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1. Introduction: tumour phototherapy

The beneficial and therapeutic properties of light either
alone or in combination with a chemical agent have long
been recognised by mankind. The solarium, for example,

was a feature of the domestic architecture of the ancient
Greeks and Romans and, in India, plant extracts containing
furocoumarins were administered orally followed by
sunlight exposure to treat vitiligo."™® In modern times,
Finsen’s seminal work on phototherapy,” and especially
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Abbreviations: A=Absorbance; ag=Aqueous; Ar=Aryl; BPD-MA=Benzoporphyrin derivative monoacid ring A; Brij 35=Polyoxyethylene(23)lauryl ether;
c=Concentration; CPC=Cetyl pyridinium chloride; CTAB=Cetyl trimethylammonium bromide; DABCO=Diazabicyclo[2.2.2]octane; 8-ALA=8-Amino-
laevulinic acid; DDQ=2,3-Dichloro-5,6-dicyano-1,4-benzoquinone; DMF=Dimethylformamide; DMSO=Dimethylsulfoxide; DPPC=Dipalmitoyl-L-o-
phosphatidylcholine; DTAB=Dodecyl trimethylammonium bromide; EPR=Electron paramagnetic resonance; FCS=Foetal calf serum; h=Hour(s);
Hp=Haematoporphyrin; HpD=Haematoporphyrin derivative; HPLC=High pressure liquid chromatography; HPMA=N-(2-Hydroxypropyl)methacrylamide;
HSA=Human serum albumin; k=Rate constant; MACE=Mono-L-aspartylchlorin eq; MALDI=Matrix assisted laser desorption ionization; min=Minute(s);
m-THPBC=5,10,15,20-Tetrakis(3-hydroxyphenyl)bacteriochlorin; m-THPC=5,10,15,20-Tetrakis(3-hydroxyphenyl)chlorin; m-THPP=5,10,15,20-Tetra-
kis(3-hydroxyphenyl)porphyrin; m-TMeOPP=5,10,15,20-Tetrakis(3-methoxyphenyl)porphyrin; MS=Mass spectrometry; MV=Methyl viologen; PBS=
Phosphate buffered saline; Photofrin®, Photosan®=Proprietary names for purified HpD; PDT=Photodynamic therapy; rel.=Relative; SDS=Sodium dodecyl
sulfate; SOD=Superoxide dismutase; r=Time; T=Temperature; TPP=meso-Tetraphenylporphyrin; TPPS,=5,10,15,20-Tetrakis(4-sulphonatophenyl)-
porphyrin; UV=Ultra violet; UV—-Vis=Absorption spectroscopy; vis=Visible.
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his successful treatment of lupus vulgaris (a tubercular
condition of the skin), established the foundations for the
use of light in contemporary medicine. Since then, photo-
therapy has been successfully used in the treatment of
vitamin D deficiency, psoriasis, and neonatal hyper-
bilirubinemia.'®

Photodynamic therapy (PDT) is an emerging treatment for a
variety of conditions, but particularly for cancer and for wet
age-related macular degeneration. It requires a combination
of oxygen, visible light and a drug (a photosensitiser), which
causes damage to living tissue. The scientific basis for this
treatment is the photodynamic effect, which was discovered
a century ago by Raab.’ By 1913, Meyer Betz* had demon-
strated the photodynamic effect in the human body in a
celebrated (if foolhardy) experiment in which he injected
himself with a solution of 200 mg of haematoporphyrin 8:
subsequent exposure to sunlight caused severe damage to
his hands and face. Several decades later, in 1942, Auler and
Banzer® observed tumour fluorescence and necrosis under
UV light after porphyrin administration in experimental
animals. In 1961, Lipson and his colleages6 reported clear
evidence that a porphyrin preparation (haematoporphyrin
derivative, HpD) was selectively taken up by tumours.
Another decade had to pass before Diamond and his
coworkers’ proved that such sensitised tumours could be
destroyed by visible irradiation. In 1976, Kelly and Snell®
made the first record of a clinical example (a single bladder
cancer case, briefly reported). Shortly afterwards, an exten-
sive and detailed clinical study was described by Dougherty
and his colleagues’ which eventually led to the first regula-
tory approval of a PDT sensitiser (Photofrin®). In 1993,
Photofrin® was authorised for use against certain types of
bladder tumour in Canada, and was later approved for the
treatment of various sorts of tumour in the USA, Japan, and
some European countries. By this time, much effort was
being devoted to discover more efficient photosensitisers
(often referred to as ‘second generation’ sensitisers).

PDT essentially consists of the following steps: (i) a good
photosensitiser (and preferably a single substance with a
straightforward synthesis) is identified which shows some
preferential accumulation in the tumour tissue; (ii) this
compound is administered and a certain time (the drug-
light interval) is allowed to elapse in order to obtain the
maximum differentiation in photonecrosis between normal
and malignant tissue; and (iii) the tumour is irradiated with
visible light in order to destroy the abnormal cells. The
photosensitiser is usually administered using an aqueous
buffer solution or liposomes and the light source is often a
laser since this can be efficiently connected to optical fibres
to treat deep tumours with good precision. While the process
of photosensitiser localisation, which favours tumour
accumulation, is not really understood, the process of
tumour  photonecrosis has received  mechanistic
rationalisation.

Two oxidative mechanisms are considered to be principally
involved in the photodestruction of tissue,'* namely Type I
and Type IL. In the Type I mechanism, the photosensitiser
interacts with a biomolecule (or oxygen) with a resulting
hydrogen atom (or electron) transfer to produce radicals. In
the Type II mechanism, singlet oxygen is generated as a

Chemical reactions Type 1

0O,
ﬁ L» 0_2. superoxide

~200 kJFE=
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Chemical reactions Type I

Figure 1. Modified Jablonski diagram to show Type I and Type II mechan-
isms (P=porphyrin photosensitiser).

result of energy transfer from the triplet exited state of the
photosensitiser to the triplet ground state of the dioxygen
molecule (Fig. 1).

Several sorts of biomolecules, such as unsaturated lipids
(exemplified by 1), cholesterol, and side chains of certain
a-amino acids, such as tryptophanyl 3, histidyl, and
methionyl 6 react readily with singlet oxygen, as illustrated
in Scheme 1. These components are essential constituents of
various biological membranes, and it is therefore considered
likely that membrane damage is an important process lead-
ing to both photonecrosis and vascular shutdown.

In general, the photosensitisers employed in cancer photo-
therapy have been porphyrin-type materials: there is no
reason to suppose that the field is restricted to this series,
although some advantages are discernible amongst these
compounds (aromatic stability, high singlet oxygen
quantum yields, apparent lack of dark toxicity, and absorp-
tion in the red region). HpD and its more purified versions,
such as Photofrin®, Photosan® and Photohem®, were the
first photosensitisers employed in PDT and they are referred
to as first generation. HpD is a mixture of porphyrin
monomers, dimers and oligomers which are formed from
haematoporphyrin 8 as shown in Scheme 2.'*'° The anti-
tumour activity basically resides in the covalently-linked
oligomeric fraction, and therefore in the commercial
preparations the less active monomeric fraction is removed
using HPLC or gel permeation chromatography.

The first generation photosensitisers, however, possess three
major drawbacks: their selectivity is low and, consequently,
skin photosensitivity is a major side effect; absorption in the
red region is weak, and so deep tumours are difficult to treat;
and the photosensitisers are complex mixtures of active
components.

In designing improved photosensitisers, a number of factors
need to be considered in addition to their ease of synthesis.''
A photosensitiser should have: little or no toxicity in the
dark; good pharmacokinetic behaviour, i.e. high selectivity
for tumour tissue and easy elimination from the body
(amphiphilic character seems to be advantageous); a
constant composition (preferably a single achiral
substance); a high triplet quantum yield and a triplet
energy >94 kJmol™' with efficient energy transfer to
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Scheme 1. Reactions of singlet oxygen with some biomolecules.

produce singlet oxygen; and red absorption to take
advantage of deep light penetration.

A large number of novel photosensitisers have been synthe-
sised with a variety of structures ranging from porphyrin-
type compounds (chlorins, bacteriochlorins) to phthalo-
cyanines, texaphyrins and porphycenes (Fig. 2). Detailed
reviews have appeared elsewhere on this subject.'™*!?

A significantly different approach which does not require
the administration of a synthetic photosensitiser is the use of
8-aminolaevulinic acid (8-ALA)."* This procedure makes
use of the biosynthesis of protohaem which is controlled
by a feedback process in which the concentration of haem
regulates the production of 3-ALA. When 8-ALA is

R‘l

R2

CH3CO,H/H,S0, 5%

RO,C CO,R

administered, however, this regulatory mechanism is
bypassed, and the biosynthesis sequence is triggered, produc-
ing mainly protoporphyrin 9 which acts as an endogenous
photosensitiser. Patients suffering from basal cell carcino-
mas have been treated using a topical application of 3-ALA
and a positive response was observed in 79% of the cases.'*
This treatment is being developed commercially by DUSA
(Deprenyl USA, Toronto), and now has regulatory approval
for use in actinic keratosis. Table 1 lists some other second
generation sensitisers currently being developed.

2. Photobleaching and PDT

The resistance of dyes towards degradation by light has long

HpD Stage |
Major component
haematoporphyrin diacetate,
R' R? = CH(OAc)Me)

1. Alkali
2. Neutralise

HpD Stage Il

8 R=H, R' R?=CHOHMe

Mixture of oligomers, dimers, protopor-
phyrin (R’ R?= CH=CH,), haematopor--
pyrin, and 3(8)-hydroxyethyl-8(3)-vinyl-
deuteroporphyrin(R1(R2) = CHOHMe,
RYR") = CH=CHj)

Active oligomeric fraction,
e.g. Photofrin, Photosan

porphyrins

Scheme 2. Preparation of haematoporphyrin derivative (HpD) and its commercial variants.'®

Inactive monomeric
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Figure 2. Structures of some second generation photosensitisers.

preoccupied scientists, especially in the textile industry.'
The fading of dyed textiles upon exposure to daylight was
already reported in Roman chronicles.'* In the first printed
books about dyeing published in 1532 and 1548, sunlight
was recognised as the cause of the fading of certain dyed
textiles.!>® At the beginning of the eighteenth century,
Dufay carried out the first systematic study in order to
classify dyes according to their resistance towards air and
sunlight.'® By the end of the eighteenth century, Senebier'’

and later Bancroft'® began to discuss the chemical mechan-
isms of photofading and Bancroft suggested that the photo-
bleaching process could be either oxidative or reductive.'®
In the 1830s, Chevreul'® carried out detailed experiments in
which dyes were exposed to sunlight under different condi-
tions, for example, in oxygen, in a vacuum, and in the
presence of moisture. He concluded that light, air and

Table 1. Second generation photosensitisers under commercial development'®

13: Monoaspartyl chlorin e6

e
S

16: Zinc(ll) phthalocyanine

(H)MeO,C CO,H(Me)
11: Benzoporphyrin Derivative (BPD-MA)

O(CH,CH,0)3CH,

O(CH,CH,0);CH3
14: Lutrin (Lutetium texaphyrin)

moisture had a great effect on the degradation of dyes in
textiles. An early scientific investigation using more modern
methods was carried out by Russell and Abney® who
studied artists’ pigments in 1886—88. A few years later,
the issue of light fastness attracted the attention of the dye
industry and after a communication presented by Hummel*'
in 1890 to the British Association, studies were made on the
fastness of natural dyes in comparison with synthetic dyes,
which were available since the discovery of mauve by
Perkin in 1856. Since then, much progress has been made
in the understanding of the mechanism of dye photodegra-
dation. The mechanisms are, however, far from simple, and
the nature of the photoproducts has often not been deter-
mined. In general, the accelerative effect of oxygen has been
recognised and it has been suggested that singlet oxygen and
related species are responsible for the photofading of certain

Company Headquarters Photosensitiser
Cytopharm-Glaxo Wellcome Menlo Park Hydroxyalkylporphycene (cf 15)
DUSA (Deprenyl USA) Toronto 8-Aminolaevulinic acid (ALA)

Miravant Medical Tech. Santa Barbara

Negma Strasbourg
Nippon Petrochemicals Tokyo
Novartis Basel
Pharmacyclics Palo Alto
QLT Vancouver

CibaVision/QLT Vancouver/Basle
Russian group Moscow
Scotia Pharmaceuticals Stirling

Tin etiopurpurin 12
Bacteriochlorophyll derivatives
MACE 13

Zinc phthalocyanine 16

Lu texaphyrin derivative 14
Benzoporphyrin derivative
(Visudyne®,
Chloroaluminium phthalocyanine sulphonic acids (‘Photosens’)
m-THPC (Foscan®, 10) m-THPBC, pegylated derivatives

for age-related macular degeneration) 11
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10 1 1 0.6 in a variety of fields from laser technology to photo-
§ 0.8 medicine.
[x]
'sg 0.6 In the literature, there are several terms which are employed
2 04 to refer to the degradation of dyes and pigments upon
< 02 irradiation. Those most frequently used are photofading,
lack of light fastness, and photobleaching. In photo-
0 hemi d photobiology, the term photobleachi
300 400 500 600 700 800 900 C em1§try ap p otobiology, e. €rm photobleaching (or
s A bleaching) is widely used and is defined as the loss of
3 0.0 (nm) absorption or emission intensity caused by light.”®
g
5 9 [\W There are two types of irreversible photobleaching which
B lead to chemical change in the chromophore:**
«
. \ ’ b
Y
E-0.0S (1) Photomodification, where loss of absorbance or
200 300 400 500 600 700 800 900 fluorescence occurs gt some wavelgngths, but the
chromophore is retained in a modified form. An
A (nm) example—the photoreaction of haematoporphyrin 8 in
. ) ) aqueous buffer—is illustrated in Fig. 3. As the original
Figure 3. Top spectrum: absorption spectra of a solution of haematopor- absorption spectrum diminishes, a new absorption peak

phyrin 8 (10™*M in PBS) before (1) and after (2) irradiation at 514 nm.
Light dose 1050 J. Bottom spectrum: difference spectra (irradiated minus
non-irradiated) of a solution of haematoporphyrin (10~> M in PBS). Light

emerges at 640 nm and
(i1) True photobleaching, where chemical changes are

dose 380J. (Reprinted from Ref. 36a with permission from Elsevier deep-seated, and result in small fragments which no
Science). longer have appreciable absorption in the visible region.
The sample becomes essentially colourless. Fig. 4
dyes.” The interest in the photodegradation of dyes and illustrates this effect when 5,10,15,20-tetrakis(m-
pigments has also been embraced by other fields which hydroxyphenyl)chlorin 10 is irradiated in aqueous
have appeared over the years with the advances of science methanol with a 514 nm laser source, and all the visible
and technology, so that nowadays, this property is relevant peaks diminish.
1.4 T
1.2 +
0 min
1T 5 min
~-==-- 15 min
------ 30 min
08 +

Abs

450 500 550 600 650 700
A (um)

Figure 4. Changes in the absorption spectrum of a solution of m-THPC 10 0.04 mM in methanol—water (3:2, v/v) in equilibrium with air on irradiation at
514 nm with an argon laser (P=0.78 W). (Reprinted from Ref. 24a with permission from Elsevier Science).
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It appears that, where photomodification occurs, true
photobleaching often occurs concomitantly.

In mechanistic terms, the pathways of the photobleaching or
photomodification can be very varied. Photoaddition and
photocyclisation may be accompanied by the loss of
chromophore; and electron transfer processes can lead to
the formation of broad bands showing red shifts, although
these changes can often be reversed. Irreversible photo-
reductions may occur on irradiation in the presence of a
reducing agent. Porphyrin photoreduction occurs by
hydrogen addition at sites selected from meso-, - and
nitrogen, depending on the conditions.”> In some circum-
stances, the photoreduction appears to be regiospecific, as in
the photoreduction of zinc(Il) B-vinylporphyrins in the
presence of ascorbic acid—organic base mixtures, where
the reduction appears to occur specifically at the ring
bearing the vinyl substituent to give the cis-chlorin.>®

In the majority of examples of photobleaching in PDT,
however, where oxygen is necessarily present, the
mechanistic processes are oxidative, and usually involve
singlet oxygen or radical reactive oxygen species (Fig. 1).
In solution experiments, convincing evidence can be
obtained for the involvement of singlet oxygen and, indeed,
photochemically generated singlet oxygen is a valuable
reagent in synthetic chemistry.' In in vivo systems,
however, it is much more difficult to establish the nature
of the intermediate, although Forster and his colleagues®
have reported evidence based on oxygen tension measure-
ments in multicellular tumour spheroids which accords with
the view that photobleaching of Photofrin® and proto-
porphyrin involves singlet oxygen. The photobleaching of
Nile blue selenium, however, follows a non-singlet oxygen
pathway.

In the PDT field, the first relevant observation of photo-
bleaching was reported in 1986 by Moan et al.®’ using
NHIK 25 cells incubated with Photofrin®. Shortly after-
wards, photobleaching was observed by Mang et al.*® in
patients receiving treatment with Photofrin®. The potential
benefit of photobleaching upon treatment was recognised at
an early stage, although the first attempts were not
promising. Boyle et al.”’ for example, proposed that skin
photosensitivity (the major side effect of PDT treatment
which can last up to five weeks when Photofrin® is used)
could be reduced if the patient was pre-irradiated with
increasing light doses. In animal experiments, Swiss mice
treated in this way suffered only one week of skin
photosensitivity when treated with Photofrin®. Subsequent
stud3%)es, however, do not appear to have been success-
ful.

Another idea which also appeared at an early stage was to
use a low dose of the photosensitiser in combination with a
high dose of light.?’®>?® By taking this approach, Mang et
al.3™ and Ris et al.’'"® succeeded in limiting damage to
normal tissue and achieving high tumour necrosis during
PDT treatment using Photofrin~ and m-THPC 10, respec-
tively. In recent years, as the potential benefits of controlling
photobleaching have been recognised and the complexity of
the process has been revealed, this property has been
increasingly considered.

3. Photobleaching studies in solution

3.1. Haematoporphyrin and related photosensitisers
(HpD, Photofrin®)

The photobleaching of haematoporphyrin and related
compounds, which include Photofrin®, has been extensively
studied in kinetic terms. Very little is known, however,
about the structures of the photoproducts.

Starting in 1988, Rotomskis and coworkers’ have reported
the photoreactions of haematoporphyrin and various deriva-
tives, irradiating with an argon ion laser (A 514 nm). They
observed the decrease of absorption throughout the spec-
trum and the simultaneous appearance of a band at about
640 nm, when an aerated solution of haematoporphyrin
diacetate in phosphate buffer was irradiated [compare
Fig. 3, which refers to the di-alcohol haematoporphyrin
8]. While haematoporphyrin diacetate is a mixture of mono-
mer and aggregates in aqueous solution, it exists as the
monomer in ethanol. When haematoporphyrin diacetate in
ethanol was exposed to light, only photobleaching was
observed. The 640 nm photoproduct formed in aqueous
media was also detected under a nitrogen atmosphere; but
oxygen bubbling enhanced photobleaching. These observa-
tions, together with the fact that the ratio of aggregated to
monomeric material decreased on irradiation, led these
authors to conclude that the photoproduct may have arisen
from the aggregated porphyrins without oxygen involve-
ment.

In order to support these ideas, Rotomskis et al.* carried out
a set of experiments in which the effects of aggregation on
photoproduct formation were evaluated. Haematoporphyrin
dimethyl ether, haematoporphyrin 8 and Photosan® were
irradiated in phosphate buffer solutions, and the same effects
were observed as before (i.e. absorbance decay, disappear-
ance of aggregated porphyrins, and the new band at
640 nm). While haematoporphyrin dimethyl ether yielded
the largest amount of photoproduct, Photosan® appeared to
be relatively photostable. In micellar media (Triton X-100),
haematoporphyrin dimethyl ether led to a lower amount of
photoproduct, whereas Photosan® and haematoporphyrin 8
each showed a new peak in the spectrum at 660 nm. These
changes were attributed to different aggregation states of
each photosensitiser under different reaction conditions.
Haematoporphyrin dimethyl ether was thought to be aggre-
gated, forming ‘sandwich-type’ dimers (H-type) according
to its absorbance spectrum (Soret band blue-shifted, the
width at half-height of the band (Av) being increased, and
Band I showing a small red shift); haematoporphyrin (8)
was thought to exist as sandwich and linear dimers (linear
dimers—J-type—are characterised by a slightly red-shifted
Soret band, a larger Av, and only a marginal change in A .,
of Band I, although some variation appears to be possible in
these criteria); and Photosan® was regarded as existing as
covalently-linked linear oligomers held together by non-
covalent bonds and sandwich-type dimers or oligomers. In
interpreting these results, Rotomskis®® suggested that photo-
product formation with an absorption band at 640 nm was
limited by the presence of sandwich-type dimers, while the
product with a band at 660 nm depended on the existence of
a linear-type covalently-linked structure.
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Studies® on HpD using fluorescence and absorption spec-
troscopy, led to the suggestion that the photoproduct with an
absorption band at 640 nm was a chlorin or a covalently-
linked porphyrin—chlorin system, but no specific structure
was proposed. Rotomskis et al.>® reported the effect of pH
on the photobleaching of, and photoproduct formation from,
HpD and haematoporphyrin 8 in phosphate-buffered solu-
tions. Photobleaching was slightly increased when the pH
was increased, whereas the formation of the 640 nm photo-
product was strongly pH dependent: below pH 5 it was not
detected; between pH 6—10 it was favoured; and above pH
10 its formation was again diminished.

More recently, the same group isolated small amounts of
several photoproducts from the photooxidation of haemato-
porphyrin 8 in aqueous buffer solution. Three types of
photoproducts, characterised only by their absorption and
fluorescence emission spectra, were isolated: UV absorbing
photoproducts (A . 240-320 nm) regarded as mono- or
di-pyrroles; supposed bilirubin-type molecules
(Amax~545 nm); and two red-absorbing photoproducts,
which were regarded as compounds of the chlorin and
bacteriochlorin type, with maxima at 640 and 660 nm,
respectively (Scheme 3). It seems unlikely, however, that
a bacteriochlorin of this substitution pattern would have
Amax for Band T as low as 660 nm. The efficiency of forma-
tion of these red-absorbing photoproducts with respect to
structure was also evaluated and the following sequence
was found: haematoporphyrin dimethyl ether>>haemato-
porphyrin>HpD>Photosan®>Photofrin®. The authors
concluded that the formation of the red-absorbing photo-

products from different precursors is favoured when
sandwich-type aggregates are present. It was considered
that in these aggregates, oxygen penetration would be
limited and a photoreduction process would occur to yield
the chlorin- and bacteriochlorin-type photoproducts
(Scheme 3).

In a separate study, Konig et al.’” observed a new fluores-
cent photoproduct (A, 642 nm) from HpD in phosphate-
buffered solutions on irradiation with an argon ion laser (A
514 nm). In order to demonstrate the involvement of singlet
oxygen in photoproduct formation, several of the common
tests'® were carried out, including using sodium azide (a
singlet oxygen scavenger), and D,O as solvent [depending
on circumstances, the photooxidation efficiency may be
improved in D,0 because singlet oxygen has a much longer
lifetime in D,O (7=30-50 ps) than in H,O (7=2-3 ps)].
These results indicated a role for oxygen, in contrast to
observations reported by Rotomskis et al.’* It was also
noted that the photoproducts appeared to have a lower
photodynamic activity than HpD. Jones and Grosweiner’®
also detected the formation of a photoproduct
(Amax~663 nm) and photobleaching of the Soret band
when solutions of Photofrin® in Triton X-100 were
irradiated with a filtered 200 W high-pressure Hg—Xe arc
(360—630 nm) or a tunable dye laser. In this example also,
additives, such as sodium azide and imidazole, provided
indirect evidence that singlet oxygen was responsible for
the reaction.

Spikes®’ made a comprehensive study of reaction conditions

light
OH
H
| N
/
HO o, OH
7
Ho N
[/
Y
HO,C HO
HO,C CO,H HO,C CO,H
17
UV-absorbing I
photoproducts monomer Bilirubin-type products.
Dynamic process
OH COzH OH
HO,C H

H

HO,C
HO,C CO,H
18

Chlorin-type photoproducts
(640 nm)

aggregate

H

COH HOLC COLH
20

Bacteriochlorin-type photoproducts
(660 nm)

Scheme 3. Rotomskis’ mechanism for the photooxidation of compounds of the haematoporphyrin series.*®
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HO,C
CO,H
HO,LC, CO,H
HO,C CO,H
HO,C
CO,H

21

Figure 5. Uroporphyrin I 21 and TPPS, as the tetrasodium salt 22.

and the effect of several additives on the quantum yields and
kinetics of the photobleaching of haematoporphyrin 8,
Photofrin®, uroporphyrin I 21 and 5,10,15,20-tetrakis(4-
sulphonatophenyl)porphyrin tetrasodium salt (TPPS,, 22)
(Fig. 5) in phosphate buffer solution. The solutions were
irradiated in the region of the Soret band with filtered
light from a slide projector lamp. The photobleaching of
haematoporphyrin 8, uroporphyrin I 21 and TPPS, 22
followed first order kinetics, whereas the Photofrin® photo-
bleaching rate was a mixed process. New products absorb-
ing in the visible region were not observed on irradiation, in
contrast to previous reports in which higher concentrations
had been employed. The quantum yields for photobleaching
in aqueous buffer reported by Spikes are listed in Table 2.

Table 2. Photobleachin§ quantum yields (®,,): 100 mM NaHPO, buffer of
pH 7 and 0.22 mM O,

Substrate Photobleaching
quantum yield
((I)pb)
Haematoporphyrin 8 47x1073
Photofrin® 54x107°
Uroporphyrin I 21 2.8x107°
TPPS, 22 9.8%107°

Monomeric forms of Photofrin®, TPPS, 22 and haemato-
porphyrin 8 appeared to be more susceptible to photo-
bleaching than aggregated porphyrins. Nitrogen bubbling
(30 min, reducing oxygen concentration from 0.22 mM to
2 uM)* led to lower quantum yields (~90% decrease) for
Photofrin®, haematoporphyrin 8 and TPPS, 22, whereas the
initial rate of uroporphyrin I 21 photobleaching was
enhanced. Using D,O as the solvent, and sodium azide
addition, seemed to have little effect.

The dielectric constant of the solvent did appear to influence
the quantum yield, photobleaching being increased when
the dielectric constant of the solvent was raised. Since
ionic species are more stable in solvents with high dielectric
constants, ionic intermediates may be involved in the photo-
bleaching process and, therefore, be associated with
increased bleaching rates.

SO5”

The effects of different photooxidisable organic compounds,
namely cysteine, methionine, tryptophan, histidine, furfuryl
alcohol, dithiomenthol and human serum albumin (HSA),
on the quantum yields of photobleaching were also assessed.
Apparently random effects on the rates of photobleaching of
the four porphyrins were observed when the amino acids
were added. On the other hand, quantum yields were
increased 2- to 3-fold in the presence of HSA, in which
monomeric forms are favoured due to protein binding.
The presence of furfuryl alcohol also increased the photo-
bleaching quantum yields of the four porphyrins, the largest
effects occurring with uroporphyrin I 21 and haemato-
porphyrin 8 (>4-fold increase). The photooxidation
products of furfuryl alcohol, such as hydrogen peroxide,
may react with the porphyrin leading to bleaching (macro-
cycle cleavage). The effects of other additives (e.g. methyl
viologen, metronidazole, catalase, superoxide dismutase,
cationic detergents) were also observed, although a general
rationalisation of the results of the additive experiments for
the four porphyrins studied did not emerge.

Bezdetnaya et al.*’ reported the photobleaching of HpD and
protoporphyrin 9 in solution containing foetal calf serum
(FCS), irradiating with a krypton laser (A 405, 413 nm).
The photobleaching quantum yields were calculated from
absorption decay, fluorescence decay and photocytotoxicity
decay (using a cell line, HT 29, derived from human adeno-
carcinoma). The observed absorption decay was 10-fold
smaller than the fluorescence decay. Since fluorescence
mainly arises from monomers rather than from aggregates,
this result was attributed to the greater photolability of the
monomers compared to the aggregates. It was proposed that
the difference between the fluorescence quantum yield and
photocytotoxicity quantum yield (the former being 1.4- and
2.6-fold larger than the latter for HpD and protoporphyrin 9,
respectively) was caused either by the formation of photo-
products having emission bands which overlap those of the
parent compound, or by a change in hydrophilicity of photo-
bleached porphyrin, which could influence cell incorpora-
tion. A different test was also carried out. Pre-irradiated
solutions, which had then been kept in the dark for several
hours, recovered cytotoxicity and fluorescence, this
recovery being 100% for protoporphyrin 9 and lower
for HpD. The authors attributed this behaviour to
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Figure 6. Mesoporphyrin 23, tetraphenylporphyrin 24 (TPP) and zinc(II) tetraphenylporphyrin 25 (ZnTPP).

disaggregation of the pre-irradiated dye. Further studies are
desirable to extend these findings.

3.2. Protoporphyrin (8-ALA as a prodrug)

Administration of 8-ALA, usually in the form of a lotion
applied directly to the tumour, leads to the formation of
protoporphyrin 9 within the tumour (Section 1). Because
of its relevance to the photosensitivity of patients suffering
from erythropoietic protoporphyria, the photooxidation of
protoporphyrin is one of the most thoroughly studied
examples of photosensitiser degradation.*'~*®

The photooxygenation of protoporphyrin 9 was first studied
by Fischer*'® in 1938, although the products were identified
much later.*** Gurinovich et al.*'® undertook spectroscopic
studies which appeared to show that protoporphyrin,
etioporphyrin and mesoporphyrin (23, Fig. 6) were photo-
oxidised, giving chlorin-type products (absorption bands at

— —

/

hv /0O,
RO,C CO,R RO,C
9 R=H

== OHC

CHO
RO,C COR RO,C

28 29

Amax 650—670 nm), whereas porphyrin, octaethylporphyrin
and tetraazaporphyrin were photostable. TPP 24 was
relatively photostable in aerated organic solvents, whereas
ZnTPP 25 gave a photoproduct with A, 465 nm. No
structures were proposed.

Inhoffen*? and later Whitten® identified the photoproducts
from protoporphyrin 9 as the isomeric hydroxyaldehydes 26
and 27 and the formylporphyrins 28—30 (Scheme 4).

The formation of 26 and 27 (also called photoproto-
porphyrins A and B) is believed to involve a [4+2] cyclo-
addition of singlet oxygen to the diene unit formed by an
endocyclic double bond and a vinyl group, whereas the
formyl porphyrins 28—30 arise from a [2+2] addition to
the vinyl group yielding a dioxetane (Scheme 5).

Whitten and his colleagues have carried out a detailed and
very relevant study of this reaction, which in the authors’

OHC
OHCcHO Ho, \ y
COR RO,C COR
26 27
OHC
/ CHO
COR RO,C COR

30

Scheme 4. Photooxidation products from protoporphyrin 9.**~** Experiments in organic solvents have sometimes been conducted with esters (e.g. R=Me,

C,gH37) to facilitate manipulation of the products.
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Scheme 5. Reaction of singlet oxygen with protoporphyrin 9.

view has been insufficiently regarded. Cox and Whitten*!
studied the photooxidation of protoporphyrin 9 derivatives
in several organic solvents, irradiating with a 450 W
medium pressure mercury lamp or a 1000 W mercury
xenon arc lamp. In all cases, the formation of the chlorin-
type products 26 and 27 was favoured over that of the
formylporphyrins 28-30, a typical ratio of about 10:1
being obtained. On the other hand, the total product
yield was relatively low (25-51%), suggesting further
decomposition of the primary photoproducts and 9.

Although the singlet oxygen quantum yields of the hydroxy-
aldehydes 26 and 27 and the formylporphyrins 28-30 are
high, these products are reported to be more stable towards
photooxidation than protoporphyrin.*®

Experiments with additives were carried out in order to try
to distinguish between Type I and Type II mechanisms.
With the addition of singlet oxygen quenchers such as
cholesterol and diazabicyclo[2.2.2]octane (DABCO), the
yields of all the products decreased, suggesting that singlet
oxygen attack on the ground state of 9 was the most likely
origin of these photoproducts. A slight decrease in the ratio
of hydroxyaldehyde to formyl products was noticed,
however, suggesting, perhaps, that a minor portion of the
formylporphyrins could come from a non-singlet oxygen
pathway. The role of superoxide was also assessed. The
experiments using superoxide scavengers such as methanol
or 2-propanol, which catalyse its dismutation, were rather
inconclusive. On the other hand, the presence of methyl
viologen led to more clear-cut results. The formation of
the hydroxyaldehydes 26 and 27 was almost suppressed,
whereas the yield of the formyl products 28—30 was little
affected. It was concluded that, under the conditions studied,
singlet oxygen (Type II mechanism) was the major pathway
of photooxidation of 9 in solution to give the major products
26 and 27, but that the formyl products 28—30 could also
arise by a Type I pathway.

The same group investigated this process in more complex
media. A preliminary study had been carried out in mono-
layers, organised monolayer assemblies and micelles,®
which gave completely different ratios of photoproducts to
those observed in organic solvents. The formylporphyrins
28-30 were now the major products rather than the
hydroxyaldehydes 26 and 27. A more detailed account on
micelles (SDS, DTAB, and Brij 35), and on vesicles
(DPPC), was published a few years later.*’ In these systems,
the total yield of photoproducts 26—30 was lower (15-28%)
than that observed in solution, indicating a more extensive
true photobleaching of protoporphyrin 9. The ratio of formyl
to hydroxyaldehyde products also increased (typical ratio
43:57), but not as dramatically as seen with monolayers
and assemblies. In order to investigate the mechanism

involved in the aqueous surfactant solutions, the photo-
oxidation was examined in the presence of different
quenchers. DABCO and cholesterol did not provide any
clear information on this occasion. Sodium azide, a singlet
oxygen quencher which, being ionised, resides essentially in
the aqueous phase, led to a reduction of the yields of the
photoproducts 26 and 27, and the formation of the formyl
porphyrins 28-30 was slightly increased. When high
concentrations of azide were employed, the quenching
effect reached a plateau that was attributed to an intra-
micellar reaction unquenchable by the azide. The change
from H,0 to D,0 was also examined. Both product yields
were increased, but that of the hydroxyaldehydes 26 and 27
was particularly enhanced. The quenching of the hydroxy-
aldehyde formation by azide was much more pronounced in
D,0. From this evidence, it was proposed that there are at
least two major pathways for the photooxidation of 9 in
organised media.

Kinetic analysis (see Ref. 45 for more details) led to the
conclusion that photooxidation by singlet oxygen in
micellar systems can be split into two contributions: an
intramicellar portion and an intermicellar portion. The inter-
micellar reaction would be limited by singlet oxygen decay
in the aqueous phase and the intramicellar reaction would be
independent of total porphyrin concentration since each
micelle can only accommodate a limited amount of
porphyrin. It was argued that the formation of the
porphyrins 28-30 essentially did not depend on a singlet
oxygen pathway, as indicated by the small effect of D,O on
28-30 formation and the small yield increase when azide
was used. An intramicellar path was therefore proposed, and
an electron transfer leading to the generation of superoxide
ion was favoured.

Krieg and Whitten*®*’ reported the behaviour of several
porphyrins in the presence of molecular oxygen when
studied in the presence of erythrocyte ghosts, and in oil-
in-water microemulsions. The erythrocyte ghosts are the
washed natural membrane systems from red blood cor-
puscles, and contain saturated lipids, unsaturated lipids,
and a full complement of membrane proteins. The oil-in-
water microemulsion provides a more limited model for just
the lipid portion of a natural membrane. The porphyrins
studied were protoporphyrin 9, mesoporphyrin 23, haemato-
porphyrin 8, HpD, meso-tetraphenylporphyrin (TPP, 24)
and zinc(Il) meso-tetraphenylporphyrin (ZnTPP, 25).

In contrast to the results obtained in organic solutions or in
micellar or vesicular systems, where protoporphyrin 9 gave
the identified photoproducts 26-—30, this porphyrin now
underwent true photobleaching when irradiated in aerated
ghosts. Since mesoporphyrin 23 and haematoporphyrin 8,
which do not contain vinyl groups, also showed such
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photobleaching, a possible photooxidation of the macro-
cycle, mediated by photooxygenated protein residues, was
suggested. HpD photobleached at similar rates to those
observed for protoporphyrin 9 and faster than in solution.
On the contrary, TPP 24 was little affected and ZnTPP 25
gave a product absorbing strongly below 500 nm and in the
700—-800 nm region. This behaviour is very similar to that of
zinc, cadmium, and magnesium complexes of tetraphenyl-
porphyrin in solution,*”° where the formation of a linear
tetrapyrrole derivative occurs as a result of singlet oxygen
addition to, and cleavage of, the macrocycle (Section 3.4).

In order to understand which pathway was involved in such
a degradation in the presence of erythrocyte ghosts,
systematic studies were carried out in oil-in-water emul-
sions comprising benzene, surfactant (anionic SDS or
cationic DTAB), n-butanol and water. Several amino acids
(arginine, cysteine, histidine, methionine and tryptophan)
and other additives were introduced into the mixture and
their effects evaluated.

When protoporphyrin 9 was irradiated in an aerated oil-in-
water emulsion containing no further additive, it showed the
same product distribution as in organic solvents. While
arginine did not produce much change, the rate of photo-
bleaching was enhanced when cysteine, histidine and
methionine were added. HpD, haematoporphyrin 8 and
mesoporphyrin 23 were photostable in emulsions, but
addition of methionine induced photobleaching. No
products were detected in any examples. In contrast, TPP
24 suffered little bleaching with or without added amino
acids; ZnTPP 25 underwent its normal photooxidation in
emulsion, but, surprisingly, this was quenched by methio-
nine. On the other hand, diethyl sulfide did accelerate the
photodegradation of protoporphyrin 9. On the basis of these
results, the thioether group might be considered to be the
key factor in the photodegradation of 9 and the octaalkyl-
porphyrins. Experiments in which the H,O solvent was
replaced by D,O did not show any isotopic effect, i.e. the
photobleaching rate was unaltered. It was shown that the
photodegradation of protoporphryrin 9, mesoporphyrin 23,
haematoporphyrin 8 and HpD did not occur in deaerated
solutions, indicating that oxygen must have been involved
in the process.

A new photodegradation mechanism was proposed to
account for the observations on the photodegradation of
protoporphyrin 9, mesoporphyrin 23, haematoporphyrin 8
and HpD in the presence of biomolecules. Singlet oxygen

P (So) P (S;) — P (Ty)

P(T4) + 0x(Tg) — P (Sp) + 02 (S1)

0, (S4) +BM BM-O, — Substrate oxidation products

BM-O, + P Pox + BM or BMox

Scheme 6. Proposed photodegradation mechanism in microemulsions
(BM=biomolecule).

was expected to be quenched very rapidly by an easily
oxidised substrate, such as methionine. This would in turn
provide a good oxidant which could oxidise the porphyrin
(Scheme 6). According to the results described above,
thioethers would be suitable candidates which could
generate very reactive intermediates such as persulfoxides
(Scheme 7). The effect of amino acids in microemulsions
suggested that protein components would play a similar role
in such a photobleaching in erythrocyte ghosts, where, in
addition to persulfoxides, hydroperoxides (ROOH) and
other organic peroxides (ROOR, RCO3R’, etc.) could also
be involved as reactive residues. Although no photoproducts
were identified in these studies, the cleavage of the
porphyrin ring leading to linear tetrapyrrole intermediates,
such as biliverdin and bilirubin analogues, was proposed as
a possible explanation for the rapid photobleaching, since
biliverdin and, especially, bilirubin are degraded very
rapidly in the presence of singlet oxygen.5 2

3.3. Other B-polyalkylporphyrins

The behaviour of some of these compounds has already
been considered as it arose in Sections 3.1 and 3.2. The
situation is confusing, since, whereas etioporphyrin is
photooxidised, octaethylporphyrin under the same condi-
tions is apparently not photooxidised.*'® Certainly, the
metal-free compounds are more difficult to photooxidise
than those metal complexes [e.g. Mg(Il) and Zn(II)] which
have a lower redox potential.

Barrett™ appears to have been the first to report the photo-
conversion of certain metalloporphyrins into linear tetra-
pyrrole pigments upon irradiation. Fuhrhop et al.”* studied
this reaction in greater detail and showed that the photo-
oxidation of the magnesium(II) complex of octaethyl-
porphyrin 31 yielded the formylbilinone 33. Analogously,
the magnesium complex of protoporphyrin dimethyl ester
34 led to 35. The reaction was regarded as proceeding via

~
in aprotic solvents
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S _ "2 < N
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Scheme 7. Sulphide photooxidation.”’
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Scheme 8. Photooxidation of B-substituted metalloporphyrin complexes possessing low oxidation potentials.

singlet oxygen [2+2] addition, followed by ring opening
(Scheme 8).

The photooxidation of the zinc(Il) complex of octaethyl-o-
hydroxyporphyrin 36 led to a biliverdin type product 41, but
on this occasion a methine carbon was lost.”>* A mechanism
was proposed which involved the formation of a radical
cation of 36 and the addition of a molecule of oxygen
(Scheme 9). Bonnett et al.”>® studied the photooxidation of
the free base of octaethyloxophlorin 42 (Scheme 9). The
reaction of the dianion of 42 yielded small fragments
43-45 after long periods of irradiation. Under milder
conditions, the neutral free base of 42 gave octaethyl-
5,15-dioxo-5,15-dihydroporphyrin 46, octacthyl-19-formyl-
21H,24H-bilin-1,15-dione 47, octaethyl-21H,24H-bilin-
1,19-dione 48, and tetraethyl(methanol)propentdyopent
43. Both reactions were inhibited when air was replaced
by a flow of nitrogen. The mechanism of formation of the
pigments 46—48 was not established, although mediation of
the cation radical of 42 was thought not to be involved.
Reaction between the excited state of 42 with ground state
oxygen to give a mixture of hydroperoxides could explain
the formation of 46-48. Pigments 47 and 48 could,
however, also have arisen from a singlet oxygen [2+2]
addition (cf Scheme 8).

3.4. meso-Tetraphenylporphyrin and its relatives

Some photoproperties of TPP 24 and its zinc(II) complex 25
have been mentioned as they arose in Whitten’s work
(Section 3.2). The photooxidation reactions of the metal
complexes and of the dianion of TPP 24 have been studied
extensively as models to understand oxidative haem
metabolism, the formation of algae biliproteins, and
chlorophyll degradation in senescent leaves.*>>%¢ Although
none of these compounds has been important in PDT, their
photooxygenation mechanism is relevant in the photo-
bleaching context due to their structural relationship to
biologically potent PDT photosensitisers such as m-THPC
10.
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The major photoproduct isolated from the photooxidation of
the cadmium(Il) complex of 24 was a bilinone, reformula-
ted®®° as 51, which was formed as a result of a singlet
oxygen [2+42] addition.”® Identical behaviour was observed
when the magnesium(I), thallium(I) and zinc(Il)
complexes™ and the dianion®® of 24 were irradiated. The
same type of ring-opened product was identified when the
dianion of 5,10,15,20-tetrakis(p-methoxyphenyl)porphyrin
52 was photooxidised (Scheme 10).® When solutions of a
series of zinc(Il) and cadmium(Il) complexes 53 of substi-
tuted meso-tetraphenylporphyrins were irradiated in air, the
ease of the ring opening was dependent on steric rather than
electronic factors.”’ If positions 2 and 6 of the phenyl rings
were blocked, the reaction did not occur. When positions 2
and 6 were free, however, the reaction proceeded readily
and was unaffected by the electronic nature of the sub-
stituents in the phenyl or pyrrole rings (Scheme 11).

Krasnovskii et al.”® determined the rate constants of the
interaction between singlet oxygen and a series of meso-
tetraphenylporphyrin derivatives. The values of singlet
oxygen physical quenching (k,), which would not cause
chemical change in the pigment, were 1- to 5-orders of
magnitude higher than those of chemical quenching (k.),
which would lead to the irreversible degradation of the
pigment (Table 3). Values for the metal-free porphyrin,
chlorin and bacteriochlorin are included for comparison,
which demonstrate the higher activity of the chlorin and
the bacteriochlorin, most notably of the bacteriochlorin in
chemical reaction. It was proposed that porphyrin
complexes with iron, nickel, cobalt and manganese
quenched singlet oxygen by an energy transfer process
from the oxygen to the low-lying d electron levels, the
other compounds quenching singlet oxygen via a charge
transfer process, in which chemical reaction with singlet
oxygen (chemical quenching) would occur much more
readily. This interpretation was supported by the values of
the rate constants, since in general, the diamagnetic
metal complexes have high chemical quenching rates
(Table 3).
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Scheme 9. Photooxidation of octaethyloxophlorin 42°°° and its zinc(Il) complex 36.7*

In the meso-tetrakis(m-hydroxypheny)porphyrin series,
Bonnett et al. have made a comparative kinetic study across
the hydrogenation levels [m-THPP 57, m-THPC 10, and
m-THPBC 58] (Fig. 7), irradiating in methanol or aqueous
methanol solutions with an argon laser at 514 nm.>* True
photobleaching was observed for the chlorin and the
bacteriochlorin (Section 3.5), but the porphyrin reacted
more slowly, with photomodification. Evidence was found
for a singlet oxygen involvement in all three experiments. In

preparative studies>*" using broad band UV-Vis radiation, a
similar photomodification process was observed. In aqueous
methanol the major photoproduct was formulated as the
novel quinonoid porphyrin 59, while from methanolic solu-
tion the fragments 60 and 61 of true photobleaching were
also identified (Scheme 12). The formation of p-quinones
from phenols mediated by singlet oxygen has been
previously reported,”® but this appears to be the first
example in the porphyrin field. Linear tetrapyrrole products
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(i) O, 5h, 60 W tungsten lamp, CH30H/THF, NaOCHj;
or
O,, 5h, 60 W tungsten lamp, H,O/THF, NaOH

24:R'=H 51
52: R'= OCH,4

Scheme 10. Photooxidation of metal complexes of tetraphenylporphyrin.®®
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Scheme 11. Photooxidation of metal complexes of TPP derivatives.”’
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Table 3. Rate constants of the physical and chemical quenching of singlet
oxygen by TPP derivatives in CCl,*®

Substrate Physical Chemical
quenching k; quenching k.

M 'sT'+15%)  (MTsT'+65%)

meso-Tetraphenylporphyrin 0.09 x 107 30

(TPP, 24)

meso-Tetraphenylchlorin (TPC) 0.2 x 107 120

meso- 10x 107 1.5%x10°

Tetraphenylbacteriochlorin

(TPBC)

MgTPP 80 x 107 6% 10°

CdTPP 60 % 107 3x10°

ZnTPP 4% 107 8x 103

CuTPP 0.4x 107 <40

NiTPP 150 x 107 <10*

CoTPP 200 % 107 <10*

ZnTPC 400 % 107 2x 108

EOH
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were not identified: they may be present, but the attack on
the phenyl rings can be understood in terms of activation by
the electron donor effect of the hydroxy substituents. It may
be noted that this effect is not transmissible mesomerically
to the porphyrin ring, since the substituents are at the meta
positions.

There has been some interest in the association of photo-
sensitising molecules with larger molecular (usually
polymeric) systems for the purposes of imgroved admini-
stration or targeting. Wohrle and coworkers® have observed
the photostability in water of meso-tetrakis(p-hydroxy-
phenyl)porphyrin covalently attached to methoxypoly-
(ethylene glycol) side chains 62 (Fig. 8), which appears to
have suitable properties, such as good photoactivity and
high tumour accumulation, for use as a photosensitiser.®
Irradiation of 62 with near-UV light (A 350-380 nm)
using a halogen lamp, led to complete decomposition in
96 h, the first order rate constant being 2.3%10 * min ",
In another example, photooxidation of the zinc(II) complex

e

HO HO,
OH OH

HO I

57: m-THPP

HO

58: m-THPBC

Figure 7. Structures of 5,10,15,20-tetrakis(m-hydroxyphenyl)porphyrin 57, (m-THPP) and 5,10,15,20-tetrakis(m-hydroxyphenyl)bacteriochlorin 58, (m-

THPBC).

hv, air
MeOH/H,0 (3:2)
24 h
25%
hv, air
MeOH
e
+ ° N Y + 59
CO,CHs H
60 61

Scheme 12. Photooxidation of m-THPP 57 in MeOH and MeOH—H,0 (3:2) irradiating with 2x300 W MLU lamps (Philips).>*
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Figure 8. p-THPP covalently bound to methoxypoly(ethylene glycol) 62.

of 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin 63 in
cyclodextrin cavities was investigated by Mosseri et al.®!
When the cyclodextrin—porphyrin complex was irradiated
at 422 nm at pH 12, the quantitative formation of a product
formulated as the 2,3-dihydroxychlorin 64 was observed
(Scheme 13). The product showed a strong Band I (A«
625 nm), but other support for the structural assignment
appears to be lacking. The reaction required oxygen as
degassed solutions did not show the presence of a photo-
product. The mechanism of the reaction was not elucidated,
but the mediation of singlet oxygen seemed unlikely: it was
proposed that superoxide might be involved. This
interesting reaction deserves further study.

3.5. Chlorins and bacteriochlorins

Chlorins have been extensively studied as possible photo-
sensitisers in PDT due to their strong absorption in the red
region combined with their relatively rugged character. In
general, chlorin photosensitisers are either obtained by
chemical synthesis or by modification of a naturally-derived
molecule (protohaemin or chlorophyll a).' Two promising
second generation photosensitisers, 5,10,15,20-tetrakis(m-
hydroxyphenyl)chlorin (m-THPC, 10) and benzoporphyrin
derivative monoacid ring A (BPD-MA, 11), are chlorins.

3.5.1. 5,10,15,20-Tetrakis(m-hydroxyphenyl)chlorin, m-
THPC 10. 5,10,15,20-Tetrakis(m-hydroxyphenyl)chlorin
(m-THPC, temoporfin, Foscan®, 10) is a potent second
generation photosensitiser which was discovered in
1989. m-THPC 10 with a purity of 299% has been
commercially developed by Scotia Pharmaceuticals
Ltd"™*" (and has recently received European regulatory

approval for use in the treatment of head and neck cancer).
The photobleaching of 10 has attracted interest in recent
years, although, until recently, there has been little
information on the nature of the photoproducts.

Jones et al.** have studied the photooxidation of m-THPC
10 by on-line HPLC-electrospray ionisation mass
spectrometry. Air-saturated solutions of 10 (1 mg ml™") in
methanol were exposed to ambient white laboratory light
from double fluorescent tubes behind a diffuser, as well as
incidental sunlight. After one week, five major porphyrin-
type compounds were detected, with M+1 ions at m/z 697
(three compounds: C44H33N405), 695 (C44H3;N4O5) and 679
(C44H31N,Oy4). The major of the three compounds having
a molecular formula CyH;3N,O5 was formulated as a
B-hydroxy-m-THPC 65 with the hydroxyl group in the
reduced pyrrole ring, since the product of water elimination,
5,10,15,20-tetrakis(m-hydroxyphenyl)porphyrin (m-THPP,
57), was obtained when this fraction was heated at 60°C.
The formation of 65 was possibly due to a radical chain
autooxidation, since it was also detected in the absence of
light. It was proposed that the other two isomers had the
extra hydroxyl group either in a phenol ring 66 or in a
pyrrole ring 68. The other two photoproducts were formu-
lated as dehydrogenated products from 66 (porphyrin, 67 or
69) and 10 (m-THPP, 57), respectively. Although the HPLC
technique proved very useful, it did not provide enough
sample for further structural analysis which could help to
confirm these assignments (Scheme 14).

Hadjur et al.** studied the photobleaching kinetics of
m-THPC 10 (2 uM) in 10% FCS, irradiating with an
argon laser pumping a dye laser (A 650 nm). The

Scheme 13. Proposed photooxidation of the ZnTPPS,—cyclodextrin complex in aqueous solution.®'
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hv/air
MeOH / HO

57
m-THPP
(m/z: 679)

66
(m/z: 697)

Scheme 14. Proposed photooxidation products of m-THPC in methanol. Light source: fluorescent lamps.**

photobleaching quantum yields under different conditions
were calculated using the absorbance decay by monitoring
Band I at 650 nm (Table 4). All major bands decayed during
irradiation and a new band at 320 nm, which was attributed
to a new photoproduct, was observed. (Rezzoug et al.*® have
noted that the 320 nm peak is formed in FCS but not in
methanol, and suggested that this absorption may be related
to the reaction of a protein constituent such as tryptophan).
The fluorescence spectrum® also decreased and the photo-
product did not fluoresce. Several experiments were carried
out in order to support the view that singlet oxygen was the
reactive species responsible for m-THPC photobleaching.
When the concentration of oxygen was reduced by bubbling

Table 4. Quantum yields of photobleaching of m-THPC 10 in 10% foetal
calf serum (FCS)**

Conditions Photobleaching
quantum yield
(q)ph)
Control 1.54 %1073
Bubbled O, 2.28% 107
Bubbled N, 1.80 X 107
Histidine 1.03x 107>
Diazabicyclo[2.2.2]octane 1.16 X 1073
(DABCO)
Superoxide dismutase (SOD) 1.53%x 1073
Catalase (CAT) 1.51x 1073
Deferoxamine 1.55%x 107>

nitrogen, the quantum yield was reduced by ~50%. Addi-
tion of singlet oxygen quenchers, namely histidine and
DABCO, caused the quantum yield to decrease by 35 and
25%, respectively, whereas the addition of Type I quenchers
(superoxide dismutase, catalase and deferoxamine) did not
produce any appreciable change (Table 4). The quantum
yield of singlet oxygen formation from 10 in 10% FCS
and in ethanol was also calculated using two different tech-
niques: 1,3-diphenylisobenzofuran photobleaching and EPR
spectroscopy using  2,2,6,6-tetramethyl-4-piperidone-N-
oxyl. A similar value of ~0.30 was obtained in both
solvents (the value obtained from luminescence determina-
tion at 1270 nm is 0.43 in methanol).66 It was therefore
concluded that, under these experimental conditions,
m-THPC 10 was able to generate singlet oxygen which
then caused self-photobleaching.

Bezdetnaya et al.®’* also studied the photobleaching of
m-THPC 10 (4.4 pM) in 2% FCS, irradiating with a krypton
laser (A 405 and 413 nm). Under these conditions and prior
to irradiation, m-THPC 10 appeared to be a mixture of
monomeric and aggregated material. A new band with an
absorption maximum at about 500 nm appeared upon
irradiation and was attributed to changes in the monomer—
aggregate equilibrium. The quantum yield of photo-
bleaching (@) obtained using absorption spectroscopy
was 15-fold smaller than that calculated using fluorescence
spectroscopy, the latter technique mainly measuring the
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monomers in a mixture. These authors concluded that this
difference between the quantum yields shows that the
monomers and the aggregated material have different
reactivities towards photobleaching, the latter being much
more resistant than the former.

The same group carried out MALDI mass spectrometric
studies of the photoproducts of m-THPC 10.°" After
irradiating ethanol solutions of m-THPC 10 (10 wM) using
laser irradiation (A 650 nm) for 45 min, 30% absorbance
decay for the Band I (650 nm) of 10 was observed, together
with the formation of new bands at 620 and 418 nm. The
irradiated solution was then stored in the dark for 9 h,
whereupon a further increase of the absorbances at 620
and 418 nm occurred. After another irradiation period, the
band at 620 nm decreased and two new bands were detected
at 775 and 460 nm. The mass analysis of the irradiated
solutions of 10 showed the appearance of two new peak
clusters at m/z 713 and 744. After dark storage, the intensity
of the cluster at m/z 744 increased. The second irradiation
period led to an enhancement of the intensity of the m/z 713
cluster and to a decrease in that at m/z 744. More studies
were required to elucidate the mechanism and the nature of
the photoproducts.

Recently, Bonnett et al.>* reported the first comparative
study across the m-THPP series, including m-THPC 10
and m-THPBC 58, irradiating methanolic solutions with
an argon laser at 514 nm. True photobleaching was

observed for m-THPC (Fig. 4) and m-THPBC, the chlorin
being more photostable than the bacteriochlorin. The

EOH

HQ hv, air
MeOH/H,0 (3:2)
D4y e,
OH

HO I

10

_

HO

HO hv, air HO
O Q
OH
HO l HO
58 10

OH

70

isomers
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Table 5. The photobleaching of m-THPC 10 and m-THPBC 58*

Substrate Medium Initial® first order k (s~ ')
m-THPC [a] MeOH 1.7%X107*
m-THPC [a] MeOH-NaNj; [b] 6.7% 1073
m-THPC [a] MeOH-H,0 (3:2) 6.3x 1074
m-THPC [a] MeOH-HCONH, (1:1) 1.1X1073 [c]
2.2%x 1074 [d]
m-THPC [a] HCONH, 2.8%x 1073 [c]
1.2Xx 1074 [d]
m-THPBC [e] MeOH 1.0x 1072
m-THPBC [e] MeOH-NaN;j; [a] 7.1%x1073
m-THPBC [e] MeOH-H,0 (3:2) 5.7%1072

4 Except for [d]; [a] 0.04 mM; [b] 8 mM; [c] t=0-7.5 min; [d] r=10-
30 min; [e] 0.02 mM.

photobleaching rates for the three substances increased as
the polarity of the solvent increased. Singlet oxygen was
found to be the key species responsible for the photo-
bleaching of these compounds (Table 5).

The same research group has also studied the nature of the
photoproducts formed during the photobleaching of
m-THPC and m-THPBC under the similar conditions to
those used with m-THPP (57, Section 3.4).>** Under the
conditions used, m-THPC photobleaching yielded mainly
the fragmentation products 60, 61 and 72 and small amounts
of a pentahydroxylated chlorin 70 (Scheme 15). The main
photoproducts from m-THPBC photobleaching were also
the fragmentation products 60 and 72, although small
amounts of m-THPC were also formed (Scheme 15). In

OH

HO.

CaqH24N4Og
+ (chlorin)
71

OH

+ COQCHa

74

Scheme 15. The photobleaching products from m-THPC 10 and m-THPBC 58 in aqueous methanol and methanol, respectively. Light source: 2X300 W MLU

lamps (Philips).?#



R. Bonnett, G. Martinez / Tetrahedron 57 (2001) 9513-9547 9531

each case, small amounts of cleavage products formulated
as dipyrrin derivatives (73 from 10; 74 from 58) were
detected.

3.5.2. Benzoporphyrin derivative monoacid A, BPDMA
11. The photobleaching quantum yields of benzoporphyrin
derivative monoacid ring A (Verteporﬁn®, BPD-MA, 11)
have been measured by Aveline et al.%® in different solvents,
irradiating with an argon ion laser pumping a dye laser (A
690 nm) (Table 6). No significant new bands were observed
upon irradiation, and true photobleaching is therefore being
observed. As with other photosensitisers, the presence of
surfactants enhanced photobleaching, suggesting that the
monomers were less resistant than the aggregates. The
addition of 1% FCS also enhanced the photobleaching,
illustrating that photooxidisable substrates in the
proteins and/or monomerisation can accelerate photo-
bleaching.***®" The quantum yields of photobleaching
were not significantly affected by degassing the solution
with nitrogen or by bubbling oxygen instead of air. The
presence of oxygen does not therefore appear to affect the
photobleaching of BPD-MA 11.

Table 6. Photobleaching quantum yields for BPD-MA (10 pg ml~")®®

Solvent Gas Quantum yield of
photobleaching (Ppy)
Methanol Air 5.75% 107
Ethanol Air 6.80x 107
CHCl4 Air 3.70x 1073
PBS+2% Triton 100 Air 535%x107°
H,0 Air 2.00x 1073
PBS Air 2.80x 107
PBS+1% FCS Air 6.60x 107>
PBS+10% FCS Air 2.07%x107*
Methanol N, 6.07x 107
PBS N, 2.00x 1073
Methanol 0, 6.00 X 1072
PBS 0, 2.70x 107

Gillies et al.®’ have also studied the photobleaching of the
photosensitiser 11 in phosphate buffer solutions containing
10% FCS and irradiating with an argon ion laser pumping a
dye laser (A 694 nm), new absorption bands being detected
at 320 and 650 nm after irradiation. Fluorescence studies
additionally showed photobleaching, and a photoproduct
was detected. Although the structure of the photoproduct
is unknown, it was suggested that it could be a compound
of the hydroxyaldehyde type analogous to that observed for
protoporphyrin 9 which also bears vinyl side chains. This
would, of course, require the involvement of molecular
oxygen, contradicting the conclusion of the previous para-
graph.

3.5.3. Monoaspartylchlorin e, MACE 13. Spikes et al.”*
studied the photobleaching of mono-L-aspartylchlorin eg
(MACE) (13, revised structure'?), a hydrophilic sensitiser,
in phosphate buffer (pH 7.4) solution (5 wM), irradiating at
400 nm. The rate of photobleaching of 13 was first order
until 70% of the sensitiser had bleached, and new fluores-
cence or new absorption peaks were not observed. The
zinc(I) and tin(IV) complexes of MACE showed a similar
behaviour, but the tin chlorin bleached more slowly (two

Table 7. Quantum yields of photobleaching (®;,): 100 mM NaHPO, buffer
of pH 7 and 0.22 mM 0,

Chlorin Photobleaching
quantum yield
(cbpb)
Mono-L-aspartylchlorin es (MACE, 13) 8.2x 1074
Tin(IV) mono-L-aspartylchlorin eg 5.7%x107°
Zinc(II) mono-L-aspartylchlorin eg 1.9%x 1072
Chlorin eg 1.9% 1073
Tin(IV) chlorin eg 1.3x 1073
Zinc(II) chlorin eq 1.8x 1072

orders of magnitude) and the zinc chlorin more quickly (two
orders of magnitude) than the free base (Table 7). A similar
behaviour was observed when chlorin eg and its zinc(II) and
tin(IV) complexes were irradiated.”” The photobleaching
rate of 13 was dramatically lowered when nitrogen was
bubbled through the solution, indicating that oxygen was
required. Sodium azide, however, had little effect on the
quantum yield whilst D,O increased the bleaching rate,
but to a relatively small extent. In order to account for
these intriguing results, Spikes’® suggested that singlet
oxygen was being generated very close to the chlorin and
would react very rapidly. Singlet oxygen lifetime would
therefore not be a rate-limiting factor and essentially there
is not enough time for azide quenching or a large solvent
isotope effect.

Mono-L-aspartylchlorin e (MACE, 13) photobleaching was
also observed by Roberts et al.*” in Phosphate buffer (PBS)
and FCS solutions (c=5pgml '), irradiating with a
krypton ion laser (A 405—415 nm). The chlorin fluorescence
decay was faster in FCS than in PBS solutions.

3.5.4. Purpurin derivatives. The photobleaching kinetics
of tin(IV) etiopurpurin 12, which is another second genera-
tion photosensitiser (currently undergoing Phase III clinical
studies for cutaneous metastatic breast cancer and age-
related macular degeneration), have been reported by
Sekher and Garbo.”' Rate constants were calculated for
different solvents by following the decay of fluorescence
emission, irradiating at 437 nm. In addition to true photo-
bleaching, formation of a photoproduct with an emission
maximum at 625 nm was detected in ethyl acetate solution.
Tin(IV) etiopurpurin 12 was more photostable in organic
solvents than in aqueous buffer. In DPPC liposomes, a
plateau was reached after 25% of the pigment had photo-
bleached. When cholesterol was incorporated into the
liposomes, however, the photosensitiser could be
completely photobleached.

Morgan et al.”* have described the cleavage of the isocyclic
double bond of purpurin 75 when exposed in dichloro-
methane to sunlight under air (Scheme 16). Ma and
Dolphin” observed the analogous photocleavage of the
isocyclic ring of a pheophorbide derivative 77, the 3-vinyl
group being unaffected. The yield of the latter reaction was
reported as quantitative, in contrast to many photomodifica-
tion processes which are often accompanied by side
reactions, including photobleaching. The two cleavage reac-
tions in Scheme 16 find precedent in step 39 of Woodward’s
synthesis of chlorophyll (yield: 74% spectroscopic; 59%
recrystallised).”
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EtO,C Et0,C
oCHO

02, hv
CH,Cl,

75 76
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CO,Me

MeOQC
77 78

Scheme 16. Photooxidation of chlorins 75 and 77.7>7

3.5.5. Chlorophyll and related compounds. The photo-
oxidation of metal complexes and free bases of chlorins
has been studied in some detail, due in part to the interest
in chlorophyll catabolism. Chlorophyll 79a, 79b photo-
oxidation has often been studied in solution. Small frag-
ments have been identified from the photobleaching of
chlorophyll adsorbed onto lipophilic particles surrounded
by water.”? Glycerol, lactic, citric, succinic and malonic
acids, and alanine have been detected (Scheme 17). It was
proposed that glycerol and alanine came from the cleavage
of the macrocyclic ring, since they were also isolated in the

oxidation of pheophytin 79¢ and pheophorbide 80 under the
same conditions. Extraction of senescent green plant
material has yielded methylethylmaleimide and methyl-
vinylmaleimide,”® presumably derived from rings B and
A, respectively, of chlorophyll a, although whether by
enzymatic or photochemical agency is not yet clear.
Krasnovskii et al.”® extending their work on tetraphenyl-
porphyrins (Table 3), determined the rate constants of the
interaction between singlet oxygen and a series of chloro-
phyll-type compounds (Table 8). Again, physical quenching
occurs more quickly than chemical reaction.

Several PDT sensitisers (e.g. MACE 13 and bacterio-
chlorophyll derivatives) are structurally related to some of
the model chlorins which have been studied in the difficult
field of chlorophyll photodegradation. Analogously to the
reactions of the metalloporphyrins (Scheme 8), the photo-
oxidation of zinc(Il) octaethylchlorin (81, Scheme 18) gives
the isomeric formyldihydrobilinones 82 and 83.>* Smith et
al.”® showed that bilatrienes (85, 87 and 88) were readily
formed when meso-methyloctaethylchlorins (84 and 86)
were exposed to sunlight (Scheme 19). The number of
meso-methyl groups present when the free base chlorin
was studied appeared to affect the reactivity. When one
meso-methyl group was present, the free base was more
photostable and the ring-opened product was not isolated.
The zinc complex 86 was, however, very susceptible to
photooxidation and yielded the bilatriene derivatives 87
and 88 in moderate yields.

The ring-opening photooxidations of bacteriochlorophyll ¢
and e derivatives have also been examined,”’ mainly in
relation to the catabolism of naturally occurring chloro-
phylls (Scheme 20). Both bacteriochlorophyll ¢ and e

79a: M = Mg, R = CH3 Chlorophyll a
79b: M = Mg, R = CHO Chlorophyli b

79c: M = 2H, R = CH3 Pheophytin a

80: Pheophorbide a

OH

CO,H (COgH), Hozc/\/COQH

hv, O, lactic acid oxalic acid malonic acid

79a HO,C™ " CO,H
OH succinic acid
HO,C” X COH )\

HO CO.H HO\/]\/OH H,N~" ~CO,H
citric acid glycerol alanine

Scheme 17. Photooxidation of chlorophyll.”
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Table 8. Rate constants of the physical and chemical quenching of singlet
oxygegn by chlorophyll derivatives and naturally-derived porphyrins in
ccl’

Substrate Physical Chemical
quenching quenching
kM 's™! keM™'s™!

+15%) +65%)

Bacteriochlorophyll a 100 % 107 2% 107

Chlorophyll a 70 X 107 2 %X 100

Chlorophyll b 30 107 6% 10°

4-Vinylprotochlorophyll < 10x 107 <3x10°

Pheophytin a 2x107 1.4 % 10*

Pheophytin b 0.5x 107 10°

4-Vinylprotopheophytin 20 % 107 2x10°

Protoporphyrin dimethyl ester 0.05 x 107 5% 103

Mesoporphyrin dimethyl ester 0.2 % 107 400

methyl pheophorbides (89 and 92) formed bilatriene
derivatives (photobilins c, 91 and e, 93) by cleavage at the
C-20-C-1 bond when irradiated in the presence of air. The
mechanism involves one molecule of oxygen, as reported by
Brown et al.””® who showed that each one of the two oxygen
atoms incorporated into the product is derived from a single
molecule of oxygen. This result strongly supports a singlet
oxygen [2+2] addition to produce a dioxetane which then
collapses to yield two carbonyl groups, as in the case of

81

Scheme 18. Photooxidation of zinc(IT) octaethyla:,hlorin.54

hv (sunlight), O,,
toluene, 4 h

84

hv (sunlight), O,
CH,Cl,, 96 h

86

Scheme 19. Photooxidation of meso-methyloctaethylchlorins.”

metalloporphyrins. The same regioselective cleavage was
shown by mesopyropheophorbide a methyl ester 94.

Tturraspe and Gossauer’®” have also studied the photo-
oxygenation of chlorophyll derivatives. Photooxidation of
the zinc(I) complexes of 20-trifluoroacetyloxy- and
20-chloro-chlorophyll a derivatives (96 and 97) led to
selective ring cleavage together with loss of the C-20
atom (Scheme 21). The primary photoproducts were identi-
fied as the oxoniachlorin 98, the formation of which was
proposed to be mediated by singlet oxygen as described
earlier. After aqueous acidic or basic treatment of 98, the
dihydrobiliverdin 99 was isolated.

Analogously to the photooxidation studies on octaethyl-
chlorin complexes (Scheme 18), solutions of the zinc(Il)
101 and cadmium(Il) 102 complexes of pyropheophorbide
a methyl ester were irradiated in air. Ring cleavage to yield
formylbilinones occurred, but the regioselectivity changed
with the metal. While the zinc complex 101 led to the
normal C-20-cleaved photoproduct 100, the cadmium
complex 102 provided the formylbilinone 104 in which
cleavage had occurred at C-5. Further investigation into
the mechanism of photooxidation of the cadmium complex
102% provided evidence for a one oxygen molecule
mechanism. Singlet oxygen [2+2] addition was therefore




9534 R. Bonnett, G. Martinez / Tetrahedron 57 (2001) 9513-9547

MeOQC
89

R'= Et, n-Pr, i-Bu
R? = Me, Et

MGOQC

94

Scheme 20. Photooxidation of bacteriochlorophyll ¢ and e type compounds.’’

again envisaged as the key step in the formation of the
formylbilinone complex 103 (Scheme 21). No explanation
has been provided, however, to account for the different
regioselectivities. This chemistry has been related to the
products of chlorophyll catabolism.®!

The number of bacteriochlorins currently being developed
as photosensitisers for PDT (e.g. 5,10,15,20-tetrakis(m-
hydroxypheny)bacteriochlorin and bacteriochlorophyll
derivatives) is still relatively small. The photooxidation of
bacteriochlorophyll @ 105 was examined by Lindsay Smith
and Calvin,*** but only the dehydrogenation product 106
was identified, although other components were detected
(Scheme 22). The self-sensitised and rubrene-sensitised
photooxidations of 105 were studied by Marsh et al.**® in
oxygen-saturated organic solutions and it was concluded
that the complex was generally more photostable when
hexacoordinated than when pentacoordinated.

3.6. Phthalocyanine and related compounds

The phthalocyanines and naphthalocyanines, examples of
which are shown in Fig. 9, are successive stages of
benzenoid tetraannelation of the 5,10,15,20-tetraaza-
porphyrin system. The phthalocyanines have well estab-
lished applications as blue/green pigments and as dyes
and are finding increasing interest in the materials area

hV, 02

hV, 02

(e.g. electrophotography and compact disc technology)
because of their optoelectronic properties.** The naphthalo-
cyanines are closely related compounds, but they are
currently of much less commercial interest. Both series
have strong absorption peaks in the red (phthalocyanines
typically at 680 nm and naphthalocyanines at ~760 nm),
which is an important property to consider when developing
a new sensitiser for PDT (Section 1). Indeed, the zinc and
aluminium complexes have been developed as PDT agents
and the aluminium(IIl) complex of sulphonated phthalo-

cyanine is in clinical use in Russia.'™

The photobleaching of several phthalocyanines has been
studied in some detail in recent years. In an early report,
McCubbin and Phillips® compared the photostability
of aluminium(IIl) sulphonated phthalocyanine and
aluminium(IIl) sulphonated naphthalocyanine (average of
three sulphonic acid groups per molecule) in aerated
solutions, irradiating with a 450 W xenon lamp (Table 9).
The photobleaching quantum yields were measured in water
and in aqueous methanol by monitoring both the Soret and
the Q bands. The methanol component was needed to
dissolve the naphthalocyanine derivative since, although
soluble in water, it tended to aggregate in that solvent
(even at 10~ M) with broadening of the absorption bands.
The naphthalocyanine was found to be >1000-fold more
reactive to photobleaching than the phthalocyanine. The
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hV, 02,
CHQC|2| 90 min

MeOQC
96: X = CF,C00
97: X=Cl

R=Hor COQCH3

hV, 02, h\', 02,
ChaClp, 3h CH,Cl,, 0°C
MeO,C ° MeO,C MeO,C
101: M = Zn(ll) 103 104
102: M = Cd(ll)
Scheme 21. Photooxidation of chlorophyll derivatives.””
o}

hV, 02,
organic solvent + 6 other products
e
0]
OR
106
Scheme 22. Photooxidation of bacteriochlorophyll a 105.5%
pigments were stable in deaerated solutions and singlet 8.8-fold (Q band). The electron transfer to oxygen process
oxygen was suggested to be the main species responsible was, however, considered possible in the case of the
for the photodegradation. Thus, when the phthalocyanine napthalocyanine due to the greater conjugation (easier
was irradiated in D,0O, the quantum yield increased electron loss and lower oxidation potential) of this system.

Table 9. Photobleaching quantum yields of AI(III) sulphonated phthalocyanine and naphthalocyanine, based on the disappearance of the Q bands®

Substrate Solvent Quantum yield ()
AI(IIT) sulphonated phthalocyanine (Q Band) H,O 1.7%107°
AI(III) sulphonated phthalocyanine (Q Band) D,O 1.5%107?
AI(III) sulphonated phthalocyanine (Q Band) 5%H,0 in MeOH 1.1x107°
AI(IIT) sulphonated naphthalocyanine (Q Band 1) 5%H,0 in MeOH 3.0x 1073

AI(III) sulphonated naphthalocyanine (Q Band 2) 5%H,0 in MeOH 3.1x1073
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Figure 9. Zinc(Il) phthalocyanine tetrasulphonic acid salt 107 and the corresponding naphthalocyanine compound 108.

R R R
H
111
R R R = CqoH2
109: M = Zn(ll)
110: M =2H

Figure 10. Zinc(II) and metal-free 1,4,8,11,15,18,22,25-octa(decyl)phtha-
locyanine 109, 110 and 3,6-bis-decylphthalimide 111.

Luk’yanets and coworkers® also studied the photobleaching
of sulphonated hydroxyaluminium(IIl) phthalocyanines
(from two to four sulphonated groups) in aerated aqueous
solutions, irradiating with a pulsed He—Ne laser. The
quantum yield for photobleaching was found to be about
5%107% and was independent of the dye concentration, the
oxygen concentration and the activating irradiation power
density. When HSA was added to the solution, the quantum
yield increased 10-fold. Sulphonated chloroaluminium(III)
phthalocyanine was also photobleached in FCS irradiated

i:N
\ -

N

7

@91@ c?\

kp=7.5x 10 min!

HeC4O
9 N, & N )

kp=21x 102 min™’'

with an argon ion laser (A 336—-364 nm). The decrease of
fluorescence was, however, only 33% after 10 min of
irradiation, a much smaller decrease than that of MACE
13 and Photofrin®, which were photobleached to the extent
of 98% in 6 min and 50% in 10 min, respectlvely

Spikes et al.*® have measured the photobleaching quantum
yields of the zinc(Il) phthalocyanine 107 and zinc(Il)
naphthalocyanine 108 tetrasulphonic acid salts (Fig. 9) in
aerated phosphate buffer solutions (pH 7.4), irradiating the
Q band with filtered 500 W quartz—halogen light, and
following the decay of the Q band. The quantum yields
were 100-fold smaller in aqueous phosphate buffer than in
buffer containing 10 mM cetylpyridinium chloride (a
cationic detergent which causes disaggregation), again
consistent with the view that the aggregated pigment is
more resistant to photobleaching than the monomer. The
photobleaching quantum yield was 250-fold larger for the
naphthalocyanine 108 than for the phthalocyanine 107.

The photobleaching of zinc(II) octadecylphthalocyanine
109 was shown by Cook et al.*’ to be much faster than
that of the metal free octadecylphthalocyanine 110 in
aerated cyclohexane solutions (irradiation with two 8 W
lamps, A 364-366 nm) (Fig. 10).The free base 110 needed
230 min to reach 50% reduction in the absorbance of the Q
band, whereas the zinc(II) complex 123 needed only

HgC40O

N

N /N
N
| P/
HoC,O N OC,4Hg

HgC4O OC4Hq
ko =4.4x 102 min™

112 M = Zn(ll) 16a or Co(ll) 16b 113

DMF, 48 h

M = Zn(ll) (16a)

Figure 11. Zinc(II) phthalocyanines 16a, 112 and 113, and phthalimide 114.

Iz

114



R. Bonnett, G. Martinez / Tetrahedron 57 (2001) 9513-9547

100 min. The rate of photobleaching was reduced by singlet
oxygen quenchers such as [-carotene. The electron
acceptor, metronidazole, also reduced the rate of photo-
bleaching. In addition, degassed solutions showed <1%
decomposition. A product of true photobleaching was
isolated and identified as 3,6-bis-decylphthalimide 111.

In an earlier study, Wéhrle and coworkers® examined the
effect of substituents in the macrocyclic ring on the photo-
bleaching of a series of zinc(II) phthalocyanines (16a, 112
and 113) (Fig. 11) in aerated DMF solutions, irradiating
with visible light (A 350-850 nm) using a 24 V 250 W
halogen lamp. The photobleaching, monitored by the loss
of absorbance, increased in the sequence 112<16a<113
and, as expected, electron withdrawing groups appeared to
stabilise the system, whereas electron donating groups
enhanced the photobleaching. When zinc(Il) was replaced
by Co(II) 16b, the rate of photobleaching slowed down. In
all cases, photobleaching was halted in deaerated solutions
of 16a, 112 and 113. The only identified photoproduct of
zinc(Il) phthalocyanine 16a photooxidation was phthali-
mide 114, although other products were detected. It was
proposed that singlet oxygen was involved in the degrada-
tion of these pigments as found for porphyrin-type
compounds. The photobleaching of phthalocyanine 113
was also investigated in different solvents, the rate of the
process increasing in the order: toluene, pyridine <DMF,
dichloromethane (Table 10).

The photobleaching rates of water soluble anionic zinc(II)
tetrasulfonated phthalocyanine 107 and cationic tetra-
azaporphyrin tetra quaternary salt 115 (Fig. 12) were also

Table 10. Photobleaching rates of phthalocyanines in aerated organic
solvents®

Substrate Solvent k (min~ ") Degradation time (min)
5% 10% 50%
112 DMF 7.5%1073 6.9 14 92
16a DMF 2.1x1072 2.5 5 33
16b DMF 6.5x1073 8 16 110
113 DMF 4.4%x1072 1.2 2.4 16
113 Pyridine 7.8 x 1073 6.6 14 89
113 Toluene  8.6x 1073 6 12 81
113 CH,Cl, 6.2%X 1072 0.8 1.7 11
107 H,0 1.1x1073 47 96 630
115 H,0 3.2%x107* 160 330 2200
117 DMF 1.5x 107! 0.3 0.7 5
116 DMF 1.0x 1073 21 42 280

’

115

116

Figure 12. Structures of 115, 116 and 117.
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measured in aqueous solution (pH 7).%” The rates were
smaller than those of 16a, 112 and 113 in organic solvents,
a result ascribable to the higher photostability of the aggre-
gated material in aqueous media. In the studies in organic
solvents, zinc(II) fert-butylnaphthalocyanine 117 (Fig. 12),
with the lowest redox potential, showed the most rapid
photobleaching. At the other extreme, zinc(Il) octa-
methylthiotetraazaporphyrin 116 (Fig. 12), a porphyrazine
without annelation, showed the slowest rate of all the
systems studied in organic solvents (Table 10).

The photooxidation of tetra(zert-butyl)phthalocyanine has
been observed in negatively charged vesicles (dihexadecyl-
phosphate) upon irradiation with a filtered 300 W projector
lamp.*®® It was found that the rate of photobleaching
depended on the concentration of oxygen, and was reduced
in argon-purged solutions. Monomers were also more
susceptible to photobleaching than the aggregated material,
and the formation of OH radicals was detected by spin trap-
ping. Remarkably, the photobleaching was completely
suppressed when the phthalocyanine was solubilised in
positively  charged  vesicles (dioctadecyldimethyl-
ammonium bromide), the spectra showing that, in these
vesicles, the phthalocyanine is extensively aggregated.

The photobleaching of zinc(Il) 1,4,8,11,15,18,22,25-octa-
kisbutyloxyphthalocyanine in ethanol solution, irradiating
with a pulsed laser (A 750 nm),*** appeared to be indepen-
dent of the dye concentration. New absorption bands were
not observed during the irradiation period, so that true
photobleaching was being observed; a similar result was
reported on irradiating a solution of  zinc(Il)
2(3),9(10),16(17),23(24)- tetrakls -(N-methylpiperidinyl-4-
oxy)phthalocyanine in DMF.*

The rate of photobleaching of zinc(Il) mono-N-glycyl-
2,9,16,23-tetraaminophthalocyanine  (G-TAPC-Zn) was
measured in DMSO and in aqueous micelles (CTAB-B),
irradiating with a 500 W incandescent lamp.” The
process was faster in aqueous media than in DMSO, and
increased with the dielectric constant of the solvent. The
photobleaching quantum yields were also calculated for
zinc(I) mono-N-glycyl-2,9,16,23-tetraaminophthalocyanine
(G-TAPC-Zn) bound to N-(2-hydroxypropyl)methacryl-
amide (HPMA) copolymer and were about 3-fold smaller
than those for the unbound form. Similar results were also
observed for mesochlorin eq when bound to a polymer.

Some systems closely related to the phthalocyanines have

(H3C)3C\\
\

A
(H3C)3C
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Scheme 23. Photooxidation of monoazaporphyrin 118. Structure of 121.”!
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Figure 13. Tetrabenzoporphyrin and its metal complexes.

been examined. Montforts et al.”'® reported that the mono-

azaporphyrin 118 underwent oxygen addition when
irradiated, yielding the photoproducts 119 and 120 (Scheme
23), analogous to those observed for protoporphyrin 9
(Scheme 4).*'"*® In this case, regioisomer 119 (E and Z
isomers) was favoured in a 3:1 ratio over regioisomer 120
(Z stereoisomer only). The photoproducts 119 and 120 and
the zinc complex of the monoazaporphyrin 121 were shown

to be more photostable than 118.°

/

N

N hv, air,
cyclohexane
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Berezin and coworkers® investigated the photooxidation of
a series of metal complexes of tetrabenzoporphyrin in
pyridine solution, irradiating with a projector lamp. The
solutions photobleached upon irradiation and the rates
increased as follows: tetrabenzoporphyrin (TBP, 122)<
zinc(I) TBP 123<magnesium(Il) TBP 124<<cadmium(II)
TBP 125 (Fig. 13), i.e. with decreasing oxidation potential
of the complexes. The photobleaching was suppressed when
degassed solutions were irradiated, confirming oxygen
involvement in the process. The mechanism of oxidation
was proposed to involve both singlet oxygen and a
charge transfer complex between the trlplet excited state
of the porphyrin and oxygen. Barrett et al.”* reported that
porphyrazine 126, when irradiated in cyclohexane, under-
went a [2+2] singlet oxygen addition, leading to the
secoporphyrazine 127 (Scheme 24). Interestingly, the
reaction is autocatalytic, since it is found that the photo-
modification product 127 has a substantial singlet oxygen
quantum yield (0.54) whereas that of 126 appears to be low,
and could not be measured accurately. Bonnett and
Martinez™ reported a comparative study of the photobleach-
ing of structurally related aza and benzoporphyrin zinc
complexes 128—130 (Fig. 14), irradiating at 605 nm with
a light-emitting diode device. The solvents were varied,
pyridine being employed as one solvent and, in other
examples, the solvent (MeOH, HCO,NMe, and MeCN)

(0]
N\\)‘N(CHa)z
N(CH3)2
S N, /N

f}*’?} o

Scheme 24. Formation of secoporphyrazine 127 via a singlet oxygen reaction.”®
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Figure 14. Zinc(II) complexes 128—130 of various benzo- and azabenzo-
porphyrins.

always contained ca. 0.1% pyridine to regulate the coordi-
nation sphere. The differences in reactivity were note-
worthy: the zinc(Il) tert-butylphthalocyanine 130 was the
least photostable (true photobleaching) and small colourless
fragments (the expected imide 131 and the unusual
depolymerisation product 132) were isolated in preparative
studies (Scheme 25); the zinc(II) monoazadibenzoporphyrin
129 was relatively stable towards irradiation in air-saturated
solutions; and the zinc(Il) zert-butytetrabenzoporphyrin 128
in methanol and methanol-formamide underwent a broad-
ening which was interpreted as a photoinduced aggregation
process (examples of photoinduced aggregation are
uncommon: Bezdetnaya et al.** have proposed it to account
for the recovery of fluorescence in irradiated protoporphyrin
solutions in 2% FCS kept in the dark). The reduction of the
photobleaching rates when the solutions were degassed,
and when sodium azide or DABCO were added, led the
authors to suggest the involvement of singlet oxygen
(Table 11).

4. Photobleaching studies in cell cultures (in vitro)

An initial caution is in order here. The experimental method

hv, air,

THF/MeOH, 24 h

generally used in photosensitiser assays in living systems,
whether in vitro or in vivo, is the measurement of fluores-

Table 11. Apparent first-order rate constants for diminution of the a-band
in the photobleaching of various zinc complexes (605 nm, 9 mW cm ™~ 2)**

Substrate Medium kis™h
128 MeCN 45x1073
128 MeCN-DABCO? 1.7x 1073
129 MeCN 33x107°°
129 MeOH-HCONH, (1:1) 4.0x107°
129 MeOH-HCONH, (1:1)-NaN5* 1.8% 1073
130 MeCN 8.3%x107°
130 MeOH 6.3%x107°
130 MeOH-NaN;* 33x107°
* 4 mM.

cent emission. Many of the photosensitisers are strongly
fluorescent, and the method is very sensitive and con-
venient. It has certain features, however, which need to be
appreciated: normal tissue itself has a green fluorescence
(autofluorescence) which may need to be allowed for;
fluorescence is very sensitive to quenching by aggregation
or by interaction with various biomolecules; and fluores-
cence can vary with the environment, e.g. the compartment
where the sensitiser is located. Occasions have been
reported where, on irradiation of the cell, the photosensitiser
moves from one environment to another, with a change in
fluorescence characteristics.”>*® A philosophy of perfection
would have concentrations based on fluorescence results
confirmed by an independent assay, such as extraction of
the sensitiser, followed by HPLC. Sometimes this is under-
taken, but it is not always feasible (e.g. with microspectro-
fluorimetry).

4.1. Haematoporphyrin derivative and related
compounds
Moan et al.””** studied the spectral changes during light
exposure of cells of the line NHIK 25 (derived from
human carcinoma in situ) incubated with Photofrin®. In
addition to fluorescence loss (true photobleaching), at
least two products were formed with emission peaks at
640-650 and 660—670 nm (similar absorption changes are
seen in solution, Section 3.1). The first product was formed
slowly and was stable during extended exposures, whereas
the latter substance was formed faster and decayed more
quickly. Their spectroscopic features suggested that both
compounds were porphyrins.

+ + products
NC CN
O N (0]
H
131 132

Scheme 25. Photobleaching products of zinc(1l) tetrakis(z-butyl)phthalocyanine 130.%*
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The excitation spectrum of Photofrin® bound to NHIK 25
cells also showed a peak at 285—290 nm, which is regarded
as corresponding to energy transfer from proteins to
porphyrins located close (~1.5 nm) to aromatic (e.g. trypto-
phan) residues. When the Photofrin® concentration
increased, the energy transfer peak decreased in intensity.
This was interpreted in terms of high affinity binding sites
which are increasingly occupied, whereupon the pigment
starts to bind to more lipophilic environments. This energy
transfer band was additionally followed during irradiation.
At high Photofrin® concentrations, its decay was faster than
that of the Soret band. The photobleaching rate of the Soret
band itself was almost independent of the Photofrin®
concentration, i.e. the process is mainly first order, but
there appear to be higher order contributions at high concen-
trations. The decay of the energy transfer band was
attributed mainly to a destruction of the binding sites, rather
than a degradation of the porphyrin molecules which were
bound there.

The appearance of the new bands at about 640 and 660 nm
was explained in terms of photoinduced displacement of
Photofrin® (or a porphyrin photoproduct) from binding
sites on proteins to more hydrophobic environments.
Changes in the fluorescence emission spectrum of proto-
porphyrin in red cells from patients suffering from erythro-
poietic protoporphyria have been explained in this way.”
Cell suspensions bubbled with nitrogen showed a slower
decay, suggesting oxygen involvement, but only a small
isotope (D,0) effect was observed. This latter finding,
together with the fact that at high concentrations there are
higher order contributions in the Soret decay rate, led Moan
to propose that a small fraction of singlet oxygen was in the
aqueous phase, probably escaping from the membrane to
cause oxidation of some amino acids and proteins. These
oxidised residues were then thought to attack the porphyrins
bound in the membrane, causing the observed increase in
the order of the decay rate. The main contribution to the
Soret band decay was possibly due to the production of
singlet oxygen. It was supposed that singlet oxygen oxidises
the proteins and amino acids***° in the near neighbourhood,
and the oxidised biomolecules then react with the same
porphyrin from which the singlet oxygen was generated.
Moan et al.” adduced an argument to show that singlet
oxygen generated by a porphyrin would principally damage
that porphyrin rather than others in the vicinity, as follows:
5,10,15,20-tetrakis(m-hydroxyphenyl)porphyrin (m-THPP,
57) and Photofrin®, the monomeric fractions of which
could be excited at different wavelengths (420 and
400 nm, respectively), were incubated together in NHIK
25 cells and the quantum yields of m-THPP 57 photobleach-
ing due to light absorbed by Photofrin®, and vice versa,
were measured. It was found that the quantum photo-
bleaching quantum yields were 2- to 6-fold higher when
the porphyrin was directly irradiated than when photo-
bleaching was induced by indirect irradiation. The lifetime
of singlet oxygen and the distance that singlet oxygen could
diffuse under these conditions were estimated to be 0.01-
0.04 ws and 0.01-0.02 pm, respectively. Such small values
would account for the lack of an appreciable D,O effect.

The absorption spectra of Photofrin® after irradiation in
tissue culture also showed another product with a band

about 310-450 nm. This band had also been observed
when 5,10,15,20-tetrakis(4-sulfonatophenyl)-porphyrin
(TPPS,, 22) or m-THPP 57 were irradiated in cells. The
identity of this product is unknown, but it could arise
from the oxidation of a cell component.*’

Reyftmann et al.”’ have reported photobleaching of
haematopogghyrin 8, HpD and uroporphyrin I 21 in cells.
Riick et al.”™ showed that porphyrins have different decay
rates depending on their location in the cell, hydrophobic
porphyrins such as protoporphyrin 9 and Photosan® photo-
bleaching faster than hydrophilic porphyrins, such as
uroporphyrin I 21 (Table 12). In 3T3 murine fibroblast
cells, the photobleaching rates were calculated by monitor-
ing fluorescence changes. The process appeared to be
biexponential, i.e. two first order rates could be calculated
(Table 12). Similar results were obtained with RR 1022
epithelial cells when incubated with protoporphyrin 9 and
with Photosan®. It was found that photobleaching rates
could be related to cell killing, since, when the rate of
photobleaching was small, the cell destruction was low.

Table 12. Photobleaching rates in 3T3 murine fibroblasts”®

Pigment k(™

0-5s 5-15s
Uroporphyrin 121 (10 mg ml™") 0.046 0.0085
Photosan® (2.5 mg ml™") 0.10 0.014
Protoporphyrin 9 (1 mg ml™") 0.29 0.053

Mang et al.”® irradiated NHIK 25 cells containing Photo-
frin®. Loss of fluorescence (photobleaching) was also
observed. Component 2 (haematoporphyrin, 8) and com-
ponents designated 4A and 4B showed less decay than did
components designated 7D and 7F. The rate of photo-
bleaching also appeared to be independent of Photofrin®
concentration.

4.2. Second generation photosensitisers

Roberts et al.*® compared the photobleaching rates of two
new photosensitisers, namely mono-L-aspartylchlorin egq
(MACE, 13) and sulphonated chloroaluminium phthalo-
cyanine, with that of Photofrin® in Chinese hamster ovary
cells. Loss of fluorescence on irradiation was similar to that
observed in FCS solutions. MACE 13 was the least photo-
stable, followed by Photofrin® and sulphonated chloro-
aluminium phthalocyanine.

5,10,15,20-Tetrakis(m-hydroxyphenyl)chlorin  (m-THPC,
10) and 5,10,15,20-tetrakis(m-hydroxyphenyl)porphyrin
(m-THPP, 57) were incubated in V79 cells (Chinese hamster
lung fibroblasts) and irradiated.” The fluorescence emission
and excitation spectra showed loss of fluorescence, but there
was no significant change in the shape of the emission spec-
trum, i.e. no new photoproduct was detected in this way.
Photodestruction of the ring would therefore apparently be
the only process involved. If m-THPC 10 bleaching is
compared to those of m-THPP 57 and Photofrin®, the
former process is much faster than those for the latter
drugs. The m-THPC 10 rate was virtually independent of
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concentration, i.e. it appeared to be a first order process
(similar to Photofrin® behaviour).

Protoporphyrin 9 photobleaching in cells incubated with
8-ALA has also been observed.'”~'> Moan et al.'® showed
that, in cells of the human adenocarcinoma cell line Widr,
the fluorescence of protoporphyrin 9 decayed upon irradia-
tion. This process depended on oxygen and was faster in
D,0, and therefore singlet oxygen was thought to be
involved. Photoprotoporphyrin 26, 27 was identified as a
minor photoproduct by HPLC comparison of the cell
extracts with an authentic sample of photoprotoporphyrin.
This photoproduct was also degraded upon irradiation, but,
in contrast to observations in solution®® (Section 3.2), it
appeared to have a photostability similar to that of 9. The
decay rates of protoporphyrin 9 increased with increasing
initial concentrations of 9, so the process was not first order.
Although the curves could be fitted to a second order kinetic
analysis, the authors suggested that the degradation of 9 was
possibly a mixture of several first order processes, with
contributions from higher order processes. A more stable
protoproduct, having a fluorescence peak at 652 nm, has
also been detected, and attributed tentatively to a dimeric
system. No products with rhodo-type spectra, expected for
the monoformyl porphyrins 28 and 29, were found.'*

In murine leukemia 1.1210 cells incubated with 8-ALA and
irradiated at 630 nm, protoporphyrin 9 fluorescence decayed
by 45% due to photobleaching.'®! The formation of a photo-
product with a fluorescence emission around 675 nm was
observed in this case. Photobleaching of protoporphyrin (9
incubated as such) was studied by Strauss et al.'® in
endothelial cell cultures from normal calf aorta. Biexponen-
tial photobeaching was observed by following fluorescence
decay, using total internal reflection (TIR) illumination. The
fast portion of the curve was ascribed to the photodegrada-
tion of protoporphyrin 9 monomers and the slow portion to
aggregated material in close proximity to the plasma
membrane. Neither formation of photoproducts nor
redistribution of 9 in the cells were observed and it was
therefore concluded that the photobleaching was due to
the formation of aggregates and/or destruction of the macro-
cycle. The decrease of PDT efficacy was proportional to
photobleaching, suggesting that the monomers rather than
the aggregates of 9 were responsible for inducing the cell
killing.

Photoproduct formation was detected when the zinc benzo-
chlorin iminium salt 133 (Fig. 15) was irradiated (740—

cl

133

Figure 15. Zinc(Il) benzochlorin iminium salt 133.

760 nm, 540 mJ cm72) in murine colon carcinoma cells.
The new species showed an emission band at 640 nm.'®

5. Photobleaching studies in vivo

Although the measurement of photobleaching in vivo poses
great experimental difficulty, the number of studies has
increased considerably in recent years.

5.1. First generation photosensitisers (Photofrin®)

Mang et al.?® detected photobleaching of Photofrin® in mice
(SMT-F tumour) and in metastatic skin tumours in patients
undergoing PDT. In mice, the loss of fluorescence was
accompanied by a reduction of the extractable amount of
drug and, in humans, a faster decay (nearly an order of
magnitude) was observed compared to that in mice. The
decay in mice was independent of the amount of drug
injected. In another in vivo experlment using rats and
hamsters injected with Photofrin® and irradiated at
630 nm, it was observed that Photofrin® in the pancreas of
the normal rat suffered negligible bleaching, whereas
Photofrin® in hamsters and rats with implanted pancreatic
tumours did undergo photobleaching.!® Porphyrin levels
were determined by fluorimetry and by extraction and
absorption measurements. Boyle et al.*® also observed
photobleaching in Swiss mice which were injected with
Photofrin®.

5.2. Second generation photosensitisers

Photobleaching has been detected in mouse tumour and
human skin lesions using 0protoporphynn 9 as a photosensi-
tiser (3-ALA treatment).'”! Furthermore, the formation of a
photoproduct, which had an emission band around 670 nm,
has also been observed. Such a product, which is thought to
be photoprotoporphyrin 26, 27 also appeared to be photo-
bleached. Thus, in normal mouse skin, following topical
application of 8-ALA, irradiation at 635 nm caused photo-
bleaching of the fluorescence of protoporphyrin, with the
appearance of a main fluorescent emission at 675 nm
attributed to photoprotoporphyrin 26, 27. Other fluorescent
bands at 588 and 623 nm were tentatively attributed to
zinc(II) protoporphyrin and water-soluble porphyrins such
as coproporphyrin, respectively.'® Several reports have
shown recently that photobleaching of protoporphyrin 9
and formation of a photoproduct with an emission band at
676 nm occurred both in normal'®'"" and in tumour'®
mouse tissue. The photoproduct was found to be more
resistant towards photobleaching than protoporphyrin 9 in
normal tissue'® (as found in solution, Section 3.2). When
the photobleaching rates between normal tissue and tumour
tissue under restricted blood flow were compared, the
process was slower in the tumour tissue, which may reflect
a lower availability of oxygen in tumour tissue.'* In normal
mouse tissue, the photobleaching rates of protoporphyrin 9
were not first order and were 1ndependent of the fluence
rates (from 37.5 to 500 mW cm ). This was ascribed either
to oxygen depletion or to the photodegradation of proto-
porphyrin 9 being independent of oxygen.'”” In another
study with normal mouse tissue, the photobleachlng rates

were consistent with a second order process.’*'®® Under
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hypoxic conditions, the photobleaching of protoporphyrin 9
and of its photoproducts appeared to cease.'”® The opposite
result was, however, found by other authors.'"” The rate of
photobleaching with respect to light dose increases signifi-
cantly with decreasing fluence rate (from 150 to
5mW cm ?),'% again in disagreement with another
report.'®® The experiments are difficult, but these issues
require further clarification.

Ma et al.'™ showed that the photobleaching rates of
5,10,15,20-tetrakis(m-hydroxyphenyl)chlorin  (m-THPC,
10) and 5,10,15,20-tetrakis(m-hydroxyphenyl)-bacterio-
chlorin (m-THPBC, 58) were similar when mice bearing
WiDr human colon adenocarcinoma implants were
irradiated at 652 and 740 nm, respectively, with a fluence
of 10Jcm > m-THPBC 58 usually contains a small
amount of the chlorin (<5%), so the fluorescence spectra
of m-THPBC 58 in mice also showed a small peak due to
m-THPC 10. By irradiating the tumour first at 740 nm and
then at 652 nm, it was suggested that damage to normal
tissue could be avoided, since m-THPBC 58 could be easily
cleared, leaving m-THPC 10 unaffected. If enough m-THPC
10 was left, tumour necrosis could then be effected by
irradiating at 652 nm. Forrer et al.'® also reported the
photobleaching of m-THPC 10 in patients with early
squamous cell carcinomas in the oesophagus, irradiating
at 514 nm (fluence rate 100 mW cmfz). They observed a
60% decay of the fluorescence of m-THPC 10 at 652 nm,
when a light dose of 100 mJ cm ™2 was administered.

Mono-L-aspartylchlorin e (MACE, 13) photobleaching was
detected in mice bearing Meth-A fibrosarcoma implants.''
The fluorescence intensities (Ao, 405 nm) of the residual
MACE 13 at 3 mm from the tumour surface were measured
after different light exposures (Table 13). The fluorescence
loss increased with light dose. The photobleaching appeared
to be in proportion to the effectiveness of the treatment, high
or low photobleaching corresponding to high or low tumour
destruction.

Table 13. Relative fluorescence intensity of the residual amount of MACE
13 (c,=5 mg kg ") after PDT at 664 nm'"’

Fluorescence intensity Laser dose (J cm™2)

1 0

0.73 50
0.36 100
0.22 150
0.16 200

The photobleaching (irradiation at 672nm) of
aluminium(IIl) phthalocyanine tetrasulphonic acid salts
and zinc(II) phthalocyanine 16a in rats with induced bladder
carcinoma was investigated by Riick et al.'''® The fluores-
cence of the aluminium(III) tetrasulfonated phthalocyanine
tetrasulphonic acid increased almost 2-fold after 30s
irradiation and then decreased after longer light exposure.
The initial increase was attributed to dye relocalisation in
the cells. Tumour necrosis was minimal. In contrast, the
fluorescence of zinc(II) phthalocyanine 16a decreased expo-
nentially during light exposure. The significant tumour
necrosis correlated with the photobleaching behaviour of
zinc(I) phthalocyanine. Photobleaching of aluminium(III)

phthalocyanine tetrasulphonic acid has also been detected in
normal rat bladder when irradiated with red light
(675 nm)."'"

In a comparative study,''™ the photobleaching of several
photosensitisers was evaluated in normal mouse skin,
irradiating with an argon pumped laser tuned to the appro-
priate therapeutic wavelength at a fluence rate of
100 mW cm ™% The fluorescence decay decreased in the
following order: chlorin eg, 5,10,15,20-tetrakis(m-hydroxy-
phenyl)chlorin (m-THPC, 10)>zinc(II) phthalocyanine
16a, protoporphyrin 9>Photofrin®, 5,10,15,20-tetrakis(im-
hydroxyphenyl)porphyrin (m-THPP, 57)>aluminium(III)
tetrasulphonated and disulphonated phthalocyanine, and
5,10,15,20-tetrakis(4-sulphonatophenyl)porphyrin (TPPS,,
22). In all cases, there was deviation from first order
kinetics. An increase in the fluorescence intensity was
observed at initial irradiation times for aluminium(III) tetra-
sulphonated and disulphonated phthalocyanines, and for
5,10,15,20-tetrakis(4-sulphonatophenyl)porphyrin (TPPS,,
22). The explanation given for this effect is that these
dyes are localised in lysosomes, which are permeabilised
after short light exposures. The dye is released into the
cytoplasm and disaggregates. With an increase in the mono-
mer population, there is an increase in fluorescence. A
comparison of fluence rate effects and photobleaching has
been made in a rat bladder tumour model in vivo, comparing
protoporphyrin (9, induced by 8-ALA) and benzoporphyrin
derivative 11.""*® The results suggest that photobleaching
pathways may be independent of the pathways involved in
tissue detruction. Fluorescent photoproducts were detected
for 9 but not for 11.

5.3. Dosimetry

In some examples in solution, such as the photooxygenation
77—78, the photoreactions considered here are essentially
single pathway, high-yielding processes. More typically,
however, they are complex, following several pathways,
and this is especially so in biological systems. Nevertheless,
in this field, it is to biological systems that the photo-
chemistry has to be applied, and the question arises as to
what effect should photobleaching have on dosimetry. The
subject has yet to be fully explored: it may be that, to
accommodate the destruction of the photosensitiser, a
programmed increase of the fluence rate (‘ramping’) may
be introduced with advantage.

Svaasand and Potter'"? have considered the implications of
photobleaching for dosimetry, and concluded that optimisa-
tion of the protocol could significantly reduce damage to
normal tissue located near to the tumour, although it
would be a requirement that the tumour continued to
retain a higher concentration of drug than the normal tissue.
There appears to be a threshold for photodynamic
activity,'%!14 and it would clearly be advantageous to
have the concentration of the drug in the normal tissue
below this level by whatever means. A mathematical treat-
ment of photobleaching and its monitoring by fluorimetry
has been presented by Jacques and his colleagues.'"”

Georgakoudi and Foster®® have developed a mathematical
model to describe photobleaching by singlet oxygen and
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other pathways in relation to dosimetry during the irradia-
tion of tumour multicellular spheroids. They conclude that
the widely used fluence-dependent simple exponential
description of sensitiser decay is not an appropriate model
of photobleaching in PDT. Photobleaching for constant
fluence, and the corresponding PDT damage, are both
found to increase as the fluence rate is decreased.'*®''
Put another way, when equal amounts of energy are
delivered to the tissue, more photosensitiser and more tissue
are destroyed when the energy is given at a low dose rate.
Clearly these results have an important bearing on
dosimetry.

The absorption of photoproducts formed by the photo-
modification of sensitisers may well be of secondary
importance, but ways of taking account of this aspect
have been suggested.'"’

6. Summary and outlook

The main points of the foregoing can be summarised, and
supported by illustrative references, as follows:

(i) There have been extensive studies on the photo-
bleaching of PDT sensitisers, particularly kinetic studies
which measure loss of absorbance or loss of fluorescence.
Both photomodification (change of visible chromophore,
Fig. 3) and true photobleaching (loss of visible
absorbance, Fig. 4) have been encountered.

(i1) Initial rates of photobleaching are often observed to
be first order in photosenstiser,5%*+192 but second order
dependence has also been observed experimentally®®®
and mixed order dependence has also been found.”””
In situations where light intensity is high, tissues can
become deprived of oxygen, and fragmentation of light
delivery then becomes advantageous.'® In the singular
case of the porphyrazine derivative 126, the reaction is
autocatalytic.”

(iii)) Most of the photobleaching processes which have
been reported are oxidative, and there is evidence that
they involve singlet oxygen.”****” There are fewer
examples where radical oxygen species appear to be
implicated.®® Many authors report that the reaction
slows down when oxygen is replaced by nitrogen in the
reaction vessel, but there are exceptions to this observa-
tion.ﬁfogfhere is also evidence that oxygen is required in
vivo.

(iv) In many examples (e.g. haematoporphyrin®®) the
products of photomodification have not been fully
characterised, but, where they have, they can be rationa-
lised as the products of 2mw+2m cycloadditions or of
2m+4m cycloadditions of singlet oxygen (e.g. proto-
porphyrin,*® tetraphenylporphyrin,™ zinc(Il) octaethyl-
chlorin,* chlorophyll analogues and derivatives’’-80).
Products of oxidative photomodification from phthalo-
cyanines and naphthalocyanines do not appear to have
been characterised, and are presumed to be fugitive.

(v) The products of true photobleaching appear to result
from deep-seated oxidative and hydrolytic reactions: they
have often not been isolated and identified. They include
propentdyopent adducts (from oxophlorin derivatives™"),
imides (from chlorins and bacteriochlorins,** phthalocya-
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nines and chlorophyl
chlorophyll™?).

(vi) As expected for oxidative processes, rates of photo-
bleaching are enhanced for systems of lower oxidation
potential (e.g. m-THPBC 58 is more reactive than is
m-THPC 10,** while naphthalocyanine 108 is more
reactive than the analogous phthalocyanine 107°°).
Electron-donating substituents increase the rate of
reaction.” The effect of a coordinated metal ion on
redox potential is significant: zinc(I[) and magnesium(II)
complexes with lower oxidation potentials are, in general,
more readily photobleached than complexes of first row
transition metal ions.”>%

(vii) Large aromatic photosensitiser molecules tend to
form non-covalently bonded aggregates under appro-
priate conditions. Aggregates have lower singlet oxygen
quantum yields and PDT activities, are more resistant to
photobleaching™®"** and are less fluorescent than the
corresponding monomers. Some apparent photobleaching
of fluorescence may be due to aggregation,'® since
fluorescence is readily quenched by such interactions.
(viii) Surfactants generally enhance photobleaching,
presumably because they promote disaggregation in
aqueous media.®*°

(ix) The addition of protein (e.g. HSA™® or FCS¥%)
enhances photobleaching, possibly because the photo-
sensitiser monomer/aggregate equilibrium is disturbed
as the monomer associates loosely with the protein and/
or the oxidative process is mediated by a reactive
oxidised amino acid side chain (e.g. of methionine46’47).
Further work is needed on this aspect, and to disentangle
the effect of various solvent characteristics (e.g. dielectric
constant®®) and of additives on the rate of photobleaching.

) and aliphatic acids (from

This report appears to be the first detailed review of this
topic, which is revealed to be complex in many ways. To
paraphrase an observation'®® made recently by two of the
most prominent workers in the field, Moan and Rotomskis
(specifically with reference to in vivo studies on the photo-
bleaching of protoporphyrin, but there is some generality in
the comment): the reactions leading to photoproducts are
dependent on internal features (such as the level of oxygen-
ation, lipophilicity, pH, compartmentalisation in cells and
tissues) as well as on external factors (such as the wave-
length and fluence rate of the light). As a result, the studies
are particularly complicated, and the published results are
frequently inconsistent.

Further studies are clearly needed in some areas, including
studies on the basic chemical systems: in the past, it has
been found all too easy to carry out kinetic studies on
these beautiful coloured photosensitisers, and to forget
about the chemical structures of the products that are
being formed. This is a field that deserves further cultiva-
tion. The results would be of interest in, and might be of real
benefit to, the emerging practice of photodynamic therapy.
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