fluorescence curve together with
the ratio of the fluorescence to the scattered light from the laser are very similar and

clearly the stability of the phantoms.
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4.4.2 Angle of the detector fibre

If a bifurcated fibre bundle is used to make ‘point’ measurements of either diffuse
reflectance or fluorescence emission the angle the fibre bundle makes with the sample
surface is important (Zeng et al, 1993). When the fibre bundle is placed normal to the
sample surface it is possible for excitation light to be reflected directly into the detection
fibres. This reflection (specular) does not contain any information on the photosensitiser
within the sample since it has never entered and interacted with the sample, we therefore
checked the angular dependence of the signal. Figure 4-5 demonstrates the effect of
angle on the fluorescence emission from a sample - the sample itself displays negligible

absorption.
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It must be noted that at higher concentrations of photosensitiser the fluorescence
emission undergoes a slight red-shift of about 10nm, which is due to the self absorption.
The absorption bands centred at 670 and 610nm represent the fluorescent monomer
which is shown in figure 4-8 A. Owing to scattering of the light the effective pathlength
is longer than the 3mm fibre separation, so a low concentration of photosensitiser results
in a larger absorption than it would in a clear solution with similar detection geometry.
From the data presented above it is clear to see that fluorescence emission from the
photosensitiser is easier to monitor at low concentrations than the diffuse reflectance
spectra, since with absorbance we are looking for a small change in a large signal and
with fluorescence you may record a small signal in a very low background (if noisy). It
is always easier to detect the presence of something rather than the absence. Figure 4-8
B demonstrates that it is possible to detect the fluorescence wavelength shift by
monitoring the intensity at specific wavelengths, such as could be carried out with a
photodetector (e.g. photomultiplier tube, PMT) and filter bandpass allowing detection of
fluorescence) detection arrangement. This problem does not occur when using a

CCD/spectrograph system since the entire spectral range is recorded.

At higher concentrations of the AICIPc an absorption band at approximately 635nm is
clearly apparent on the diffuse reflectance spectra (figure 4-6 & 4-7). This displays one
of the advantages of using Ry to monitor chromophore concentration since not all the
light absorbed is emitted as fluorescence - the dimer of AICIPc does not fluoresce but it
clearly absorbs as seen in figure 4-7. The absorption noted on the graph is due to
dimerization of AICIP¢, the dimer absorbs light at ~635nm but does not fluoresce,
therefore the presence of the dimer is not apparent in the fluorescence spectra.
Aggregation has been shown to be evident with this photosensitiser in liposomes (Dhami
& Phillips, 1996), with less dimerisation occurring with lower photosensitiser
concentrations. (One must remember however that the excitation source for
fluorescence monitoring can be set to a wavelength where the monomer will absorb the
light but the absorption from the dimer is negligible). The effect of dimerization of
phthalocyanines may be important during PDT and will be discussed in detail with regard

to photobleaching in Chapter 5.




































































































































































































































































































































































































































































































































