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| GENERAL INTRODUCTION

Photodynamic therapy (PDT) has been developed as a treatment modality for a number of
malignant and non-malignant disorders. PDT treatment is based on the presence of a drug
with photosensitising and tumour localizing properties combined with visible light and
oxygen. Separately, these three components are harmless, but in combination they may
destroy tissue and inactivate cells.

Accurate dosimetry is necessary to ensure complete treatment and to alow for consistent and
reproducible patient outcomes. It is widely accepted that the phototherapeutic effect of PDT is
aresult of the generation of singlet oxygen from the activation of a photosensitizer by light.
The objective of PDT is to deliver a cytotoxic species dose that is sufficient and in the right
place to kill or control the growth of malignant cells in a tumour. Dynamic variations of
several parameters induced by irradiation: photosensitiser concentration, localisation and
optical properties of the tissue makes the PDT treatment very complex. Therefore the
understanding of the photodegradation mechanism, localisation and photodynamic reaction of
a photosensitissr may provide information of paramount importance to adapt the
photodynamic dose and receive the optimal treatment.
5,10,15,20-tetrakis(m-hydroxyphenyl)bacteriochlorin (mTHPBC) is a second generation
photosensitiser, from the tetraphenylchlorin series. Even if severa properties of the related
sensitisers are now relatively well established, very little is known about the mechanisms of
action of the mTHPBC. The first objective of the present study was to examine the
photobleaching characteristics of m-THPBC in solution: the influence of the aggregation state
of the photosensitiser on the photobleaching rate and the photodegradation yield, the nature of
the photoproducts following laser irradiation and the identification of the species in charge of
photobleaching. In a second part we examined some photobiological and photobleaching
propertiesin vitro on WiDr adherent cells. And the third part of the work was an in vivo study

assessing the m-THPBC potential in nude mice.



Introduction




|1 INTRODUCTION

[1.1. Origin of Photodynamic Therapy

Light as been employed in the treatment of diseiisee antiquity. Phototherapy has been
applied by humans for 3000 years and was knownhbyHgyptians, the Indians and the
Chinese (Spikes, 1985). Herodotus (6C BC) is remmbrals noticing the beneficial effect of
sunlight on bone growth, and the eminent Hipposréd€0-375 BC) recommended the use of
heliotherapy for various human diseases. But tts¢ felevant “modern” scientist in the field
of phototherapy was Niels Rydberg Finsen. From 1898 1903 he performed phototherapy
on 800 patients, and in 1903 he was awarded thelNrize for Physiology-Medicine for his
work on the use of light from the carbon arc in tineatment of lupus vulgaris (skin
tuberculosis) (Szeimies et al., 2001). The conaadptcell death being induced by the
interaction of light and chemicals has first beeparted by a German medical student Oscar
Raab. In the winter semester of 1897-1898 he sltaate investigation on the toxicity of
acridine to paramecia. This work was carried outlaunthe direction of Professor Dr.
Hermann von Tappeiner. Initially, Raab found thegt apparent toxicity of low concentrations
of acridine varied significantly from day to daypwever he soon noted that the toxicity
depended on the intensity of sunlight in the latmsa He was then able to show that low
concentration of acridine and some other colorezsdych as eosin, that had no effect in the
dark, provoked the rapid killing of paramecia i goresence of light (Raab, 1900). In 1902,
C. Ledoux-Lebards observed that eosin killed paca@ore efficiently in open flask than in
a closed bottle (Ledoux-Lebards, 1902), and heutetsd that the presence of oxygen is
essential for photoinactivation. It is in 1904 tkkah Tappeiner and Jodlbauer coined the term
“photodynamische Wirkung “(von Tappeiner and Jod#ya 1904) which we translate as
“photodynamic action” for oxygen-requiring photoseized reactions in biological systems.
Although the mechanism of action was still unknowndid not take long until this new
therapeutic approach was tried out on patients. fireepaper reporting a clinical trial was
published in November 1903 by von Tappeiner anibdek (von Tappeiner and Jesionek,
1903). Several other trials were performed on ptiemainly by Dreyer and Neisser,
unfortunately they were rapidly terminated becauofesevere side effects or because of
temporary therapeutic effects. The photosensitissedd so far were dyes like chinidine,
acridine and eosin, and further studies were devadedevelop new clinically relevant

photosensitisers.



In 1911, Walter Hausmann injected 2 mg hematopaiplgubcutaneously in mice, which
were exposed to sunlight and he observed edemtheemng and skin necrosis (Haussman,
1911). The first report on the use of hematoporphyr humans was done by Meyer-Betz
who injected himself with 200 mg hematoporphyrird ddecame extremely photosensitive
during more than two months (Meyer-Betz, 1913). uoalation and retention of
hematoporphyrin in human neoplastic tissue waseened by Auler and Banzer in 1942
(Auler and Banzer, 1942). Interrupted by the Sec&Mdrld War clinical studies on
photodynamic treatment were not performed in a majganized way until the middle 70’s,
largely through the efforts of Dougherty.

Photodynamic therapy uses the combination of agseoisitising drug and light to cause
selective damage to the target tissue. The improveterstanding of the tissue and cellular
factors that control PD@nd increased experience in the clinic has leduohmiarger, better-
controlled clinical trials and the approval of dsugakes PDT a clinical reality. Photofgin
was the first approved in 1993 in Canada, now amgatdn more than 40 countries (1995
approval in USA, Canada, Japan and Europe) forrambchand early lung cancer, superficial
gastric cancer, oesophageal adenocarcinoma, cepanaer, and bladder cancer. Then the
Levulan® got the FDA approval in 1999 for actinic keratp$wdlowed in 2001 by Foscan
(approved for advanced head and neck cancer, EuMgsvay and Iceland) and Metvix,
approved for actinic keratosis, superficial basl-carcinoma, and basal-cell carcinoma in
Europe. PDT has also indications for non-oncoldgiiaeases, such as wet age related
macular degeneration (Visudy®eFDA and European approval in 2000). Also a nundjer
other conditions have also been treated includsaigsis, rheumatoid arthritis, menorrhagia
and benign prostatic hyperplasia. In addition, RDddiated immune-modulation, bone
marrow purging and PDT of certain bacterial, furayadl viral infections are being evaluated.

[1.2. Photosensitization mechanisms.

2.1. Pathway of molecular excitation and deactivation

The absorption of light by a chromophore is thetiahistep in all photophysical and
photochemical reactions, the energy of the absofigdd promotes molecules from their
ground state, to states of higher energy (exitates). At room temperature, almost all the
molecules are in their ground state, which is tleeteonic state associated with the lowest
energy and a configuration where all electrons @aistally paired. During an electronic

transition one of the electrons is excited fromiratially occupied orbital of low energy to a



previously unoccupied orbital of higher energy.sTpiocess transforms the molecule from its
ground state into an excited state.

The excited state;Shas a different electronic distribution than threund state & and is
energetically less stable thag. ®e-excitation must take place to permit the reteaf the
surplus of energy. Several physical pathways lepdm deactivation can be followed,
represented in the Jablonski diagram (figure 2A.jnolecule in a high vibrational level of
the excited state,Swill quickly fall to the lowest vibrational levedf this state (Vibrational
Relaxation: VR). Also, a molecule in a higher eaditstate Swill finally fall to the first
excited singlet state;QInternal Conversion: IC). Then, the singlet statean rapidly return

to the ground state levep 8y two mechanisms, a radiative process whichuigréiscence, or

a non radiative process (IC). During this internahversion, the excess of energy of the
singlet state is released as heat, which dissipaseslly into the tissue or the solvent.
Concerning the radiative process, a photon is ethiitith an energy equal to the energy gap
between the ground statep(&nd the excited singlet state;$evels. This implies that the
fluorescence does not depend on the excitation lelagth (Vavilov's rule). Emitted photons
have lower energy than absorbed photons, so floenege emission maximum is red-shifted

as compared to the absorption maximum, this is knasvthe Stokes-Lommel’'s lawuhission
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Figure 2.1 : Jablonski diagram, where IC stands for intecoalversion, ICS for intersyste
crossing and VR, for vibrational relaxation.



In addition to radiationless and radiative procdiss,singlet state can undergo a change to a
triplet state Tvia a pathway called intersystem crossing (ISCk Tifietime of the triplet state
is much longeft ~10 ’s) than the lifetime of the singlet state~(10 %), thus increasing
dramatically the probability of a reaction with aighbouring molecule. They are several
pathways for the triplet state; To return to a ground state. Pe-excitation can occur with
the emission of a photon, this is phosphorescebae,at room temperature and due to
Vavilov’s rule the phosphorescence is very weak difiicult to detect. The excited triplet
state T can alternatively deactivate by undergoing intstesyn crossing followed by
vibrational relaxation.

For most of the organic molecules, only the singlete S1 and triplet state T1 of lowest
energy can be considered as likely candidates Her initiation of photochemical and
photophysical reactions. This is due to the faat thgher order electronic state@t) undergo
very rapidly internal conversion from, S and from T, to T.. This generalization (which

was used here in the description of the Jablornakirdm fig. 2.1.) is known as Kasha'’s rule.

Table 2.1. : Photochemical processes involved in the activadind deactivation pathway of the
photosensitizers and some of their characteristics

Processes Reactions Timescale Constant
excitation hu +S, = S;, S,,...,8, 1~10"-10%s Kabs
internal conversion Sn....,S,S; + heat 1~10-10"s  kc[Si
internal conversion S; = Sy + heat 1~10"s Kic[Sd
intersystem crossing S, = T, + heat 1~107"s Kisc[Si]
photochemical reaction S, = Sp+ reaction ke°[S1]
fluorescence S; = So+ hUguor 1~10110%s Ke[S4]
intersystem crossing T, = Sy + heat 1~10%107%s Kisc ' [T]
phosphorescence Ty = So+ hUpnosphor 1>10°s K phosph [T 1]
chemiluminescence Energy + Sy = S; = Sy + hUgnemiium 1>10°s K chemitum [S4
photochemical reaction T, = Sp+ reaction kg '[T4]



2.2 Mechanism of photosensitized reactions

Photosensitized reaction can be defined as a mmooeswhich light activation of a
chromophore induces chemical changes in anotheeaul@ than the chromophore. The
initial step of the reaction is the absorption gfteton by the photosensitiser, leading to the
generation of an excited stat®). In the presence of oxygen the reaction camvolwo
competing pathways called Type | and Type Il resxti(Sharman et al., 2000). According to
the definition established by Foote (Foote, 19919 as shown in Figure 2.2., a Type |
mechanism involves the direct interaction®gf with a substrate (S), whereas in a type II
process’P reacts first with molecular oxygen to producenhhigeactive oxygen intermediate

that easily initiates further reactions.

Oxidized products Oxidized products
. .
10, ST™+P /S +P ™
P . Typell 3p Typel » 3p
v
20, Th S

op

Figure 2.2. : Diagram of photosensitizations mechanisms ocuyiafter absorption
of photons by photosensitizer.

2.2.1. Type | photosensitization processes.

In a type | photochemical reaction, the exitedlétistate of the photosensitiséP¥) interacts
directly with the substrate molecule (S) and le@adthe formation of pairs of neutral radicals
or radical ions following an electron or hydrogeansfer as shown in the Egs. 1& 2. Most

biological substrates undergo an oxidation : (Bq. 1

P*+S—> P+ST (1)

Pr+S—> F+S ()



Both the excited photosensitiser and the grourié stzbstrate can act as hydrogen donor (Eq.
3-4).

PH*+S—— P+ SH 3)

P* + SH——> PH+S (4)

The resulting radical species from these Type Impry processes can subsequently
participate in different kinds of reactions. In theesence of oxygen, for example, oxidized
forms of the sensitiser or of the substrate readifict with Q to give peroxyl radicals, thus

initiating a radical chain auto-oxidation (as désed by Eqgs (5) and (6)).

S+0, —— SO0 (5)

SO0+ SH —» &+ SOOH (6)

Semireduced forms of the photosensitiser or of dhlestrate also interact efficiently with
oxygen and the electron transfer which takes plhetveen the reactants, generates

superoxide radical anion (Egs. 7).

S+0,—> S+0Q
] ] (7)
P+0O,——> P+0Q

Any reaction that generates, Owill also produce hydroperoxide ,8, by spontaneous

dismutation (eq. 8) or one-electron reduction @q.

Oz.-+ Oz.-+ 2H+—> Q + HZOZ (8)

O, +2H'+e —— HO;, 9)

10



Hydroperoxide is a moderate oxidant, but when duaaulates, it can react with superoxide
radical anion (eqg. 10) or undergo ferrous ion gatd reduction to give rise to an extremely
reactive hydroxyl radical (Haber-Weiss reactiony(etfl & 12).

0, +H,0, — Q+OH + OH (10)

HaberWeiss

0, +Fe" —— Q+Fe&" (11)
reaction

H,O, + F€" —— OH+ OH + Fet  (12)

2.2.2. Type Il photosensitization processes.
This type of reaction requires the presence of oubde oxygen. In most cases, the reaction
proceeds via energy transfer from the excited dtigtate photosensitiser to the oxygen
molecule in its triplet state. Singlet oxygen carlyobe generated by photosensitisers that
possess an energy gap between the ground statibeedcited triplet state which is higher
than the energ¥a needed to excite oxygen into its excited singtates(Figure 2.3.). &£
being very low (94 kJ mol-1 (van Lier and Spike§89)), almost all the tetrapyrrolic
photosensitisers can mediate generation of singlgigen. Theoretically all molecules
absorbing light at wavelength < 1260 nm can mediate generatiort®j.
Due to the higher lifetime of triplet state of pbypin-like photosensitiser compared to the
singlet state, photochemical reactions most likedgur from the triplet state. The oxygen, is

then excited from its ground state into excite@larstate:
ho g 3 1
P— P* — P+Q — P+0O; (13)

For pure Type Il reaction, the quantum vyield fonmatof singlet oxygen can be defined as:

(for constant description see Table 2.1.)

; ke'[T] - [S]
O = Or = (14)

Kohosph[ T1] + kisc [T1] + k&' [T4] . [S]

11



Singlet oxygen is a very reactive species, it iximmore electrophilic than its ground state
and can oxidize biomolecules very rapidly. It isnatastable species with a lifetime varying
from about 4 us in water to 25-100 ps in non potganic solutions, which can be considered
as a model for lipid regions of the cell (Kohenakt 1995). The life time of singlet oxygen

decreases in biological environment due to the gmes of various quenchers, and is
calculated to be about 170-330 ns (Baker and K&gpf$992). According to Moan and

coworkers, this short lifetime allows the diffusiohsinglet oxygen to a maximum distance of
50 nm at the sub-cellular level (Moan, 1990; Moad 8erg, 1991; Moan and Boye, 1981).
Singlet oxygen can be either deactivated by retgrrio the ground state, or react with

electron-rich regions of many biomolecules to gxélized species.

EA M
S,
A
IC
S i SC
I Energy
S1 % . . II: transfer
T;
1A+
Absorption Fluor- Phosph A
osphor-
escence| 1o5P % 1270nm  ®a~0,5
0.98 eV
I
[ ] v
= So L ¥ 32-

g

Figure 2.3. : Simplified Jablonski diagram, showing the
activation and deactivation pathways during a Typeaction.

2.3. Meansto deter minethe reaction mechanisms

Irrespective to the reaction mechanisms, theretwoedistinct approaches to diagnose the
relative participation of Type | and/or Type Il passes. The first strategy relies upon the
study of the effects of additives on biological mochemical phenomena induced by light

activation of a photosensitiser. For example thditawh of sodium azide to a system should

inhibit a singlet oxygen dependent biological phraeaon. The second approach is to detect,
in a direct or indirect manner, the primary reaetspecies formed upon light activation of a

photosensitiser in a biological system, e.g. tivectidetection of singlet oxygen at 1268 nm.

12



2.3.1. Detection of radical species, type | mecrani

Superoxide Catalase, glutathion
dismutase peroxydase

—> T — —
+€, ’ f
302 e +H* 02 +e, +H* H202 +e, +H* HZO

Triplet oxygen Superoxide Peroxyde
radical

In order to detect the radical species of typedctien, specific natural enzyme such as
superoxide dismutase, catalase and glutathion e can be used. Superoxide dismutase
(SOD) is known to scavenge the superoxide radMalQord and Fridovich, 1969) with a rate
constant of 2x1DM™s?. SOD can detoxify the superoxide radical as fol{@dovich, 1976)

SOD-ME*+ 0, —» SOD-Mé+ O,

SOD-M€ + O, + 2H —» SOD-M& + H,O,

SOD is a metallic oxydoreductase enzyme, th&€/Zo** SOD is cytoplasmic, while the Mh
enzyme is chiefly mitochondrial.

As mentioned above, Type | photodynamic reactiom ganerate hydrogen peroxide, this
species can be scavenged by the catalase (Frido¥&F6) according to the following

reaction :

Cat-F€" +2 HO, —» Cat-FE+2H0 + O

Glutathione peroxidase, a cytosolic and mitochaldseleno-cystein enzyme can eliminate
hydrogen peroxide with the help of 2 glutathion8$H) (Fridovich, 1976):

HO, + 2GSH—> 21D + GSSG

Type | photodynamic reaction can also generatedxydiradical. In order to assess the role
of this reactive oxygen species, the inhibitoryiactof hydrogen donors such as mannitol,
ethanol,tert-butanol, acetate, formate and benzoic acid caexaeined. These molecules
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should be present in very high concentration ineord trap hydroxyl radical effectively
(Foote, 1984).

Another method of detection of both superoxide hpdroxyl radicals is to trap them with
spin traps like 5,5-dimethyl-pyrroline-1-oxide (DI, which upon reaction forms long-
living characteristic spin adducts detectable bgctebn paramagnetic resonance (EPR)
technique (Buettner and Oberley, 1978). DMPO sabel is, however, non specific and is
belived to trap singlet oxygen forming essentidlig same product (Foote, 1979) and these

methods are unsuitable in the casenoiivo studies (Halliwell and Gutteridge, 1999).

2.3.2. Detection of singlet oxygen, type Il mecisami

The gold standard of singlet oxygen identificatisiuminescence. A¥D, decays back to the
ground state, some of the energy is emitted as [idtere are two sorts of emission, and both
are very weak in solution. The light from a singlaglet oxygen molecule appears in the
infrared as 1269 nm and 1588 nm (Krinsky, 1979)jlavkwo molecules can interact to

produce emission at higher energy known as dinmaliescence (Cadenas et al., 1983).

0yt y) —— 0K
1269 nm
1588 nm
0, ) = 0, —— 0,0 + 0,05
634 nm

"dimol emission”
703 nm

As for hydroxyl radicals, singlet oxygen can be ed&d with electron paramagnetic
resonance (EPR}O, is a non-magnetic molecule and can thus not bectt directly by
EPR. However, the reaction 8, with a stable molecule can generate a moderabely-|
lived free radical or a spin label whose structae determined by EPR provides an
unambiguous identification. The spin label 2,2 @@Bamethyl-4-piperidone (TEMP) has been

14



employed as a spin label probe. The reactiotOafwith TEMP will lead to the free radical
2,2,6,6-tetramethyl-4-piperidone-N-oxyl (TEMPO) (&get al., 1990).

A new emerging technique to deté€ is a calorimetric method. This method is based on
the efficient deactivation dfO, on a cobalt coated platinum wire. The heat releaturing
the deactivation corresponds to the excitation gndRecently, a lower-cost laser deflection
calorimeter (LDC) apparatus has been developeétermine'O, quantitatively (Schneider et
al., 2000). This method has been specially desifmeithe study of chemical and biochemical
processes at interfaces by measuring low amouritsaifreleased.

The quenching ofO, involves the deactivation of the excited singlettes of an oxygen
molecule. It may be either physical or chemicalrapiieng. Chemical quenching occurs when
'0, reacts with quencher (Q) to give product Q®hysical quenching leads only to the
deactivation ofO; to its ground state without oxygen consumptiopraduct formation.
Deactivation by chemical quenching requires chemidaaps such as 1,3-
Diphenylisobenzofuran (DPBF), 9,10-Diphenylanthrece(DPA) or 2,5-Dimethylfuran.

These substances are quite specific and reactrapigly with singlet oxygen.

O & C
L —— O — 0
S S ]

DPBF o-DBB

Figure 2.4. : Chemical quenching of singlet oxyggbPBF

1,3-Diphenylisobenzofuran (DPBF), dissolved in migasolvents emits a strong fluorescence
when excited at 410 nm. The intensity of fluoreseespectrum decreases when DPBF is

exposed to singlet oxygen (Figure 2.4.).
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10, + B-carotene (§

N

30, + p-carotene (J)

Figure 2.5. : Physical quenching of singlet oxyggif8-carotene

B-Carotene is one of the early discovered and a wely known 'O, physical quencher
(Figure 2.5.) with a high efficack{~1.2 x 16° M's"), which readily acts by energy transfer
reaction with low triplet-energy species; whereasthwl,4-diazobicyclo[2,2,2]octane
(DABCO) gquenching reaction occurs via electron ¢fan Several other physical quenchers
such as azide iong{Wilkinson and Brummer, 1981), and ascorbate quesnatlet oxygen
with a very high rate constant (Table 2.2.30Dcan be used to dete'@, presence because
the lifetime of'O, is 10 to 13 fold longer in £D than in HO (Gorman and Rodgers, 1989;
Parker and Stanbro, 1984). So, if the reactiongueaus solution is dependant on singlet

oxygen, carrying it out in D instead should greatly potentiate the reaction.

Table 2.2. : Bimolecular rate constants of the dbehtk;) and chemical plus physical quenchikgH

ky) of '0, by selected compounds.

Substrate Solvent k (M's™) ki + kg (M7s™) References
Trp methanol 4x10° 4x10° (Kohen et al., 1995)
His methanol 7 x 10° 5x 10’ (Kohen et al., 1995)
Met methanol 5x 10° 3x10’ (Kohen et al., 1995)
CystH D,O — 8.9 x 10° (Kohen et al., 1995)
a-Tocopherol methanol 4.6x10" 6.2 x 10° (Kohen et al., 1995)
Vitamin C DO — 1.2 x10° (Kohen et al., 1995)
Cholesterol CsDs — 5.7 x 10* (Vever-Bizet et al., 1989)
Linolenic acid CsDs — 1x10° (Vever-Bizet et al., 1989)
NADH acetonitrle/methanol — 7.4x10 (Monroe, 1985)
DPBF (1,3-Diphenylisobenzofuran)  methanol 9.8 x 10° 1.2x10° (Monroe, 1985)
B-carotene methanol 9.1x 10* 1.25 x 10" (Wilkinson and Ho, 1978)
N3 (azide ion) water — 2-45 x 10° (Fernandez et al., 1997)
DABCO water — 2.4x10 (Monroe, 1985)
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I1.3. Photosensitisers.

3. 1. Theprofileof anideal PDT drug.

Haematoporphyrin derivative (HpD) has been for gy\eng time the only photosensitiser
used in clinical PDT. It belongs to the so calledtfgeneration photosensitisers. It was the
first photosensitiser to receive regulatory apprdv@m the Canada in 1993, and it is now
approved in more than 40 countries. Many clinicals have been realized with this drug, so
that there is now a very large experience and theeft of hindsight. Despite these
advantages HpD presents several major drawbadksa Kery complex mixture and the exact
composition of a such mix is rather difficult tgoreduce. The absorption band in the red is at
630 nm with a rather important tissue penetratemd is at the start of the “therapeutic
window” and the molar extinction coefficient istat low (about 1170 NMcmi?). Although its
photodynamic activity is acceptable, it is still dest. Finally, the selectivity for the target
(tumour) is low, therefore inducing side effectlsas skin sensitisation remaining for several

weeks.

During the 80’s it has becomes evident that HpD was a perfect photosensitiser and

Bonnett established several requirements for aal pleotosensitiser (Bonnett et al., 1989):

« Strong absorption in the red part of the visiblectpum (> 650nm)

- High quantum yield of triplet formation, with aftét energy greater than 94 kJmol
the excitation energy fakg singlet oxygen

« High singlet oxygen quantum yield

« Lack of dark toxicity

« Pharmacokinetic profile with rapid clearing fronetbody

- High selectivity for the tumour tissue versus tlealthy tissue

- Uniform stable composition, and preferably a sirgylbstance

3. 1. Photosensitisers of second and third generation.

Second generation photosensitisers have been gedkesw far as possible in agreement with

the above requirements of the ideal photosensitidezy are constituted by pure molecular
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synthetic structure (Phthalocyanines, naphthaldogasn benzoporphyrins, purpurins,
chlorines and porphycenes) and natural porphyrsédieheophorbides, bacteriochlorins,
bacterio-pheophorbides). Most of the second geioergthotosensitisers are tetrapyrrolic
compounds with side chains added so as to stalailideimprove the absorption in the red.
Phthalocyanines are tetrapyrrolic compounds whemeole groups are condensed with a
benzenic group and where a nitrogenous bridge cepla methene one, thus enhancing the
molar absorption coefficient of these molecules afiith a Amax absorption around 700 nm.
Texaphyrins are also synthetic relatives of porpisyr due to their side chains these
molecules are water soluble, and rapidly clearethfthe circulation with a wide absorption
band centred at 732 nm. However, one of the mdsteaghotosensitising agent appears to be
5,10,15,20-tetrakisf-hydroxyphenyl)chlorin - THPC) (Figure 3.1). This sensitiser requires
very low drug and light doses and strongly absanbthe “therapeutic window” at 652 nm
(Bonnett et al., 1989). Unfortunately®yeneration sensitisers generally do not manifest a
large tumour localizing selectivity. Therefore rasdh has been focused on developing third
generation photosensitisers. TH¥ Beneration photosensitiser are introduced in dcleeh
(e.g. liposomes) which will drive the molecule liie desired target. Another method is to
graft amino-acids, proteins, polymers, carbohydrater anti-body on an existent
photosensitiser (Moser, 1998).

3. 2. Tetraphenylchlorin series photosensitisers.

The photosensitisers of this series derive fromntes-tetra(hydroxyphenyl)porphyrins, they
are namely themeso-tetra(hydroxyphenyl)chlorin and theneso-tetra(hydroxyphenyl)-
bacteriochlorin it THPBC) (Figure 3.1). The discovery and the cheimsgathesis pathway
of these compounds was done by Bonetedt. (Berenbaum et al., 1986; Bonnett et al., 1989).
Basically the di-imide reduction of the tetra(hyxlyphenyl)porphyrins gives a mixture of the
corresponding dihydro- and tetrahydroporphyrinshy@ogenation with o-chloranil cleanly
removes the tetrahydro compound to produce theriokk Under more forcing conditions,
di-imide reduction of then isomer results mainly in the corresponding bactdrorin. The
ortho, meta andpara isomers of the porphyrin and the chlorin have hbested (Figure 3.2.).
The meta isomerm-THPP was found to be the most active isomer inithe@ivo assay
(Berenbaum et al., 1986). The samata isomer of the chlorim-THPC was identified as the

most active chlorin isomer (Bonnett et al., 1989).
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OH OH

OH OH

m-THPP m-THPC m-THPBC

Figure 3.1. : Molecular structure ofTHPP,mTHPC andm-THPBC.

HO
o -0 &
OH
meta para ortho

Figure 3.2. m, p ando isomers of the hydroxyphenyl subsistent.

The attractive properties of this series are thengt absorption in the far red region. Where
the molar extinction coefficient in ethanol is 11¥0'cmi* for Photofrin® at 630 nm, it is
3400 M'cm™ at 644 nm fom-THPP, 29600 Mcm™ at 650 nm fom-THPC and 91000 M
lem® at 735 nm form-THPBC (Table 3.1. and Figure 3.3.). They have ghhiiplet state
guantum yield formation (Table 3.1.) ranging betw8e59-0.89 and a good quantum vyield in
singlet oxygen formation (0.43-0.45).

Because of these photophysical properties thostgdiesitisers were expected to be valuable
compounds for PDT. Actually it has been shown thatHPP was 25-30 times as potent as
haematoporphyrin derivative in sensitising tumoi@@srenbaum et al., 1986), andTHPC
considering global photodynamic doses (light dosgehotosensitiser dose) was found to be
100 to 200 times as potent as haematoporphyrinatere (Savary et al., 1998; Savary et al.,
1997)
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Table 3.1. : Some photophysical propertieséFHPP,mTHPC andn-THPBC in methanol
from (Bonnett et al., 1999a).

m-THPP m-THPC m-THPBC

A max Band I/nm 644 650 735
Ema/M-1cm* 3400 29600 91000

A max fluorescence/nm 649, 715 653, 720 612, 653, 746
for excitation at/nm 415 415 500

[ON 0.12 0,089 0,11

(OF 0.69 0,89 0,83

w/S 1.2x10" 0,50x10" 0,53x10"

0O, quenching rate constaImq/M'ls'1 1.9x10 1,8x10 2,5x10

®,, air-saturated 0.46 0,43 0,43

®,, oxygen-saturated 0.59 0,59 0,62

3.3. The 5,10,15,20-tetr akis(m-hydr oxyphenyl)bacteriochlorin

mM-THPBC has a strong absorbance in the red regidd iifh) (Bonnett et al., 1999b). In view
of the weak absorbance of tissues at this wavdientyis offers promising therapeutic
perspectives for PDT of deep tumours and pigmeiitsiies. Pre-clinical studies have
demonstrated that in female BALB/c mice bearing R@oour cells the depth of necrosis was
3.79 £ 0.28 mm fomTHPC and 5.22 £ 1.21 mm fon-THPBC for a nearly similar dose of
administered photosensitiser, 0.375 and 0.39 pmgokitr mTHPC and mTHPBC
respectively (Bonnett et al., 1989). Anotherivo study demonstrated that area of necrosis is
by far the largest after irradiation o THPBC-sensitised liver (93 + 8 nfincompared to
corresponding treatment witm-THPC (26 + 4 mr) or with Photofrin (34 + 11 mf)
(Rovers et al., 2000a).

In vitro, Grahn et al demonstrated that the same toxicity lwduced in cells incubated with
m-THPC ormTHPBC and irradiated with a white light but coraddl that, when the relative
spectral activation of each compound was taken actmount, the bacteriochlorin had about
0.6-0.7 fold the activity of the chlorin.
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Figure 3.3. : Molar absorption spectraneflTHPBC andn-THPC in methanol and
chlorin €6 in DMSO, the spectra presented here baea recorded in our laboratory.

m-THPBC has been reported to be a very photolalsitepound. A comparative study of
THPBC andm-THPC in methanol-water (3:2, v/v) solution demaaitgtd a 90 fold greaten
THPBC photobleaching rate (Bonnett et al., 1998verset al. in anin vivo study on Colo
26 tumour bearing mice showed that the rate ofdhieg ofm-THPBC was approximately 20
times greater than that oF THPC (Rovers et al., 2000b).

[1.4. Photobleaching.

Degradation of dye is a subject that affects ewmdyb the visible expression of
photobleaching are for example the bleaching ofhie in summer season or the fading of
the tissues pigments. This phenomenon preoccupiedeixtile industry since a very long
time. In the first books about dyeing, the sun wegnized as the cause of the fading of
certain dyed textiles, and textile industry is emtty making large efforts in order to find
ingredients that can prevent bleaching. Plant isfealso concerned by this phenomenon,
adaptations and evolution occurs so as to prevenphotodegradation of chlorophyll and
other vital pigments of the plants. The interesthia photodegradation of dyes and pigments
has also been embraced by other fields which hppeaaed over the years with the advances
of science and technology, so that nowadays, then@menon is relevant to a variety of

fields, from laser technology to photomedicine.
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The first relevant observation of photobleachinghi@ photodynamic therapy field was made
in 1986 by Moan (Moan, 1986).

4.1. Photobleaching mechanisms

Ideally the photosensitiser should play the roleatfalyst, it should be regenerated after its
interaction with the substrate and should not fater with the outcome of the reaction.
Unfortunately, in addition to the reaction with lmigical substrate, self-photosensitization
occurs, the reactive oxygen intermediates canaotewith the photosensitiser, leading to its

transformation and/or destruction. This phenomeaaaalled photobleaching.

Oxidized products . Oxidized products
Photobleaching

! op
| S 30, 0,
oP (0:- OH. 0y
10, S“+PTIS+P ™

3p :Typell 3p Typel . 3p

%0, ThU S

op

Figure4.1. : Diagram of photobleaching mechanisms occurritey absorption of
photons by photosensitizer.

The main reactions leading to photobleaching aeseted in figure 4.1. The photosensitiser
upon light irradiation undergoes Type | and/or TYpeechanisms, leading to the production
of oxygen radical species. These oxygen radicakispereact with the neighbouring
molecules, including the photosensitisers, leadmgheir destruction. Thus photobleaching
can occurs via two pathways, the Type | way invajvieactive oxygen species and Type Il
way involving singlet oxygen.

There are large differences in the photobleachimgntum yield of photosensitisers (Table
4.1), These differences be attributed to : oxidatpmtential, lipophilicity, presence of a

metallic ion, kind of reactions involved (Type | idy.
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Table 4.1. : Photobleaching quantum yield of soimat@sensitizers in PBS

Photobleaching

Photosensitiser Concentration (M) quantum yield References
MACE (Mono-L-aspartylchlorin e6) 5 x 10°° 8.2x 10™ (Spikes and Bommer, 1993)
Sn aspartyl chlorin e6 5x10° 5.7 x10° (Spikes and Bommer, 1993)
Zn aspartyl chlorin e6 5x10° 1.9x 107 (Spikes and Bommer, 1993)
Chlorin e6 5x10° 1.9x10° (Spikes and Bommer, 1993)
Chlorin e6 10" 74.7x10° (Rotomskis et al., 1997a)
Sn chlorin e6 5x10° 13x10° (Spikes and Bommer, 1993)
Zn chlorin e6 5x10° 1.8x10* (Spikes and Bommer, 1993)
Hematoporphyrin 10 1.05x 107 (Rotomskis et al., 1997a)
Hematoporphyrin 5x 10° 4.7 x 10° (Spikes, 1992)
Photofrin® 10" 9x10° (Rotomskis et al., 1997a)
Photofrin® 5x 10° 5.4x10° (Spikes, 1992)
TSPP, 10" 2x 10" (Rotomskis et al., 1997a)
TSPP, 5x10° 9.8 x 10° (Spikes, 1992)
Uroporphyrin | 5x 10° 2.8x10° (Spikes, 1992)
BPD-MA 2.8x10° (Aveline et al., 1994)

4.1.1. Effect of aggregation state, pH and ionmerggth and miscellaneous agents on
photobleaching.

Previous work in our laboratory demonstrated aed#ifit photosensitivity of monomeric and
aggregated forms. In a first study, Bezdetneyal. (Bezdetnaya et al., 1996) demonstrated
that for HpD and PpIX quantum yield of photobleachobtained by matching fluorescence
where higher than that obtained by matching absmd#10 and 11 times for HpD and PpIX
respectively). The authors concluded that this ed#iice reflected the preferential
photobleaching of photolabile monomeric forms coradato aggregates. In another study
they demonstrated the preferential photobleachihgnonomeric species oin-THPC as
compared to aggregated forms (Belitchenko et 8881

Several studies of Rotomskis and co-workers dematest that photobleaching efficiency of
haematoporphyrin-like sensitisers seems to be swmiwith their aggregation state and the
presence of covalently linked structures. Dimeth@gmatoporphyrin (DMHp) and Hp are
present in an equilibrium of monomeric and aggregidrms in aqueous solution (Streckyte

and Rotomskis, 1993a). Their absorption bleachatg constants are two to four times higher

23



than that of HpD, a sensitiser containing mosthedir structures of porphyrins linked by
ether, ester and/or carbon-carbon bonds (Dougletrsy., 1984), and 10 to 20 times higher
than that of Photofrin® (PF), which contains cowdlle linked "sandwich” type structure
(Streckyte and Rotomskis, 1993b). In HpD, somehefdide chains are involved in ether and
ester linkages, and therefore this compound is rpbogostable than DMHp and Hp. In PF
and Photosan-3 (PS) (highly aggregated “sandwighé structure (Streckyte and Rotomskis,
1993b)), almost all side chains are involved in aently linked structures, probably
accounting for the high photostability of thesesstegers. The presence of a certain amount of
protoporphyrin in PS is probably responsible ferdawer photostability compared to PF.
Lowering the pH value of a photosensitiser solutiesults in a shift of both the absorption
and the fluorescence spectrum as well as in a deeref the fluorescence intensity, indicating
an aggregation at low pH values (pH < 5) (Cundexi&ket al., 1999). Redét al. (Reddi and
Jori, 1988) also demonstrated an aggregation ofatmporphyrin and Photofrin® when
decreasing the pH from 7.4 to 5.0 and they also oetnated the decrease of the
photobleaching quantum yield to 70 % for hematopwrip and 30 % for Photofrin®, thus
suggesting a resistance toward photobleachinggreagted species.

Changing the ionic strength by varying the buffen@entration can affect the aggregation
state of a sensitiser. An increase of the buffeiceatration of a TPR&olution increases the
aggregation of the sensitiser and reduces the pleatching quantum yield by 50 % (Davila
and Harriman, 1990). Thus, it follows from all thsudies that the quantum vyield of
photobleaching is inversely proportional to theraggtion state of the photosensitisers.
Streckyteet al. (Streckyte and Rotomskis, 1993a) showed that rehair media (Triton X-
100), which leads to the monomerisation of the pbensitisers, several dyes such as DMHp
and HP had a different photostability and differ@hibtoproducts formation compared to
agueous media. Spikes (Spikes, 1992) reportecattding CTAB (cetyltrimethylammonium
bromide) to PBS solution increases the quantundyaélPF photobleaching by 90%. The
photobleaching of uroporphyrin | and hematoporphym the same conditions was
unchanged, and the bleaching of TRP&creased by 25%. Spectroscopic studies
demonstrated that there was significant monomeoisatf hematoporphyrin, TPRSand PF

in CTAB, however the reason for the opposite effestiwveen TPPSand PF was not clear.
The authors proposed that TRR®netrates into the CTAB micelles (Reddi and JB8B8)
and that it localizes in a low dielectric constaagion and that under these conditions

photobleaching would probably be slower.
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4.1.2. Effect of oxygen concentration on photobeag.

To provide evidence supporting the involvement alenular oxygen in the photosensitisers
photobleaching, the most unambiguous method iemoove the oxygen from the sample.
This can be obtained through nitrogen bubbling. Binlg with nitrogen during 30 minutes in
a phosphate buffer reduces the concentration ojexyrom 22 uM to 2 uM (Spikes, 1992).
The second method is argon flushing (Konig et #93), and a third, called FPT (freeze-
pump-thaw). It consists in the connexion of the gl@no a high-vacuum line, the sample is
frozen in a liquid nitrogen, and the system is ightat 1 x 1d mbar (<0.01% of atmospheric
pressure) for 15 min. The valve of the vacuum puislosed and the sample thawed. This
cycle needs to be repeated five times in ordeetoove the oxygen. Spikes (Spikes, 1992)
investigated the quantum vyield of photobleaching@feral porphyrins in phosphate buffer
solution, and found that the bleaching was redumeditrogen bubbling. Also, Streckyte and
co-workers demonstrated that the photobleachinggsof ALA-induced PpIX in cells was
slowed down by bubbling nitrogen trough the san{figeckyte et al., 1994). Konigt al.
also made the same observation for endogenoushefbporphyrins in bacteria during argon
flushing (Konig et al., 1993). An observation oétimvolvement of oxygem vivo has been
realised by Robinson and co-workers (Robinson gt 1898). During a photobleaching
experiment with ALA-induced PplX the mice died atiety observed a slowdown of the
photobleaching. They correlated this bleaching egse to the oxygen decline in the skin, due
to the death of the animal.

4.1.3. Effect of antioxidant enzyme and quencheypé | on photobleaching

The most currently used type | quenchers or antiaax enzymes are superoxyde dismutase
(SOD) (Halliwell, 1978), catalase (CAT) (FridovictQ76) and deferoxamine which is an iron
chelator (Halliwell and Gutteridge, 1986). In moases, the addition of these kinds of Type |
guenchers had no effects on the photobleaching tagemaryield indicating a Type |
independent photobleaching. Hadgiral. (Hadjur et al., 1998) and Spikes (Spikes, 1992)
used them to check whether the Type | radicals werelved in the photobleaching of the
tetraphenylchlorin series in aqueous solution spphted with foetal calf serum (FCS).
They demonstrating that SOD and CAT had no effecthe photobleaching quantum yields
of mTHPC (Table 4.2.), and thus concluded that fresiceds were not involved to any
significant extent in the photodegradatiomeTHPC.
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The studies of Spikes (Spikes, 1992) and Hongyidgnfying et al., 1999) are quite

interesting. Indeed they have reported that thetiaddbf SOD, CAT or a mix of both of them

enhances the photobleaching quantum yield of ahleiand different porphyrins (table 4.2.).
The mechanism of the increased photobleaching sjigicbduced by SOD and CAT is
unexplained. We can suppose that it might be duthdofact that besides the enzymatic
properties of those molecules, they are composednoiho-acids, known to be good
photooxidizable substrates (cfr. § 4.1.6.), and tharefore the bleaching quantum yield is

higher in the presence of such enzymes.

4.1.4. Means to determine the implication of sihgbeygen on photobleaching; Effect
of Y0, quenchers and 4D and rose bengal.

To determine whether singlet oxyge"lﬁ)i) Is involved in the photobleaching mechanism of
photosensitiser, the best way is to quench phygicalchemically the'O, immediately after
his production. The most frequently used quenclaeesphysical quenchers (see § 2.3.2.)
DABCO and sodium azide, and the chemical quencistidime. In order to study the effect
of 'O, quenchers on the photobleaching yield of photdssess, it is necessary to selé€b
scavengers that react with the triplet state ofsenesitiser more slowly than oxygen to avoid
the reaction between quenchers and the triplet sfgthotosensitisers.

For example, a hydrophiliéO, quencher should be taken for the study of hydrbjgho
sensitisers. Another method is to enhance theigctf the 'O, with D,O (D,O increases 10
to 13 times the lifetime df0, compared to bD), thus if the singlet oxygen and his lifetime is
a rate limiting factor in photosensitiser photoblaag, the quantum yield of photobleaching
would be expected to increase significantly inOD The addition of singlet oxygen
photogenerator such as Rose Bengal in the reatiimre can provide information about the
effect of the singlet oxygen on the studied phategiser.

Bonnett and Martinez reported that DABCO and sodiazide slowed down the
photobleaching rates of different porphyrins andhplocyanine (Bonnett and Martinez,
2000), providing evidence for a singlet oxygen de@nt bleaching (table 4.3.). The three
tested compounds, di/tetrabenzoporphyrins and aldetrzophtalocyanine, showed a large
decrease in the reaction rate when adding 4 mMABQO or sodium azide, but this did not

completely suppress the reaction.
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Table 4.2: Relative quantum vyield of photobleaching of diffiet photosensitizers in the presence of 1

| quenchers
Photosensitiser Solvent Additive Photobleaghmg References
quantum yield
liposomes — 1
liposomes SOD (0.06 mg mL™) 1,58 _
Ceb L (Hongying et al., 1999)
liposomes Catalase (0.04 mg mL™) 1,91
liposomes SOD + Catalase 2,03
PBS — 4.7x10°
, PBS SOD (0.25 mg mL™Y) 5.4x10° ,
Hematoporphyrin L 5 (Spikes, 1992)
PBS Catalase (0.05 mg mL™) 7.1x10
PBS SOD + Catalase 7.8x107°
PBS — 5.4x10°
, PBS SOD (0.25 mg mL™Y) 6.3x10° ,
Photofrin I L 5 (Spikes, 1992)
PBS Catalase (0.05 mg mL™) 8.5x 10
PBS SOD + Catalase 9.45x10°
PBS — 9.8x10°
PBS SOD (0.25 mg mL™Y) 1.5x10° ,
TSPP4 L 5 (Spikes, 1992)
PBS Catalase (0.05 mg mL™) 5.6 x 107
PBS SOD + Catalase 7.95x10°
PBS — 2.8x10°
, PBS SOD (0.25 mg mL™Y) 2.9x10° ,
Uroporphyrin | L . (Spikes, 1992)
PBS Catalase (0.05 mg mL™) 1.2 x10
PBS SOD + Catalase 1.4x10*
Methanol/eau (3:2) — 9.6 x10®
m-THPP (3x10'5) Methanol/eau (3:2) SOD (0.25 mg mL'l) 10.0 x 10° (Bonnett et al., 1999b)
Methanol/eau (3:2) Catalase (0.15mgmL™)  10.2 x 10°
Methanol/eau (3:2) — 6.3x10™
m-THPC (4x107°) Methanol/eau (3:2) SOD (0.25 mg mL™) 6.6 x 10" (Bonnett et al., 1999b)
Methanol/eau (3:2) Catalase (0.15mgmL™") 7.7 x10™
Methanol/eau (3:2) — 5.7 x 1072
m-THPBC (2x10°°) Methanol/eau (3:2) SOD (0.25 mg mL™) 5.3 x 107 (Bonnett et al., 1999b)
Methanol/eau (3:2) Catalase (0.15 mg mL'l) 4.6 x107
PBS-10% FCS — 1.54x10°
m-THPC (2x10°) PBS-10% FCS SOD (0.04 mg mL™) 1.53x10° (Hadijur et al., 1998)

PBS-10% FCS Catalase (0.045 mgmL?") 1.51x107
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Another study of Bonnett and Martinez (Bonnett let 2099b) points out the efficiency of
sodium azide in reducing the reaction rate of phletching for the compounds of the
tetraphenylchlorin seriesr THPP,m-THPC andm-THPBC. Moreover, the addition of Rose
Bengal in the methanol solution leads to the largeease of photobleaching yield for all
three compounds (table 4.3.). This result let tbhth@s conclude that a Type Il reaction
pathway governs photobleaching for the tetraphdrmgion series. This conclusion was in
agreement with the earlier study of Hadgtial. (Hadjur et al., 1998) showing the implication
of a Type Il mechanism in the bleachingrdiTHPC in PBS supplemented with 10% FCS
(Table 4.3.). Spikes and co-workers (Spikes, 18j#tkes and Bommer, 1993) demonstrated
that replacing KO by DO in a solution of PBS leads to a slight increasthe quantum yield
of photobleaching of several porphyrins. 60% insesawas observed for HP, 30% for PF II,
20% TPPg 40% for URO and 50% for MACE. Adding sodium azldss little effect on the
photobleaching quantum yield of those five seraitieven with a high concentration of azide
(0.10 M). These two observations together withfdet that molecular oxygen was required
for the photobleaching (when nitrogen was bubbledthe solution the reaction rate of
bleaching was considerably deacreased), and comgdéhe lack of effect of Type |
guenchers (table 4.2.) let the authors suggestsihgtet oxygen was formed so close to the
sensitiser that the probability to react with azwi@s very weak and that increasing the life

time of singlet oxygen with D has little effect.

4.1.5. Effect of organic solvents on photobleachjiids :

According to Spikes (Spikes, 1992) there is a gfroorrelation between the quantum yields
of porphyrin photobleaching and the kind of orgasimlvent. There was no apparent
correlation between molecular oxygen concentrationsinglet oxygen lifetime in each

solvent. However, the higher the dielectric contstdlre more significant the photobleaching
(Spikes and Bommer, 1993). Possibly the more mabsents are stabilising polar and dipolar
transition states involved in the reaction withgd@tt oxygen or other reactive oxygen species.
This suggests that the photobleaching rate camfigenced by the polarity of the region

where the photosensitisers are localised, and qoesdly the same photosensitiser would not
photobleach to the same extent if it localisehanglasma membrane or in the cytoplasm for

example.

28



Table 4.3.: Relative quantum yield of photobleagtof different photosensitizers in the presencéygfe

Il quenchers

Photobleaching

Photosensitiser Solvent Additive quantum yield References

Tetrabenzoporphyrin (1) Acetonitrle B 4.5 x10° (Bonnett and

Acetonitrile DABCO (4mM) 1.7x10° Martinez, 2000)
) ) Methanol/formamide 1:1 — 4x10° (Bonnett and

Dibenzoporphyrin (2) Methanol/formamide 1:1 NaN3 (4mM) 1.8x10° Martinez, 2000)
Methanol — 6.3x107°

Tetrabenzophthalocyanine (3) Methanol DABCO (4mM) 3.3x10° ﬁﬂB;rTi?]tht,a;goo)
Methanol NaN3 (4mM) 3.3x10°
Methanol — 3.3x10°

m-THPP (3x10'5) Methanol NaN3 (8mM) 1.6 x10° (Bonnett et al., 1999b)
Methanol Rose Bengal (3uM) 6.8 x 10”
Methanol — 1.7 x10™

m-THPC (4x10'5) Methanol NaN3z (8mM) 6.7 x 10° (Bonnett et al., 1999b)
Methanol Rose Bengal (3uM) 2.5 x 10™

m-THPBC (2x10'5) Methanol B Lx10® 5 (Bonnett et al., 1999b)
Methanol NaN3z (8mM) 7.1x10
PBS-10% FCS — 1.54 x10°

m-THPC (2x107°) PBS-10% FCS DABCO (1mM) 1.03x 107 (Hadijur et al., 1998)
PBS-10% FCS histidine (1mM) 1.16 x 10°
PBS — 4.7x10°

Hematoporphyrin PBS DO 7.5x10° (Spikes, 1992)
PBS NaN3 (100mM) 5-8% decrease
PBS — 5.4 x 107

Photofrin 1I PBS D20 7x10° (Spikes, 1992)
PBS NaN3z (100mM) 5-8% decrease
PBS — 9.8 x10°

TSPP, PBS D20 1.2x10° (Spikes, 1992)
PBS NaN3z (100mM) 5-8% decrease
PBS — 2.8x10°

Uroporphyrin | PBS D.0 3.9x10° (Spikes, 1992)
PBS NaN3 (100mM) 5-8% decrease
PBS — 8.2 x 10™

MACE PBS D20 12x10° (1%%"3363 and Bommer,
PBS NaN3z (100mM) 5-8% decrease

(1) zinc(ll) tetra-t-butyltetrabenzoporphyrin; (2) Zinc(ll) 13,17-Diethyl-12,18-dimethyl-5-azadibenzo[b,g] porphyrin; (3) Zinc(ll) Tetra-t-

butylphthalocyanine
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4.1.6. Effect of photooxidizable substrates on phigaching

Photosensitisers in solutions, cells, and tisseas, be bound to biomolecules such as
proteins, amino-acids and lipids. The pattern afidmng influences the mechanism of
photosensitisers photobleaching. Krieg and Whigeowed that the photodegradation of
porphyrins in biological systems is dependent anphesence of oxidizable amino acids or
proteins (Krieg and Whitten, 1984b), moreover théhars demonstrated that the porphyrins
in the presence of oxidizable amino acids weredegraded directly by the photogenerated
singlet oxygen but by the oxidation products resglfrom reactions between singlet oxygen
and certain amino acids. Moan and co-workers in81@8oan et al.,, 1988a) came to the
conclusion that photobleaching of PF was mainly tu¢he production of singlet oxygen

which oxidizes proteins and amino acids in the imeayirhood and further attack the parent
molecule. The study of Spikes (Spikes, 1992) oresdvporphyrins did not evidence any

clear rules concerning the effect of some photdealnle compounds such as histidine,
tryptophan, methionine, cysteine, HSA (human seallbamin) and furfuryl alcohol. In some

cases the addition of one of these molecules torphgrin results in a higher bleaching rate,
whereas the same photooxidizable molecules hadfect @n another porphyrin. The author

also noticed that adding HSA to the porphyrin doluteads to a 2 to 3 fold photobleaching
rate increase, but the reasons for this increasenat so clear. It could be due to the

monomerisation of the porphyrins rather than toatfect of the photooxidizable compounds.

4.2. Parameters affecting photobleaching kinetic characteristics

Kinetic parameters of photobleaching are mainlyiveer from spectroscopic measurements
assessed by UV-Vis or fluorescence spectroscopyer8eimportant mechanistic issues of
photobleaching were obtained from the detailed ymmalof spectroscopic modifications. In
the earlier studies on photobleaching of PDT md&xthe kinetic decay of photosensitiser
was considered as a mechanism depending only offigthtedose delivered to the tissue,
materialized by the mono-exponential deca&P,ewherea stands for the photobleaching
constant and D stands for the fluence of irradimt{d.cn¥?). As became clear later, the
photobleaching kinetic is a complex phenomenon wlaannot be described by a single
exponential decrease (Moan et al., 2000; Sgrensel.,e1998). Several parameters can
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influence the kinetic decay such as the oxygenediepl during PDT, the presence of different
types of binding sites for the sensitiser molecuethe tissues, the relocalisation of the dye
during light exposure. For some photosensitisees dacay rates have been shown to be
practically independent of the concentration ofdige during illumination (Mang et al., 1987;
Moan, 1986; Sgrensen et al., 1998); and thus exaiffirst order decay. However, for the
majority of dyes the photobleaching decay is higldpendent on the initial concentration of
the photosensitiser (Moan et al.,, 1988b), meanihgt tthe photoproducts from the
chromophore can cause the decay of a neighbouhirgrophore (Moan et al., 1997). For
example, the data in the Table 4.1. demonstrate ttiea QYs of photobleaching for the
different concentrations of Ce6 are very differéfite same holds true for other dyes (PF,
hematoporphyrin and TSPP4) (table 4.1.).

4.2.1. Depletion of oxygen during the photodynatreatment.

Several studies from the laboratory of TH. Fostecuwinented the oxygen depletion during
PDT. Oxygen consumption model was refined by Gdargdi and co-workers (Georgakoudi
and Foster, 1998; Georgakoudi et al., 1997) byntpkinto account the parameter of
photobleaching of Photofrin in EMT6 spheroids. Tinprovement considerably changed the
kinetic profile of the oxygen aspects of PhotofiABT. The authors observed a rapid decrease
in oxygen concentration during irradiation follaivey a progressive return to the values
measured before the irradiation. The first phasedug to the photochemical oxygen
consumption which is faster than the diffusion bé& toxygen through the spheroid. The
second phase, corresponding to the comeback ofeoxyg the initial value, is due to a
slowdown of the photochemical consumption of thggen explained by the decrease in
photosensitiser concentration (photobleaching)ettogy with the diffusion. This was in total
agreement with the data from the mathematical mth@gtlthey had developed assuming, that
the photobleaching was based on a reaction betsiaglet oxygen and photosensitiser at the
ground state. The validity of the developed modelkveonfirmed by applying it to the
experimental results on photobleaching in NHIK 3@2Hs loaded with Photofrin from the
study of Moan (Moan, 1986).

In their further studies Foster and co-workers stigated the impact of irradiance on
dependant photobleaching (Finlay et al., 2001;dyirdt al., 2002). In a study reporting the
photobleaching of ALA-induced Protoporphyrin IX () in normal rat skin (Finlay et al.,
2001) it was demonstrated that the photobleachimgtik was different with different

irradiances (1, 5, 100 mW c#). High irradiance led to rapid oxygen consumptmal a slow
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down of the photobleaching. In addition, the photopicts of PplX also exhibited an
irradiance dependant photobleaching. In a secamdlystinlayet al. (Finlay et al.,, 2002)
showed that photobleaching kinetics mfTHPC on normal rat skin exhibits two distinct
phases. The first phase was shown to be irradianttspendent, whereas the second phase

revealed an irradiance dependency consistent withxggen-dependant reaction process.

4.2.2. Different type of aggregation state for $leasitiser molecules in the tissues

Strauss and co-workers (Strauss et al., 1998)eiutie photobleaching of protoporphyrin IX
on endothelial cells from calf aorta (BKEz-7). Bipenential fluorescence decay was
recorded using total internal reflection (TIR). Téathors attributed the bi-exponential decay
to the aggregation state of the molecule. The, fiestt part of the decay was attributed to the
monomers of PplX mainly located in the plasma memérand in the close vicinity of the
membrane, and the second slower part of the cuagascribed to the aggregated forms of
PpIX which were localized in the cytoplasm andha brganelles. Several studies of Moan'’s
group (Moan et al., 1997; Sgrensen et al., 1998) adlemonstrated that photobleaching
kinetics were highly dependent on the sensitisedibg site in the tissue or in the cell. One of
those studies (Moan et al., 1997) suggest thabiexponential decay of the PpIX in WiDr
cells was due to two first order processes, onePjpkX bound to proteins and one for

unbound PplX.

4.2.3. Re-localisation during light exposure

During light exposure, photosensitisers can moweenfone binding site to another. This is
also called light induced re-localisation. This bagn shown for lysosomotropic dyes such as
TPPS (Berg et al., 1991; Rick et al., 1992), nile blue (et al., 1993), AlPcSand AlPcS
(Peng et al., 1991; Rick et al., 1996; Riuck et1®90), which display a granular lysosomial
distribution in a discrete perinuclear region (Rietkal., 1996). Moreover Ambro& al.
(Ambroz et al., 1994) reported a fluorescence tedigion and a monomerisation of AIPcS
during irradiation, which were coincidental wittchange in the fluorescent decay from a bi-
exponential to a mono-exponential one.

Moan also underlined the capability for PpIX toleealise during light irradiation in WiDr
cells (Moan et al., 1997). The surviving fractioasiplotted against the relative values of the
integrated number of PpIX fluorescence photons tenhitduring the irradiation. Three
concentrations of ALA-induced PplIX were tested. Ehehors postulated that if the PpIX
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molecules remained in their binding sites durimgdntiirradiation, the survival curves should
be completely superimposable when plotted with expes measured as the number of
emitted photons. This was not what the authorsrgbdethe survival curves became steeper
than expected when the PplIX concentration was exfjuadicating a significant transfer of
PpIX molecules from one binding site to anothemi&ir observations had been done earlier
by Brunet al. on the transfer of PpIX from erythrocytes to otbelts (Brun et al., 1990).

A remarkable transient relocalisation is observéenvphthalocyanine sulphonates in tumor
are exposed to light (Moan and Anholt, 1990; Moialg 1990). In this case the fluorescence
intensity decreases during light exposure, but eases immediately afterwards. This
indicates that light displaces the photosensitmelecules from one type of binding site to
another associated with fluorescence quenching.

More recently, Finlayet al. (Finlay et al., 2002) hypothesize that the twosgsaofmTHPC
photobleaching observeish vivo were due to a redistribution of the photosensitisethe

tissue. Howevem-THPC re-distribution in vitro was not detected (Mkova et al., 1999b).

4.3. Photopr oducts for mation

Presently, two mechanisms of photobleaching aren@agledged (Bonnett and Martinez,
2001). The first one, true photobleaching, corresisoto the photodegradation of the
porphyrin macrocycle with the formation of photoguaets, which do not absorb in the visible
light region. The second mechanism is called photiification, where the chromophore is
retained in a modified form with the formation @w visible spectral bands. For the majority

of photosensitisers the photoproducts arise froth pbhotodegradation pathways.

4.3.1. Means to study photobleaching

-Fluorescence and absorbance spectroscopy

Fluorescence and absorbance spectroscopy are tlst emoployed means to study
photobleaching. These are high competitive to@sydo use. These techniques can be used
in solution andn vitro, when the spectrophotomer is equipped with argrateng sphere in
order to avoid the light scattering phenomenrarvivo, fluorescence will be investigated by a
technique called light induced fluorescence (LIFhein vivo absorbance can be examined
by elastic scattering spectroscopy (ESS). Thedeigaes give very useful information since
the very large majority of the photosensitisersduisephotodynamic therapy are fluorescent

and absorb the visible light. Although fluoresceaoel absorbance are rather specific in the

33



identification and discrimination of the molecylegbey can hardly be applied in the
identification of slight modification on the moldea like hydroxylation which doesn’t
change the spectral characteristics of the molscuMmother limitation exists concerning
photoproducts occurring during true photobleaclsimge those products don’t fluoresce and
do not absorb in the visible region. Thus the deiamf these photoproducts by the means of
visible spectrophotometry or spectrofluorimetryather complex.

-Mass spectrometry
Mass spectrometry is a very powerful tool in theicgural analysis of organic compounds,
this technique discriminates the molecules witlpees to the mass/charge ratio. It is a very
sensitive and useful instrument to study photolble; and it comes as a powerful
complement to spectrophotometry or spectrofluoniynet

4.3.2. Photoproducts as a result of photomodificeéind true photobleaching

Photomodification is featured by the loss of abaode or fluorescence at some wavelength
and the appearance of new spectral bands, thig beegreement with the photoformation of
new compounds. For macrocyclic compounds, we dkengpabout photomodification when
the rupture of the macrocycle doesn’'t occur. Whilee photobleaching leads to the
destruction of the tetrapyrrolic cycle, and resuitshe formation of small products which do
not absorb the visible light. It appears that, whgshotomodification occurs, true
photobleaching often occurs concomitantly, also simeuld notice that photomodification can

be mistaken for photorelocalisation.

PplIX was the first extensively studied dye becaofsés implication in the erythropoietic
protoporphyria (EPP), an inherited disorder of pgrm-heme metabolism with cutaneous
and systemic manifestations. Mutations in the gameoding ferrochelatase, the last enzyme
of the heme biosynthetic pathway, result in partaficiency of its activity. Reduced
ferrochelatase activity causes accumulation of sxckevels of Protoporphyrin. PplX
undergoes photooxydation during irradiation. Manydges report the formation of
photoprotoporphyrins (two isomers called A and By dormylporphyrins (Inhoffen et al.,
1969). In organic solvent the phototransformatiogidywas between 25 and 51 %, with a
formation of photoprotoporphyrin 10 times highearihthe formation of formylporphyrins
(Cox and Witten, 1982). Using type Il quenchersytdemonstrated that all photoproducts

were diminished (Cox et al., 1982a), but formylgomns decreased less than

34



photoprotoporphyrin, implying that formylporphyrif@rmation could arise from non singlet
oxygen mediated mechanism. While the addition othyleviologen to the PplX solution
reduced the formation of photoprotoporphyrin, thenfation yield of formylporphyrins was
unaffected. The authors concluded that singlet eryattack was responsible for the
photoformation of photoprotoporphyrins, whereastpfavmation of formylporphyrins could
also arise from a Type | mechanism. In organisegrablies such as micelles and vesicles
(Cox et al., 1982Db; Krieg and Whitten, 1984a), phetotransformation yield was shown to be
lower than in an organic medium (15 to 28%), armXRvas phototransformed, in opposition
to the previous situation, to greater extent intormiylporphyrins than into
photoprotoporphyrins. Other work using PplIX disgalvin erythrocytes ghosts has shown
that true photobleaching as a predominant photbogamechanism, perhaps resulting from
the formation of reactive oxidized amino-acids eiméd in the ghosts, and their subsequent
attack on the PpIX molecule (Krieg and Whitten, 488 In addition to true photobleaching,
after prolonged irradiation, another visible-abs&agbphotoproduct was observed, and was
postulated to be a photolabile biliverdine typedud resulting from ring opening at the
methylene bridge inside the porphyrin chromophore.

In vivo photobleaching of PpIX reveals mostly tipieotobleaching, however photoproduct
formation was also largely observed. Photoprotopgip was detected in mouse tumour and
human skin lesions as a result of protoporphyrintpinansformation (Ahram et al., 1994).
Other photoproducts where found and tentativelgbatted to coproporphyrin, uroporphyrin
and zinc(ll) Protoporphyrin (Bagdonas et al., 200@,enas et al., 2001; Moan et al., 1997).

Rotomskis was one of the most prominent researaherthe field of photobleaching and
photoproducts formation of hematoporphyrin and teelacompounds. In a first study
(Rotomskiene et al., 1988), Rotomskis and co-warklEmonstrated that contingent on the
aggregation state, the photosensitiser is eithetgpfansformed into a red absorbing product
or disrupted, i.e. aggregated porphyrins gives tesghotoproducts, whereas monomeric
fraction of the dye undergoes true photobleachirager the same group refined the idea of
photoproduct formation and aggregation state of gbephyrins, using hematoporphyrin
dimethyl ether (DMHp) which is known to form “sanidW type” or H-type aggregates (blue
shift of Soret and Q bands, usually marked broaderwith decrease in absorbance),
hematoporphyrin which forms both sandwich type hnear J-type aggregates (red shift of
Soret and Q bands, either a slight band broademinigand sharpening), and Photosan, a
mixture of highly aggregated H-type and covalentbignds aggregates. Photobleaching
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experiments showed to the formation of a 660 nmowridasg product as a result of
hematoporphyrin and Photosan irradiation, wheréasgbleaching of DMHp gave rise to the
formation of a 640 nm absorbing product. Consedudhe authors suggested that the 660
nm photoproduct formation was due to the existesfcé-type linear and covalently linked
aggregates and the 640 nm photoproduct formatios ae to the existence of H-type
aggregates. In a series of studies from the saarme (Rotomskis et al., 1996; Rotomskis et
al., 1997a, b), the mechanism of hematoporphykie $ensitiser was unfolded. A possible

photobleaching mechanism is presented in the figLite

UV-absorbing products Bilirubin-type products

NH

Figure4.2. : possible phototransformation of hematoporphiikie sensitisers from
(Rotomskis et al., 1997b)

In a PBS solution, hematoporphyrin like sensitisgesunder a dynamic equilibrium between
aggregated and monomeric forms and irradiation ohameric species gives rise to UV-

absorbing photoproductsh{ax = 240-320 nm) and to bilirubin type products with an
absorbtion band around 545 nm. The irradiationggfregated (H-type) sensitisers leads to the
formation of two distinct photoproducts with A, at 640 and 660 nm supposed to be
chlorin-type (640 nm) and bacteriochlorin-type prod (660 nm). Moan and Kessel also
identified two photoproducts formed after the iredibn of NHIK 3025 cells loaded with

hematoporphyrin like sensitiser (Photofrin 11). Oplotoproduct was characterised by a
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fluorescence emission peak around 660-670 Rga X 445 nm). This product is rapidly
formed and then starts to decay after about 40 ofinlight exposure. The second
photoproduct (with an emission maximum at 640-659) ms formed at slower rates but
appears to be more stable during extended exposlifesse two products were in all

probability the porphyrins identified in the preusstudies in solution.

The tetraphenylchlorin series sensitisers have lea&mnsively studied because of the large
clinical potential of them-THPC and also because of their large absorptidherred region

of the visible spectrum. Bonnedt al. have made a comparative study of the photoblegchin
of this sensitiser series by absorption measuregn@unnett et al., 1999b). The authors
demonstrated that in methanol-water solutiTHPC andm-THPBC underwent only true
photobleaching and photomodification mainly ocdersmTHPP. The products formed after
the irradiation oimTHPP methanol-water were hydroxylatedTHPP (mono-, di-, tri- and
tetra-hydroxylatean-THPP) (Bonnett and Martinez, 2002) with mono-hygtatedm-THPP
being the major photoproduct (25%). While in puretimanol small photoproducts appeared
such as maleimide and methyl-3-hydroxybenzoatentbeo-hydroxylatean-THPP was still
photoproduced (Fig. 4.3.). A recent study of owugr (Lourette et al., 2005) regarding the
photobleaching om-THPP in ethanol-water (1/99, v/v) solution reveatbat using a pulsed
laser as light sourcexTHPP undergoes phototransformation to a hydroggilagroduct and

several covalent oligomeric structures as dimengdr, tetramer and pentamerrofTHPP.

e, air

24 h
25%

| b &

| b, air Quinonoid porphyrin

| MaliH Maleimide

O LS
Methyl + 9770 Quinonoid porphyrin
3-hydroxybenzoate CO,CH, H

Figure 4.3. : Photoproducts formation upon light irradiatioh m-THPP in methanol «

methanol-water solution, from (Bonnett and Martiriz01).
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Several studies om-THPC photobleaching have been carried out in abodatory together
with the group of Professor J-F Muller (Angottiadt, 1999, 2001; Belitchenko et al., 1998)
demonstrating a rapid true photobleachingneffTHPC (9.0 x 1d), accompanied by a
photoproduct formation ak,,s= 320 nm when the photosensitiser was in a PBStisnlu

supplemented with 2% foetal calf serum (FCS). Tesult was confirmed by Hadjat al.

OH

HO.

b, @ir

MeOHHL0 (3:2) CaqHzaMaOsg

Hydroxy-m-THPC Succinimide

Figure4.4. : Photooxidation of m-THPC in methanol-water fr@Bonnett and Martinez, 2001).

(Hadjur et al., 1998) who showed a large formatba 320 nm absorbing product in a 10%
FCS solution. In methanol or methanol-water sohutib appears tham-THPC undergoes
photobleaching mainly via true photobleaching (Bethet al., 1999b), since no photoproduct
at 320 nm was detected. These three observatiehsjsl propose that the photoproduct
formation correlates with the FCS concentration thre incubation solutions. Mass
spectrometry studies were carried out to identitye tspectroscopycally invisible
photoproducts (Angotti et al., 1999, 2001; Joneslgt1996; Kasselouri et al., 1999).The
photobleaching was performed orTHPC methanol solution or water-methanol soluaoil
the products obtained are presented in the figliesand 4.5.

The major photoproducts observed were hydroxy- dndydroxy-m-THPC, hydroxyna+
THPP, still the position of the hydroxyl(s) group{s(are) not determined, these penta or
hexahydroxylated chlorin have almost the same ahisor peak tham-THPC (Jones et al.,
1996; Kasselouri et al., 1999). Bonnett (Bonnettl aartinez, 2002) identified several
products like a chlorin (molecular formula,4N4Og) and four minor products coming from
true photobleaching. They are dipyrrin derivatiseccinimide, and the two afore mentioned
products maleimide and methyl-3-hydroxybenzoatdckvivere also photoproducts from
THPP.
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Figure 4.5. : Photooxidation productsmfTHPC in methanol from (Bonnett and Martinez, 2001)

The last compound of the tetraphenylchlorin serses+THPBC, it partly undergoes true
photobleaching, with a bleaching rate 60 timesefagftanm-THPC. Angottiet al. (Angotti et

al., 2001) demonstrated that in a methanol solutmRHPBC is phototransformed im-
THPC. Bonnettet al. (Bonnett and Martinez, 2002) also found that thetériochlorin was
transformed into the chlorin, in addition the authbave found three others compounds, the
succinimide and methyl-3-hydroxybenzoate, that wetmd in the photodegradation pattern
of mTHPC and an orange red pigment identified as dipylterivatives (Fig. 4.6.).

Steric effects are known to play a role in the rimgening of the tetraphenylporphyrin
compounds. If the positions 2 and 6 of the phemy rare substituted the attack of the
porphyrin macrocycle is prevented. However everughothe phenyl rings of theeso
tetraphenylchlorin series are not occupied in tbgitpn 2 and 6, they are no reports on the

formation of ring opened photoproducts from thosasgisers. This observation could be
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explained by a possible weakness of the macrodgalding to the immediate disruption of

the ring.

Red pigment

Figure4.6. : m-THPBC photooxidation in methanol from (Bonrestd Martinez, 2001)

I1.5. Significance of photobleaching in the dosimetry of photodynamic therapy.

In the clinical protocols, only the photosensitizencentration in the tissue, the incident light
dose, and the interval between drug applicationlaymd exposure are taken into account as
dosimetry parameters, this dosimetry concept isetaaxplicit dosimetry and was proposed
by Wilsonet al. (Wilson et al., 1997b). This approach can hamggr Breatment outcome
because of the biological variation between pagient pathological tissues. Overtreatment
caused by too much light irradiation of the treatirgtes may involve adverse effects such as
strictures, fistulae, delayed healing, excessiwrswg or cosmetic disfigurement, whereas in
case of undertreatment the patients need to undmidiional treatment. Optimising PDT
dosimetry is crucial for ensuring adequate treatnoérthe pathological tissue, at the same
time minimising damage to surrounding normal tiss(@®uillemin et al., 1995). Therefore it
is easily understandable that during treatmenoiild be desirable to monitor the progress of
therapy in real time. The question now is : what #re elements needed to be taken in
account for an optimal PDT dosimetry? The answebpimes rather complex since more and
more factors are identified to play a role in th&come of the treatment. Wilsast al.
(Wilson et al., 1997b) enumerate seven differentof@d which may influence the effective
dose:

(1) The subject to subject variation in specifimtwr uptake of photosensitisers.
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(2) The large range of optical absorption and edatj coefficients of different
tissues, which determine the light penetration disttibution in the target volume.

(3) The variability in tissue oxygenation, whiclieats the photodynamic efficiency.

(4) Change in light penetration during irradiatioiie primarily to rapid PDT-induced
blood flow changes.

(5) “Self shielding “, which occurs with second-geation photosensitisers of large
molar extinction coefficient, and which limits tHight penetration due to the
added absorption of the photosensitiser itselfietissue.

(6) Photobleaching, shown by many photosensitidering light irradiation, which
may reduce the concentration of (photo-active) pbensitiser in the tissue during
irradiation.

(7) Photochemical depletion of oxygen in tissuedeunrradiation at high light fluence
rates, leading to reduced photodynamic effect.

As we have seen before, many clinically relevamtpsensitizer undergo modification during
light irradiation and the resulting products aremiselves photosensitizers, therefore it is
possible to add an eighth factor:

(8) Photosensitisers undergo phototransformateadihg to the formation of new

active sensitisers.

Wilson and co-workers put forward the concept oplimit dosimetry, which as far as
possible, incorporates all the response-determieiagents (except the number 8) in order to
compute the correct dosimetry. To be reliable gerlameter should be measured during the
PDT treatment.

Among the 8 points cited above, the points 5, 6and 8 are in direct relation with
photobleaching of the photosensitisers. Therefdreséems essential to consider this
phenomenon in the calculation of the dosimetry. Ehg#hors propose to monitor the
photobleaching of the photosensitizer during theatment, serving as a “biological
dosimeter”, the basic principle is that if the phsmnsitiser bleaches then it means that the
treatment is efficient. This theory is not complgteorrect, since some sensitisers have a
large bleaching with a poor photodynamic activitgr this reason the authors introduced the
concept of‘O, coupling to photosensitiser photobleaching. Fabypled photosensitiser will
have a'O, dependent photobleaching, in this case photobiegcindicates a strong
photodynamic effect, whereas bleaching of an unleaupensitiser will not be representative

of the photodynamic efficiency. The problem is tha don’'t know which sensitizer is
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coupled and which one is uncoupled. Also, someltesudicate that a photosensitiser can be
found to be coupled im vitro models and uncoupled fom vivo studies. This discrepancy
points out the limitation of this model. In additio during the treatment and the
photobleaching of the sensitiser, transport antusln of the photosensitiser still occurs,
perturbing measurements of the photobleaching.

Several alternatives have been proposed to mathigoefficiency of the treatment. The most
unambiguous method consists in the measuremeriteoélement presumed responsible for
the photodamage : singlet oxygen. This can be Bgmaonitoring the luminescence emission
at 1270 nm a80, returns to the triplet ground state. However, thisoutinely measurable in
solution (Krasnovsky, 1998), but it has not beessfade to measure the luminescence in
cells or tissues in vivo due to the very short (@b 100 ns) lifetime of th&, in biological
environments (Moan, 1990; Moan and Berg, 1991; ®daer and Schmidt, 2003). The
improvement of the detector sensitivity and/or temap response of the near-infrared (NIR)-
sensitive photomultiplier tube (PMT) allow to meessthe'O, life time in vitro and in vivo in
the skin of hairless mice (Niedre et al., 2002a&de et al., 2002b; Niedre et al., 2003; Niedre
et al., 2005). These studies demonstrated that )3 killing correlated very strongly with
the 'O, luminescence measured during treatment, regardiésinitial photosensitiser
concentration, irradiance or molecular oxygen catre¢ion. A second alternative will be the
measurement of the sensitiser triplet-state conggont and life time with laser flash
photolysis techniques (Aveline et al., 1994), thdré are several limitations of this method.
The sensitivity may be insufficient for some sdassits, since a significant fraction of these
molecules must be excited during each light putserder to populate the triplet state. In
order to distinguish the ground state and triplatesabsorptions, the absorption spectra must
have minimal spectral overlap, so that the methathot be used for all the photosensitisers.
And finally the pulsed laser technology is rathgpensive and not suitable for routine clinical
use. Another alternative is to monitor the charnigethe tissue during irradiation by several
means, radiological images, magnetic resonanceimgayg high resolution ultrasound. The
last alternative is to use fluorescent reportdrese are fluorophores which can be activated
with some alterations generated by the treatmemhorgst the very well documented

fluorescent reporters are the photoproducts fordugohg irradiation (Zeng et al., 2002).
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[1.6. Intracellular localisation of the photosensitisers.

6.1. Photosensitiser s localisation techniques.

Epifluorescence microscopy

In the epifluorescence microscope, the light exicitepathway is the same as the observation
optical pathway, the objective plays the role afoadenser as well as of the objective. The
light sources used can be xenon lamps or mercuariaaps (HBO). The light from the source
is filtered (excitation filter), a specific excitah wavelength is selected, the excitation light is
reflected on the sample with a dichroic mirror. Theorescence emitted from the sample
passes through the dichroic mirror and is filtereith an emission filter. Epifluorescence
microscopy presents several advantages and drasibdtie objective plays the role of
condenser and objective, therefore the irradiated aerfectly fits the observed area. Full
aperture of the objective for the excitation anel éimission provide a maximal intensity to the
fluorescence picture. However, the epifluorescenmoscopy pictures are contaminated by
information from outside the focal plane, leadingat decrease in contrast and clarity of the
picture. The irradiated area corresponds to therebd area and for the whole thickness of
the sample, thus observation of light sensitive engles such as photosensitisers can be
difficult. This technique has been widely used firotosensitisers observation in the past
(Bour-Dill et al., 2000; Melnikova et al., 1999aokan et al., 2000; Wood et al., 1997), but
due to the major drawbacks, confocal microscopyois the preferred method to look at the

intra-cellular fluorochrome localisation.

Laser scanning confocal microscopy

The confocal microscope offers several advantages the conventional epifluorescence
microscope (Zucker and Price, 2001). Including &lation of out-of-focus glare, the
decrease of depth of field and the ability to adllserial optical sections from thick
specimens.

The illumination is achieved by scanning beamsigtit] usually from a laser, across the
specimen, the configuration uses a pinhole placefifoint of the light source, and another
pinhole placed at the emission, with the same fasuthe first pinhole (the two are confocal).
The pinholes prevents light originating from abarebelow the focal plane in the specimen
from reaching the photomultiplier. The confocal rosrope does not avoid photobleaching,

but reduces the irradiated area and therefore emdbé study of light sensitive molecules.
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Due to all these improvements confocal microscopy preferred to epifluorescence
microscopy in the localisation of photosensitisgZhien et al., 2000; Delaey et al., 2001,
Leung et al., 2002; Pogue et al., 2001; Scully.etl898; Zucker and Price, 2001).

Microspectrofluorimetry

Microspectrofluorimetry is usually coupled to cocdb microscopy. This technique enables
the spectral study of the molecules in a focal @laha confocal microscope. The topographic
resolution is very small (less than 1 fymtherefore it is possible to study the spectral
signature of a molecule in a very localised arezhsas the organelles. In opposition to the
imaging techniques such as epifluorescence andcahimicroscope which gives subjective

information, the microspectrofluorimetry gives atijee data on the localisation or co-

localisation of two fluorescent probes. Therefdhés technique has been widely used for the
determination of the photosensitisers intra-cetlidgcalisation sites (Matroule et al., 1999;

Morliere et al., 1998; Ouedraogo et al., 1999).

6.2. Sub-cellular localisation of the photosensitisers.

Since singlet oxygen, the main cytotoxic speciesipced by PDT, is not able to diffuse over
distances longer than 10-20 nm during its excitatedifetime and cell dimensions being
approximately 20 um, the primary sites of photodyitaaction should be strictly related to
the specific intracellular sensitiser distributiMoan and Berg, 1991). The photosensitisers
intra-cellular distribution are determined by timearporation pathway of the molecules, by
their physico-chemical properties (hydrophilic /dngphobic), by the nature, number and
position of the side chains, and by the aggregaitate of the molecules (Rosenkranz et al.,
2000).

Most of the photosensitisers including lipophilines, do localise in the plasma membrane
except the most hydrophilic. It has been obsertatifor the short incubation time (less than
1 h) the damages to the plasma membrane were mogtant than for long incubation time
(ref 158). This is explained by the fact that, depeg on the incubation time the
photosensitisers get deeper in the cells and ighiited to the cellular compartments, as was
shown for Photofrin (Morgan et al., 2000).

Aggregated or hydrophilic photosensitisers enterdéll via endocytosis or pinocytosis and
are captured by acidic compartments such as lysesonhis has been observed for Photofrin
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(Morliere et al., 1987), HpD (Malik et al., 19923luminium sulphonated phthalocyanines
AlPcS; and AlPcS (Moan et al., 1994; Moan et al., 1989), and MAJEe photochemical
inactivation of cells through such photosensitiseysdue to the release of lysosomal
hydrolases. Photosensitisers with a lysosomal iksigdn seem to be less efficient than those
localised in other organelles. Moreover the dewmlept of a new technology of
macromolecule delivery into the cell is based as finoperties, photochemical internalisation
(PCI) consist in the uptake of a photosensitiseth(yysosomal localisation properties) and a
drug. Light exposure induces a PDT effect and aass of the contents of these vesicles,
including externally added macromolecules intody@sol.

Mitochondria have been shown to be a localisatibe af many photosensitisers such as
Photofrin (Sharkey et al., 1993; Singh et al., 298Mson et al., 1997a), ALA-PpXI (linuma
et al., 1994; Wilson et al., 1997a), and HpD (K&s$886). There is strong evidence that
sensitisers with an acute localisation in mitochh@angromote the release of cytochrome c
upon irradiation (Marchal et al., 2005; Xue et @001). This loss of cytochrome ¢ can be
lethal to cells either because of the disruptiothef mitochondrial respiratory chain with the
eventual reduction of cellular ATP levels or thrbugaspase initiation with subsequent
apoptotic cell death (Xue et al., 2001; Yow et 2000).

The ER and the Golgi apparatus are closely linketl anly by their localisation in the
perinuclear area of the cytoplasm, but also as th&sract together in protein synthesis.
Therefore it is conceivable to think that damagingse compartments can be lethal for the
cells. Some photosensitisers were found to locatisthe ER and the Golgi, for example,
Photofrin (Candide et al., 1989), some analoguebypkricin (Delaey et al., 2001) and a
recent study in our laboratory demonstrated theTHPC mainly localises in these

compartments.
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|1l OBJECTIVES

The first objective of our work was to study the effect of the photosensitiser aggregation on
the photobleaching. By modifying the incubation time of m-THPBC solution in phosphate
buffer solution supplemented with proteins we change the aggregation state of the
photosensitiser. Therefore we were interested in:

- The photobleaching rate of m-THPBC with respect to the aggregation state. The
difference between photobleaching rate assessed by UV/Vis absorption and by
fluorescence.

- The kinetics profiles of the m-THPBC photobleaching in a monomerised form or
in aggregated form.

- The nature of the photoproducts formed after irradiation with a 739 nm emitting
laser diode, in aggregated or monomerised m-THPBC solutions.

The second objective is to compare photobiological properties of mTHPBC and the related
photosensitiser mTHPC in vitro.
- Photobleaching kinetics have been examined in WiDr adherent cells.
- Phototoxicity of both photosensitisers was studied in the same conditions as
photobleaching.

- Intracellular localisation was assessed by fluorescence microscopy.

Thethird part of the work consists in thein vivo evaluation of mTHPBC compared to the
well documented m-THPC.

- Light penetration in mice liver.

- Biodistribution in different organs and tissues of BALB/c nude mice.

- Skin pharmacokinetics of mTHPBC.

- Photobleaching of mTHPBC and mTHPC in alive and dead mice skin.
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|V RESULTS

IV.1. Photobleaching characterisation of 5,10,15,20-tetrakis(m-hydroxyphenyl)

bacteriochlorin (m-THPBC) in solution.

1.1. Photodegradation and phototransformation m-THPBC in solution.

The aim of this study was to examine the photolhieaccharacteristics of the=THPBC in
biologically relevant solution with different incation condition leading to different
aggregation state of the molecules. The prelimirshep of this study was to determine the
aggregation state of the photosensitiser in PB&isal supplemented with proteins and with
different incubation time at 37°C. We find that ubation favors photosensitizer
monomerisation, whereas-THPBC is mostly aggregated in HSA-PBS immediatsher
being dissolved. Photobleaching study demonstrisiegr rates for monomerised sensitiser
compared to aggregated ones, also kinetic praditesnono-exponential for freshly prepared
solution and bi-exponential for incubated solutemonstrating that the kinetic profile is
also in relation with the aggregation state of femsitiser: for aggregated-THPBC the
kinetic is mono-exponential and for a mixture ofihd to protein and aggregatedTHPBC
the decay is bi-exponential. In the next step waresked the photoproduct formation after
THPBC irradiation. The only photoproduct detectgdvisible light absorption is m-THPC,
and once again the aggregation state of the phwditser was found to be a determining
factor in the phototransformation yield of tne THPBC into m-THPC. Irradiation of the
freshly preparedn-THPBC solution led to phototransformation of 50%ctlue bleachedn
THPBC into mTHPC, and the phototransformation vyield fall to 5@&ainly true
photobleaching) for incubated THPBC.

This study was selected for an oral presentatioth@European Society for Photobiology
Congress 2003, and was publishedPimtochemical & Photobiological Sciences. This study

is presented thereafter in its published form.
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The kinetics of photobleaching and formation of photoproducts upon irradiation (735 nm) of 5,10,15,20-
tetrakis(m-hydroxyphenyl)bacteriochlorin (m-THPBC) in phosphate buffer saline (PBS) supplemented with human
serum albumin (HSA) were studied by means of absorption and steady-state fluorescence spectroscopy.
Measurements were performed either immediately after the dye was dissolved in the HSA solution (0 h) or after

six hours incubation in the HSA solution (6 h). Spectroscopic studies indicated that the dye was mainly present as
aggregates in freshly prepared solutions, whereas incubation favored monomerisation. Irrespective to incubation
time, the rates of photobleaching obtained by fluorescence measurements were higher than those obtained from
absorbance measurements. Photobleaching of freshly prepared m-THPBC can be described by a single exponential
decay, while the absorbance and fluorescence decays of the incubated dye solutions better fit a bi-exponential decay.
Two photobleaching rates probably reflect differences in the photosensitivity of monomer (bound to proteins) and
aggregated (non-bound) forms. Irradiation of the freshly prepared m-THPBC solution led to phototransformation of
50% of the bleached m-THPBC into 5,10,15,20-tetrakis(m-hydroxyphenyl)chlorin (m-THPC), a clinically used
second generation photosensitizer. For irradiation 6 h after dissolving m-THPBC, different kinetics of m-THPC
formation were found. A rapid decrease in concentration of m-THPBC was accompanied by a slow formation of
m-THPC. The quantum yield of this process was small since only 5% of m-THPBC was transformed to

m-THPC. The kinetics characteristics of m-THPBC photobleaching reported in the present study, together with the
different kinetics of photoproduct formation during m-THPBC photobleaching, may provide important indications

in the m-THPBC-based PDT dosimetry.

Introduction

Photodynamic therapy (PDT) is a new modality of cancer
treatment that is based on the application of a tumour lo-
calizing and photosensitizing drug followed by exposure of
the tumour area to light. Some of the photosensitizers used
in PDT degrade rapidly upon irradiation, a phenomenon
called photobleaching.! This is a field of significant interest
in PDT, since it can influence the success of the treatment in
several ways. A recent detailed review of the reactions leading
to photobleaching of PDT sensitizers and to photoproduct
formation focused on the complex character of both processes.?
Two types of irreversible photobleaching should be considered:*
true photobleaching, which involves fragmentation of the
sensitizer that then loses its absorption in the visible region,
and photomodification, where the chromophore is retained in
a modified form with the formation of new visible spectral
bands.

In the clinical protocols, only the administered photosensitizer
dose, the incident light dose, and the interval between drug
application and light exposure are taken into account as
dosimetry parameters. A few years ago, Wilson et al. introduced
the concept of implicit dosimetry,® which uses the yield of
photosensitizer photobleaching as an index of the effective
delivered fluence. A relevant PDT dosimetry can be also
deduced by monitoring of the formation of photoproducts that

+ Presented at the 10th Congress of the European Society for Photobi-
ology, Vienna, Austria, September 6th—11th, 2003.

This journal is © The Royal Society of Chemistry and Owner Societies 2004

accompanies photobleaching. A recent study by Zeng et al.
demonstrated that a prediction of PDT treatment outcome
based on the monitoring of photobleaching and photoproduct
formation is an improvement compared to predictions based on
conventional dosimetry.* Photobleaching also helps to increase
the therapeutic ratio of PDT by reducing the level of sensitizer
in normal tissue to below the threshold required for intolerable
photochemical damage.’

5,10,15,20-Tetrakis(m-hydroxyphenyl)bacteriochlorin (-
THPBC) is the most reduced compound in the 5,10,15,20-
tetrakis(m-hydroxyphenyl)porphyrin (m-THPP) series.® This
dye has a strong absorbance in the red region (740 nm).” In
view of the weak absorbance of tissues at this wavelength,
this offers promising therapeutic perspectives for PDT of deep
tumours and pigmented tissues. Pre-clinical model studies
have demonstrated that the area of necrosis is by far the
largest after irradiation of m-THPBC-sensitised liver (93 +
8 mm?) compared to corresponding treatment with 5,10,15,20-
tetrakis(m-hydroxyphenyl)chlorin (m-THPC) (26 + 4 mm?)
or with the conventionally used sensitizer Photofrin (34 +
11 mm?).® Presently, m-THPBC is under clinical investigation
for PDT of patients with hepatic metastasis.’

m-THPBC has been reported to be a very photolabile
compound. A comparative study of m-THPBC and m-THPC
in methanol-water (3 : 2, v/v) solution demonstrated a 90 fold
greater m-THPBC photobleaching rate.’® Rovers et al. in an in
vivo study on Colo 26 tumour bearing mice showed that the rate
of bleaching of m-THPBC was approximately 20 times greater
than that of m-THPC."!
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Recently, by using mass spectrometry, we demonstrated a
photo-induced dehydrogenation of m-THPBC leading to trans-
formation to m-THPC in ethanol-water (1 : 99, v/v) solution or
in serum enriched aqueous solution.'?

The phototransformation kinetic characteristics are rather
complex and are defined by several factors (microenvironment,
aggregation states, applied fluence, oxygen tension ezc.).'*** Our
previous studies.’*!¢ have demonstrated that photobleaching
kinetics are strongly influenced by aggregation of photosen-
sitizers. Different rate constants were obtained depending on
the detection methods. While the loss of fluorescence could be
interpreted as loss of monomer species, the loss of absorbance
represented both loss of aggregates and monomers.

The present study addresses the light induced spectral changes
of m-THPBC in albumin-enriched solution at different in-
cubation conditions leading to different aggregation states.
Photobleaching measurements were monitored by absorbance
and fluorescence decays. We also addressed the kinetics of
photoproduct formation upon irradiation of m-THPBC in
different aggregation states.

Materials and methods
Photosensitizer

The photosensitizer m-THPBC was kindly provided by Biolitec
Pharma Ltd. (Edinburgh, UK). The chemical structure of m-
THPBC is presented in Fig. 1. Stock solution of m-THPBC
in methanol was stored in the dark at 4 °C at a concentration
of 3 mM. Further dilution was performed in Phosphate Buffer
Saline (PBS), in PBS supplemented with Img mL~' Human
Serum Albumin (HSA, Sigma-Aldrich Norway AS, Norway)
or in methanol. The final concentration of m-THPBC in each
solvent was 1,5 uM.

Fig. 1 Molecular structure of m-THPBC.

Light exposure

Prior to light exposure, m-THPBC solutions in HSA-PBS were
kept for 0 or 6 h in the dark at 37 °C. Illumination was performed
by exposing 2 mL of 1,5 uM m-THPBC solutions in a 10 mm
quartz cuvettes to light from a 150 W halogen lamp equipped
with a combination of three pass filters, one short wavelength
(cut-off at 765 nm) and two long wavelength (cut-on at 520 and
700 nm). The spectral intensity distribution is presented in Fig. 2.
The spectrum of the filtered lamp was in the wavelength region
700-765 nm with a peak at 735 nm. The incident fluence rate at
the position of the sample was 55 mW cm—2.

Absorption and fluorescence measurements

Absorption and fluorescence measurements were recorded using
a Perkin Elmer (Norwalk, CT) Lambda 15 spectrometer and a
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Fig. 2 Spectral intensity distribution of the 150 W halogen lamp
equipped with a combination of one short wave (cut-off at 735 nm)
and two long wave (cut-on at 520 and 735 nm) filters. A heat filter was
used to reduce the heat effect of the lamp. The incident fluence rate was
55mW cm™.

Perkin-Elmer LS 50B luminescence spectrometer, respectively.
For both photobleaching and photoproduct formation studies,
the m-THPBC absorbance decay was recorded at 740 nm after
different exposure times. The photoinduced formation of m-
THPC was measured at 422 nm.

For fluorescence measurements, excitation was set at 378 nm,
and the emission was scanned in the wavelength range between
700 and 800 nm. The fluorescence decay after m-THPBC
irradiation was monitored by excitation at 378 nm, and the
fluorescence emission was collected at 742 nm. The bandpasses
of the excitation and emission slits were 5 and 10 nm, respectively.

Results
Spectroscopic studies

m-THPBC absorption spectra in methanol, in PBS and HSA-
PBS are shown in Fig. 3A. Absoption maxima of the Soret band
and of the red band along with corresponding molar absorption
coefficients and a half-height bandwidth (Av) of the first Q band
are listed in Table 1. The absorption spectra of m-THPBC in
methanol showed three main peaks: the Soret band at 373.5 nm,
and two Q bands at 516 and 734 nm. In aqueous solutions
the Soret band and Q-band peaks are red shifted to 383, 530
and 743 nm. This bathochromic shift was accompanied by a
hypochromic effect in the Soret band (¢ was 7313 M~ cm™ in
PBS compared to that of 114300 M~' cm ™' in methanol). A half-
height bandwidth amounted to 790 cm™' compared to 350 cm™'
in methanol.

Absorption spectra of m-THPBC in PBS supplemented with
HSA were measured either immediately (0 h) or after six hours
of incubation (6 h). The presence of proteins reduced the
bathochromic shift and the half-height bandwidth for both
conditions (Fig. 3A). A 16% decrease in Av was observed in
non-incubated m-THPBC HSA-PBS solution compared to m-
THPBC-PBS (Table 1). This decrease was 50% for incubated
m-THPBC HSA-PBS solution compared to m-THPBC-PBS
(Table 1).

The steady-state fluorescence emission spectra of m-THPBC
in HSA-PBS solutions are presented in Fig. 3B. The shapes
of the spectra were similar for both incubation conditions and
peaked at 742 nm. The relative fluorescence intensity, measured
as integrated intensity of the emission band, was six times
larger in incubated m-THPBC HSA-PBS solution than in the
non-incubated solution. The emission band of m-THPBC-PBS



Table 1 Absorbance spectra characteristics of m-THPBC in different media“
Soret band Red band
A/nm e/M™' em™! A/nm e/M™' em™! Av/cm™!
Methanol 372 114200 734 90479 250
PBS + HSA,0h 378 19479 740 11123 667
PBS + HSA, 6 h 378 22520 742 13740 400
PBS 382 7213 742 4890 790

“ Absorption maxima of the Soret and the red band (1) with corresponding molar absorption coefficients (¢), Av is the half height bandwidth.

0,18
A ............... MEOH
0,16 - ; — PBS
i ———- PBS+HSAOh
0,14 - PBS + HSA6 h
0,12 4
0,10 4
172
2
0,08 -
0,06
0,04 -
0,02
0,00
300
Wavelength, nm
14
B ~ — —-PBS+HSA 6h
12 4 \ PBS+HSA Oh
oA ——PBS
/ \
/ \
10 / \
\
! \
/ \
3 87 / \
= / \
= / \
TR / \
/ \
/ \
/ \
4 4 / \
/ \
// N
21 Z \\
//// \\\ _____
0 e
700 720 740 760 780 800

Wavelength, nm

Fig. 3 Ground-state absorption spectra of m-THPBC (1.45 uM) (A)
in methanol (- - -), PBS (--) and in PBS supplemented with HSA (1 mg
mL~") with (—) and without incubation (---). m-THPBC absorption
spectra in PBS with and without HSA are magnified five times.
Fluorescence spectra of 1.45 uM m-THPBC (B) in PBS (—), PBS
supplemented with HSA (I mg mL~") with (---) and without incubation
(---). Excitation wavelength was 378 nm.

solution was not detectable under the experimental conditions
of the present study.

Photobleaching studies

Incubated and non-incubated m-THPBC solutions in HSA-PBS
were exposed to irradiation at 735 nm. After certain intervals of
irradiation the bleaching processes were studied by measuring
the absorbance at 740 nm, a wavelength which is not affected by
interference of photoproducts, and the fluorescence decay was
recorded at an emission wavelength of 742 nm.

The photobleaching kinetics of non-incubated m-THPBC
HSA-PBS are shown in Fig. 4. Both the absorption and
fluorescence decays are close to mono-exponential. The pho-
tobleaching rate calculated from absorption measurements was
equal to 2.86 x 10~ s7!, and that obtained from fluorescence
measurements was 3.51 x 1072 s™!
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Fig. 4 Photobleaching kinetics of m-THPBC in PBS supplemented
with HSA (1 mg mL™"), measured by absorbance (A) and by fluorescence
(B). Solutions were exposed to light immediately after the introduction
of 1.45 uM of m-THPBC. Absorbance was measured at 740 nm. Fluo-
rescence was monitored at an emission wavelength 742 nm using 378 nm
excitation. Fluorescence values are normalized to the fluorescence of
non-irradiated solution.

The bleaching kinetics of incubated m-THPBC HSA-PBS
deviated from monoexponential, and the model fitting the
experimental data best was a bi-exponential decay, as evidenced
by regression analysis (R = 0.998) (Fig. 5). The absorption
photobleaching rates calculated from the first and second
parts of the curve were 6.82 x 1072 and 1.68 x 107 s7',
respectively, and the two fluorescent rate constants were 1.63 x
10" and 2.86 x 107% s~'. The rate constants for the different
incubation condition are presented in Table 2. It should be noted
that the rates of photobleaching obtained from fluorescence
measurements were three fold (6 h incubation) or two orders
of magnitude (0 h incubation) larger than those obtained from
absorbance measurements.

Photoproduct formation

Parallel to the fluence dependent decrease in absorption in the
whole visible spectrum of m-THPBC, we observed a simulta-
neous increase in the spectral bands at 422 and 650 nm. As an
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Fig. 5 Photobleaching kinetics of m-THPBC in PBS supplemented
with HSA (1 mg mL~"), measured by absorbance (A) and by fluorescence
(B). Solutions were exposed to light 6 h after the introduction of 1.45 uM
of m-THPBC. Absorbance was measured at 742 nm. Fluorescence was
monitored at an emission wavelength 742 nm using 378 nm excitation.
Fluorescence values are normalized to the fluorescence of non-irradiated
solution.

Table 2 Photobleaching rate constants (k/s™') of m-THPBC incubated
(6 h) and non-incubated (0 h) in an HSA-PBS solution, derived from
absorbance and by fluorescence measurements (photobleaching rate
constants from the second parts of the curves are shown in parentheses)

Oh 6h
Abs 2.68 x 10~ 6.81 x 1072 (1.68 x 107*)
Fluo 3.51 x 102 1.63 x 107! (2.86 x 1072)

example, the spectra of incubated and non-incubated m-THPBC
HSA-PBS solutions exposed to 44.5 J cm= (810 s) are presented
in Fig. 6A and 7A. The insets in Figs. 6A and 7A represent
the differential absorbance spectra (irradiated minus non-
irradiated) and are characterized by the appearance of two peaks
at 422 and 652 nm, which are characteristic for m-THPC. For a
quantitative monitoring of the m-THPBC phototransformation
to m-THPC, we measured the photoinduced m-THPBC loss
of absorbance at 740 nm (non-incubated m-THPBC) and at
742 nm (incubated m-THPBC); the photoinduced growth in m-
THPC absorbance was measured at 422 nm. The choice of the
later wavelength was related to the difficulties encountered in
spectral detection of m-THPC at 650 nm. The concentrations
of the bleached m-THPBC and the formed m-THPC were
calculated for different exposure times, on the assumption that
the Beer—Lambert law is obeyed by both sensitizers under both
incubation conditions. The molar extinction coefficients of m-
THPBC in the red Q band for both incubation conditions are
given in Table 1. The molar extinction coefficients of m-THPC
at 422 nm were calculated from the absorption spectra of m-
THPC (1.5 uM) in HSA-PBS measured either immediately or
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6 h after bringing the dye into solution. The obtained values were
47420 and 63 505 M~ ecm™', respectively, for non-incubated and
incubated m-THPC HSA-PBS solutions. Fig. 6B and 7B show
the fluence dependent variations in the concentrations of the
photosensitizers.
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Fig.6 Absorption spectra of m-THPBC solution in HSA-PBS without
incubation before (—) and after 810 s irradiation (---) (A). The inset
represents the differential spectra (illuminated minus non-illuminated).
Fluence-dependent variations in m-THPBC and m-THPC concentra-
tions (B). m-THPBC and m-THPC concentrations were derived from
the Beer-Lambert law at each irradiation fluence considering the optical
densities and the molar extinction coefficients at 740, 742 and 422 nm,
respectively. Optical pathlength was 10 mm.

The ratio between growth of m-THPC and loss of m-
THPBC at each irradiation time was defined as the yield of
phototransformation (P,, %)

(F], — [F],
(B], — [B]’

where [B],, is the initial concentration of m-THPBC in the
solution, and [B], and [F], are the m-THPBC and m-THPC
concentrations at a given irradiation time. Considering that the
initial m-THPBC solution contains 10% of m-THPC (possibly
as a result of dark oxidation), this value (1.45 pM) was assigned
as [F],, in the calculations of P;.

By applying this relation to the data shown in Fig. 6B, the
phototransformation (P,) for non-incubated m-THPBC varied
from 38 to 53%, dependent on irradiation time, averaging to
43%. In other words, approximately half of the bleached m-
THPBC was transformed into m-THPC at each irradiation
time. For 6 h incubated m-THPBC (Fig. 7B), the yield of
phototransformation was only 5%.

(M

=

Discussion

It has been previously shown that m-THPBC, after prolonged in-
cubation with cultured tumour cells, presents spectral properties
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Fig. 7 Absorption spectra of m-THPBC solution in HSA-PBS sub-
jected to 6h incubation before (—) and after 810 s irradiation (---)
(A). The inset represents the differential spectra (illuminated minus
non-illuminated). Fluence-dependent variations in m-THPBC and
m-THPC concentrations (B). m-THPBC and m-THPC concentrations
were derived from the Beer-Lambert law at each irradiation fluence
considering the optical densities and the molar extinction coefficients at
740, 742 and 422 nm, respectively. Optical pathlength was 10 mm.

different from both the ethanol (monomeric forms) and aqueous
(aggregated forms) reference spectra, suggesting that m-THPBC
exists in more that one form within the cells.”” The goal of
the present study was an investigation of kinetic characteristics
of m-THPBC photodegradation at different aggregation states.
We also addressed the photoinduced formation of m-THPC, a
clinically relevant second generation photosensitizer, as a result
of m-THPBC photodegradation.

Spectroscopic studies

As with porphyrins and phthalocyanines, chlorin-type photo-
sensitizers,'>"** including m-THPBC, tend to aggregate in aque-
ous solutions. Compared to monomeric m-THPBC in methanol
solution, a pronounced hypochromic effect, a bathochromic
shift of the main spectral bands and an increase in the bandwidth
Av were observed when m-THPBC was dissolved in PBS
(Fig. 3A, Table 1). The changes in spectral characteristics,
together with a barely detectable fluorescence, indicate aggre-
gation of this dye in PBS solution. Similar spectral changes
have previously been reported for m-THPBC in water compared
to ethanol solutions and were considered to result from the
aggregation of the dye in an aqueous environment."”
Aggregation is likely to occur immediately after the introduc-
tion of the m-THPBC in methanol stock solution into HSA—
PBS. In comparison with monomeric m-THPBC in methanol
solution, a non-incubated m-THPBC HSA-PBS solution ex-
hibited a bathochromic shift of the visible spectral bands, an
increase in the Av from 250 to 667 cm™' and a considerable

decrease in the molar extinction coefficient both in the Soret
and red bands (Fig. 3A, Table 1).

Prolonged incubation of photosensitizers in the solutions with
proteins results in monomerisation,'® evidenced by a prominent
increase in relative fluorescence intensity.'*** Our spectroscopic
study demonstrated that m-THPBC fluorescence equilibrium in
PBS solution supplemented with HSA is achieved two hours
after the onset of incubation (data not shown). Six hours
incubation of m-THPBC in HSA-PBS leads to several marked
events compared to non-incubated dye solution. These are
the reduction of Av from 667 to 400 cm™' (Table 1), a 15%
increase in the molar extinction coefficient in the Soret band
(Table 1), and a six fold increase in the Soret band intensity
in fluorescence excitation spectra (data not shown). Further,
considering that only monomers fluoresce, and that a large
increase in the relative fluorescence intensity was recorded for
incubated m-THPBC HSA-PBS solution (Fig. 3B), we conclude
that incubation favors photosensitizer monomerisation, whereas
m-THPBC is mostly aggregated in HSA-PBS immediately after
being dissolved.

Photobleaching studies

Generally, photobleaching rate constants depend on the ag-
gregation state of the photosensitizing molecule.’*'*!¢ For
non-incubated m-THPBC HSA-PBS, the photobleaching rate
calculated from fluorescence decay appears to be two orders
of magnitude higher than photobleaching monitored by decay
in absorbance (Table 2). The difference between absorbance
and fluorescence measurements can be attributed to the pref-
erential photobleaching of the fluorescing monomer forms
as has been previously demonstrated in our studies using
porphyrin and chlorin sensitizers."*'¢* While the photoinduced
loss of fluorescence reflects photochemical activity of photo-
labile disaggregated forms of the photosensitizer, the decay in
absorbance mainly result from aggregated forms which are more
stable photochemically. Non-incubated m-THPBC HSA-PBS
photobleaching can be described by a single exponential decay
in terms of delivered light dose (Fig. 4). In contrast to non-
incubated m-THPBC, the absorbance and fluorescence decays
for the incubated dye solution deviate from first-order kinetics
and fit better to a bi-exponential decay (Fig. 5). Similar to
the photobleaching kinetic study with protoporphyrin IX (Pp
IX) in cells,* two photobleaching rates could correspond to
degradation of m-THPBC in two different environments, for
example, bound and unbound to proteins. The first part of the
photobleaching curve could be related to the rapid degradation
of monomer species (bound to proteins) followed by the second
exponent, corresponding to the photobleaching of aggregated
bound or non-bound forms. This conclusion is supported by two
facts. Firstly, the absorbance rate constant of photobleaching
computed from the first exponent for incubated m-THPBC
HSA-PBS is very close to that reported by Bonnett et al.' for
monomeric m-THPBC in methanol-water solution. Secondly,
the similarity between the absorbance rate constant of the second
part of the curve for incubated and the absorbance rate constant
for non-incubated m-THPBC HSA-PBS is consistent with the
preferential photobleaching of aggregated species (Table 2).
Another explanation for the bi-exponential decay might be a
light-induced re-localisation between different binding sites on
the protein, as has been postulated for other photosensitizers.?

Photoproducts formation

In addition to true photobleaching, most photosensitizers
are phototransformed with the formation of photoproducts
absorbing in visible light. Thus, photoproducts might themselves
be photosensitizers, and behave differently with respect to
photostability than the parent molecule.”® Therefore, it might
be advantageous to apply several wavelengths or modulate the
irradiation parameters in order to increase the efficacy of PDT.
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The nature of photoproducts formed during the photobleach-
ing of m-THPBC in methanol was recently reported by Bonnett
and Martinez.** True photobleaching was observed with the
formation of colorless fragmentation products regarded as
succinimide and methyl 3-hydroxybenzoate (the total recovered
yield never exceeded 5%). Products of photomodifications were
also identified, including the orange pyrrolic dipyrrin deriva-
tives and a small but detectable amount of m-THPC. Rapid
phototransformation of m-THPBC into m-THPC has been also
reported in aqueous solution and in vivo.'*'* Spectroscopic
analysis of the present study demonstrated that photobleaching
of m-THPBC in HSA-PBS solutions was accompanied by an
increase in the 422 and 652 nm spectral bands (Fig. 6 and
7), and these spectral features correspond to the formation
of m-THPC. A major finding of the present work is the
influence of the aggregation state of m-THPBC on the kinetic
of photoproducts formation. While in the aggregated/dimer
state about 50% of bleached m-THPBC was transformed
into m-THPC [Fig. 6, eqn. (1)], only 5% of disappeared m-
THPBC yielded m-THPC when m-THPBC was bound to
HSA [Fig. 7, eqn. (1)]. We further confirmed photoinduced
m-THPC formation by the matrix assisted laser desorption
ionisation coupled to time of flight mass spectrometer (MALDI-
TOFMS). The details of MALDI-TOFMS will be reported
elsewhere. Here we only note that the m-THPBC solutions before
irradiation were characterised by a predominant mass peak
at m/z 682 corresponding to [m-THPBC]**. After irradiation
(20 min, 66 J cm™) a new isotopic distribution was detected
with an increase at m/z 680 and 681 identified respectively as
[m-THPC]™ and [m-THPC+H]" together with a concomitant
decrease of ion signal at m/z 682. With respect to different
m-THPBC aggregation states, MS studies were consistent with
those obtained with UV-Vis spectroscopy and indicated much
more efficient m-THPBC photodestruction with a less efficient
m-THPC formation for m-THPBC bound to protein com-
pared to aggregated m-THPBC. Along with the photoinduced
formation of m-THPC, we did observe other photoproducts
by applying MALDI-TOFMS. Mass spectrometry spectra of
incubated m-THPBC HSA-PBS solution were characterized by
the formation of dipyrrin derivatives as well as hydroxylated
derivatives of m-THPC and m-THPBC. Unlike incubated, non-
incubated m-THPBC HSA-PBS solution did not evidence
any hydroxylated derivatives. Only dipyrrolic compounds and
dipyrrin derivatives other those from incubated dye were
detected.

Thus, analysis of photoproducts formed after m-THPBC
irradiation, assessed by UV-Vis spectroscopy and mass spec-
trometry demonstrated that photoproduct transformation is
significantly influenced by m-THPBC aggregation state. The
hypothesis on the formation of different types of photoproducts
from monomers and aggregates of porphyrin-like molecules was
evoked in the studies of Rotomskis ef al.’® The afforded explana-
tion was related to the different photobleaching pathways from
different aggregation states of photosensitizer. Singlet-oxygen
mediated mechanism of photobleaching has been extensively
reported for many photosensitizers.'*?*** General considera-
tions suggest that this pathway is preferred for photosensitizers
bound to proteins.?® In contrast, in aggregated forms the oxygen
availability is restricted and therefore photobleaching via the
classical 'O, pathway is limited. In that case, photobleaching
mainly proceeds through reactions between the triplet state sen-
sitizer (T,) and cellular substrates.***' Our ongoing experiments
address the oxygen-dependent pathways of both the m-THPBC
photobleaching and the formation of photoproducts.

In summary, kinetic characteristics of m-THPBC photo-
bleaching, reported in the present study, together with the
different kinetics of photoinduced formation of m-THPC,
a clinically relevant photosensitizer, may provide important
information to be taken into account in m-THPBC-based PDT
dosimetry in the clinical context.
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1.2. MALDI-TOF mass spectrometry analysis for the characterization of the 5,10,15,20-
tetrakis(m-hydroxyphenyl)bacteriochlorin (m-THPBC) photoproducts in biological
environment.

The first part of our work consisted in the study of the photobleaching characteristics of the
m-THPBC in biologically relevant solution. We evidenced the photoformation of m-THPC
consecutively to the mTHPBC irradiation, no other visible absorbing photoproducts were
detected. In this second part of our work we have studied by the mean of MALDI-TOF mass
spectrometry the products formed upon m-THPBC 739 nm laser diode irradiation. Aggregated
and monomerised solution of mTHPBC were examined. Photoproducts such as di-
hydroxylated mTHPBC and di-hydroxylated m-THPC were detected in both incubation
conditions, however the formation of hydroxylated photoproducts was significantly greater in
incubated solution. In addition small molecules arising from the degradation of the
photosensitizer and identified as dipyrin derivatives were observed.

This part of the work was accepted for publication in the Journal of Mass Spectrometry and is
presented thereafter in its uncorrected proofs.
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Photoproducts formation upon irradiation (739 nm) of 5,10,15,20-tetrakis(m-hydroxyphenyl)bacteriochlorin
(m-THPBC) in phosphate buffer saline (PBS) supplemented with human serum albumin (HSA) were stud-
ied by means of absorption spectroscopy and MALDI-TOF mass spectrometry. The experiments were
performed with a freshly prepared PBS-HSA solution of m-THPBC and with a PBS-HSA m-THPBC
solution incubated for 6 h at 37 °C. The incubation of m-THPBC solution leads to the dye monomerisation,
whereas in the freshly prepared solution, m-THPBC is under an aggregated form. Regardless of the
incubation condition, photobleaching experiments carried out by absorption spectroscopy demonstrate
the degradation of the photosensitizer and its phototransformation in m-THPC. Moreover, m-THPC was
the sole photoproduct detected using absorption spectroscopy. Together with a degradation of m-THPBC
and formation of m-THPC, MALDI-TOF mass spectrometry evidenced several other photoinduced mod-
ifications. Photoproducts such as dihydroxy m-THPBC and dihydroxy m-THPC were detected in both
conditions; however, the formation of hydroxylated photoproducts was significantly greater in incubated
solution. In addition, small molecules arising from the degradation of the photosensitizer and identified
as dipyrin derivatives and dipyrrolic synthon were observed. Copyright © 2005 John Wiley & Sons, Ltd.

KEYWORDS: photodynamic therapy; mass spectrometry; MALDI-TOF-MS; photobleaching; photoproducts formation;
m-THPBC

INTRODUCTION two mechanisms of photobleaching are considered.? The first
one, true photobleaching, corresponds to the photodegrada-

Photodynamic therapy (PDT) of cancer is based on the use tion of the porphyrin macrocycle with the formation of

of a drug with photosensitizing and tumor localizing prop-
erties, combined with visible light and oxygen. Separately,
these three components are harmless, but in combination
they may destroy tissues and inactivate cells. By exposing
the tumor area to light within the absorption spectrum of the
drug, reactive oxygen species (ROS) including singlet oxygen
are formed, and the tumor can be destroyed. Concomitantly,
under light-exposure, the same species attack the photosen-

photoproducts, which do not absorb in the visible region.
The second mechanism is called photomodification, where the
chromophore is retained in a modified form with the forma-
tion of new visible spectral bands. One of the main reasons
to study photobleaching is that it leads to the decrease in the
concentration and/or to the modification of the nature of the
photosensitizer, thus playing a leading role in the dosimetry

sitisers; thus absorption and fluorescence properties of the
photosensitizer are modified due to a phenomenon called
photobleaching. The first relevant observation of photobleach-
ing in the PDT field was made in 1986 by Moan.! Presently,

*Correspondence to: Henri-Pierre Lassalle, Centre Alexis Vautrin,
CRAN CNRS UMR 7039-INPL-UHP, Avenue de Bourgogne, 54511
Vandceuvre-les-Nancy, France. E-mail: h.lassalle@nancy.fnclcc.fr
Contract/grant sponsor: Alexis Vautrin Cancer Center Research
Funds.

Contract/grant sponsor: French Ligue National Contre le Cancer
(Comité de Meurthe et Moselle, Comité de Haute-Marne).

of the photodynamic treatment.

5,10,15,20-Tetrakis(m-hydroxyphenyl)bacteriochlorin (-
THPBC) is the most reduced compound in the tetraphenyl-
chlorin series.® This dye has a strong absorbance in the red
region (740 nm).* In view of the weak absorbance of tissues
at this wavelength, this offers promising therapeutic per-
spectives for PDT of deep tumors and pigmented tissues.
Presently, m-THPBC is under clinical investigation for PDT
of patients with hepatic metastasis.’

Porphyrin-like compounds have been extensively stud-
ied in the past by mass spectrometry coupled with electron

Copyright © 2005 John Wiley & Sons, Ltd.
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ionization (EI),® chemical ionization (CI),” fast atom bom-
bardment (FAB),® plasma desorption,’ laser desorption!?,
electrospray (ESI)!' and matrix assisted laser desorption
(MALDI).>13 Among these ionization techniques, MALDI
appears to be one of the most attractive and allows the anal-
ysis of complex media with salts and proteins. Likewise,
MALDI-TOEF-MS on porphyrins demonstrated a high sensi-
tivity of detection (10712 M)!*1® and the possibility to control
the fragmentation level by modifying the laser power.

Our recent study'® demonstrated that the photobleaching
rate constant and the phototransformation yield of m-THPBC
were highly dependant on the aggregation state of this
photosensitizer. Spectrophotometry and spectrofluorime-
try studies allowed the detection of 5,10,15,20-tetrakis(rm-
hydroxyphenyl)chlorin (m-THPC) as the sole photoproduct
after m-THPBC irradiation. To complete this study, we
carried out the photoproducts identification by MALDI-TOF-
MS after m-THPBC irradiation at 739 nm in an albumin-
enriched solution under different incubation conditions
corresponding to different aggregation states.

EXPERIMENTAL

Photosensitizer

The photosensitizer m-THPBC was kindly provided by
Biolitec Pharma Ltd. (Edinburgh, UK). It was stored in the
dark at4 °C as a stock solution in methanol at a concentration
of 3 mM. Further dilution was performed in phosphate
buffer saline (PBS), in PBS supplemented with 1 mg ml~!
human serum albumin (HSA, Sigma-Aldrich, Saint-Quentin
Fallavier, France) or in methanol. The final concentration of
m-THPBC in each solvent was 10 puM.

Photoirradiation

Prior to irradiation, m-THPBC solutions in PBS-HSA were
kept for Oh or 6h in the dark at 37°C. Irradiation was
carried out, under continuous magnetic stirring, by exposing
3 ml of 10 um m-THPBC solution in a 10-mm quartz cuvette
to light from a laser diode at 739 nm (Ceralas PDT 739,
CeramOptec GmbH, Bonn, Germany). The incident radiance

was 5 mW cm—2.

Absorption measurements

Absorption spectra were recorded with a Perkin-Elmer
Lambda 15 spectrophotometer using a 10-mm quartz
cuvette. m-THPBC absorbance was recorded in the range
300-800 nm.

MALDI sample preparation

MALDI sample preparation was carried out by the standard
thin layer technique. One pl of sample and 1 ul of a saturated
a-cyano-4-hydroxy-trans-cinnamic acid (CHCA) solution in
50% acetonitrile, 0.1% of trifluoroacetic acid (TFA) were
spotted on a stainless steel MALDI target. Thus, the molar
ratio of analyte to matrix was 1 : 10*. Mass spectra were
acquired over the range 0—1200 Da. The porphyrin 5,10,15,20-
tetra-(1-phenyl)-porphyrin (TPP, 614.74 g mol~!) was used
as internal control by adding 1 pl of a 10 um TPP ethanol
solution to each sample.

Copyright © 2005 John Wiley & Sons, Ltd.

JMS

Time-of-flight mass spectrometer (TOF-MS)
Analyses were performed on a Bruker Reflex IV time-of-flight
mass spectrometer (TOF-MS) (Bruker-Daltonic, Bremen
Germany) equipped with the SCOUT 384 probe ion source.
The system uses a pulsed nitrogen laser (337 nm, model
VSL-337ND, Laser Science Inc., Boston, MA) with energy
output of 400 pJ/pulse. The ions were accelerated under
delayed extraction conditions (200 ns) in positive ion mode
with an acceleration voltage of 20 kV and a reflector voltage
of 23 kV. The detector signals were amplified and transferred
to the XACQ program on a SUN work station (Sun
Microsystems Inc. Palo Alto, CA). Spectra were processed
with the XMass 5.1 program (Bruker Daltonics, Bremen,
Germany). External calibration of MALDI mass spectra was
carried out using PEG 600 Nat and K* cationized species.
To achieve semiquantitative measurements, all experiments
were performed under the same conditions (shots number,
pressure, laser impact size and laser intensity), with TPP
added as an internal control.

RESULTS AND DISCUSSION

Spectroscopic properties of m-THPBC in different
media

The chemical structure of the molecule is presented in Fig 1.
The m-THPBC visible absorption spectra in PBS supple-
mented with HSA (1 mg ml~!) measured either immediately
(Oh) or 6 h after incubation (6 h) are shown in Fig. 2. The
main spectral characteristics of these solutions are sum-
marized in Table 1. The absorption spectra in methanol
displayed three peaks, one at 373 nm corresponding to the
Soret band, and two at 517 nm and 734 nm correspond-
ing to the Q bands. In HSA-PBS solutions these peaks are
red shifted to 380 nm, 526 nm and 741 nm respectively. A
hypochromic effect (decrease in absorbance) of m-THPBC
in HSA-PBS solutions was evidenced (with or without
incubation) compared to methanol (¢ ~ 15000 M~ cm™! vs
103591 M~ cm™!). A broadening of Q band (widening of the
half maximum bandwidths; Av), from 259 cm~! to 368 cm ™"
and further to 581 cm™! for m-THPBC in methanol, incubated
HSA-PBS and freshly prepared HSA-PBS, respectively was
also observed. The bathochromic shift together with an
hypochromic effect and a widening of the half maximum
bandwidths are indicative of an aggregation of the photo-
sensitizer in HSA-PBS solutions.!®~!® Presence of proteins
results in monomerization of chlorin-type photosensitizers."”
The spectroscopic m-THPBC properties presented in this
study (Fig. 2, Table 1) together with the prominent increase
in fluorescence intensity of incubated compared to freshly
prepared m-THPBC (data not shown) show that incubation
favors photosensitizer monomerisation, whereas m-THPBC
is mostly aggregated immediately after being dissolved in
HSA-PBS. These data are consistent with our previous
study.!®

J. Mass Spectrom. 2005; 40: 1149-1156
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Figure 1. Molecular structure of m-THPC and m-THPBC.
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Figure 2. Absorption spectra of m-THPBC (10~ m) before (full line), and after irradiation with 6 J cm~2 at 739 nm (dotted line).
Absorption spectra of m-THPBC in HSA-PBS 6 h after incubation at 37 °C (A), and in freshly prepared HSA-PBS solution (B).
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Table 1. Absorbance spectra characteristics of m-THPBC (10 uwm) in different media®

Soret band Red band
Peak height Peak height Peak height Peak height
prior after Av prior after
r(mm) eM 'em™) irradiation irradiation A(mm) &M 'em™!) (em™!) irradiation  irradiation
Methanol 373 103591 1.06 0.39 734 83400 259 0.85 0.31
PBS+HSAOh 380 15587 0.16 0.13 741 8676 581 0.09 0.07
PBS+ HSA 6h 380 15325 0.16 0.02 741 9160 368 0.09 0.01

2 Absorption maxima of the Soret and the red band (1) with corresponding molar absorption coefficients (¢), Av is the half height

bandwidth.

Spectrophotometry data

m-THPBC photobleaching and phototransformation
Incubated or nonincubated solutions of m-THPBC were
irradiated with a 739-nm laser diode for 20 min and
with an output of 5 mW cm™.
visible absorbance spectra of the photosensitizer in different
solutions, prior to (full lines) and after irradiation (dotted
lines). Irrespective of the incubation of the solutions, the
irradiation induces a significant decrease of the Soret bands
and the QbandsIand II. Irradiation of m-THPBC in incubated
solution (monomerised m-THPBC) leads to the decrease of
94% of the Q band I (Table 1), whereas it decreases only 20%
for the nonincubated solution (aggregated m-THPBC).

Figure 2 presents the

Photobleaching rates depend strongly on the aggregation
state of photosensitizers. It has been shown that pho-
todegradation of porphyrins is much faster for monomerised
photosensitizers.*-??> The probable explanation could be
related to the limited oxygen availability deep in the clus-
ters of the aggregated species, thus explaining their weak
photobleaching.16-2

The inset to the Figs 2A and 2B correspond to the differen-
tial absorbance spectra (illuminated minus nonilluminated)
of m-THPBC. Corresponding to a decrease in the peaks at 378,
514 and 740 nm, these differential spectra evidence the for-
mation of a compound absorbing visible light at 422 nm and
650 nm; these spectral features correspond to the formation of
m-THPC (chemical structure in Fig. 1). Rapid phototransfor-
mation of m-THPBC in m-THPC has already been observed
in aqueous solution and in vivo.!3242

Regarding the incubated, protein bound m-THPBC solu-
tion, we see a large decrease of the peaks corresponding to the
m-THPBC (378, 514 and 740 nm) and a small but detectable
formation of m-THPC (peaks at 422 and 650 nm) (Fig. 2). For
nonincubated solution we observe a limited photobleaching
of m-THPBC and a rather important formation of m-THPC.
The photobleaching and photoproduct formation profiles
observed in the present study are in good agreement with
the previous one.®

Mass spectrometry studies

m-THPBC photobleaching

In a parallel set of experiments, we performed MALDI-
TOF-MS analysis of m-THPBC photobleaching under the
same experimental conditions as for spectroscopy studies.
Both monomeric and aggregated nonilluminated m-THPBC
solutions were characterized by a monoisotopic peak at m/z

Copyright © 2005 John Wiley & Sons, Ltd.

682.25 corresponding to the M** radical species (Fig. 3 and
Fig. 4). We also observed ions at m/z 680.25 and 681.25,
corresponding respectively to the M*™® and [M + H]" ions
of m-THPC. The presence of m-THPC in nonilluminated
solutions is consistent with the presence of small but
detectable absorbance at 422 nm in the absorption spectrum
of m-THPBC (Fig. 2) and could be attributed to impurities
(5%) arising from the synthesis pathway of m-THPBC.? Also,
dark oxidation can occur giving rise to the formation of m-
THPC up to 10%.'¢ Figure 5 displays a control mass spectra of
the HSA —-PBS solution without m-THPBC, where irradiation
did not modify the spectra. The nature of the peaks at m/z
682.00, 683.00 and 684.00 (Fig.3 and Fig. 4) was derived
from the MALDI-TOF-MS control experiment (Fig. 5) with a
solution of HSA-PBS alone. Thus we identified these species
as belonging to the HSA—-PBS solution.

When both solutions were subjected to a 6 J cm ™2

irradi-
ation, a marked decrease of m-THPBC isotopic distribution
was recorded (Fig.3 and Fig. 4). All spectra were regis-
tered in the presence of an internal standard TPP (m/z
615.25 corresponding to [M + HJ* ion), thus enabling the
semi-quantitative estimation of m-THPBC signal intensity;
the abundance standard error calculated from the experi-
ments was 2.4%. Irradiation resulted in 82% decrease in m-
THPBC signal for the incubated solution, whereas only 58%
decrease was noticed for nonincubated solution. Absorp-
tion spectroscopy of protein-bound, photo-faded m-THPBC
demonstrated a 94% decrease in the peak at 740 nm, and this
value was very close to the 82% loss of signal at the m/z
682.25 in MALDI-TOF-MS experiments (Fig. 3). For aggre-
gated photosensitizer (nonincubated solution) the decrease
was, respectively, 20% for the absorbance at 740 nm and
58% for the m/z 682.25 signal (Fig. 4). This big discrepancy
could be the consequence of the photoinduced formation of
hydroxylated photoproducts (see the next section) that have
the same absorption bands as the parent compound, which

hampers a quantitative spectroscopic analysis.!%

Photoproduct formation following laser irradiation

In contrast to the spectroscopy study, the mass spectra
of m-THPBC solution after irradiation demonstrated a
very different pattern of photoproducts formation. For
both incubation conditions we observed a decrease in
protonated and radical m-THPC signal intensity (1m/z 680.25
and 681.25) (Fig.3 and Fig.4). However, this decrease
was much more pronounced for the incubated (Fig.3)

J. Mass Spectrom. 2005; 40: 1149-1156
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compared to nonincubated m-THPBC solution (Fig. 4), and
is likely to reflect two simultaneously occurring processes:
photoformation and photodestruction of m-THPC. Therefore
photoformation for nonincubated solutions is higher and /or
photodestruction is less than for incubated solutions. This
profile of m-THPC formation significantly contrasts with
a large m-THPC formation registered by spectroscopy
(Fig. 2).

Irrespective of the incubation conditions, the signal
around m/z 715 increases after 6] cm™2 laser light expo-
sure. For protein bound m-THPBC, we observed an intense
ion signal with a predominant mass peak at m/z 716.25,
and its intensity was about 8 times higher compared to
nonirradiated solution. For aggregated m-THPBC, the for-
mation of a signal with a predominant mass peak at
m/z 715.24 was recorded after irradiation. However, the
signal intensity did not increase more than 1.7 times com-
pared to nonirradiated solution. This difference in the
yield of photoinduced formation of hydroxylated deriva-
tives is likely related to oxygen availability in monomer
and aggregated fractions. The aggregated photosensitizers

Copyright © 2005 John Wiley & Sons, Ltd.

are packed, reducing the accessibility for the oxygen and
thus limiting the photochemical production of singlet oxy-
gen and other ROS. ROS, and especially singlet oxygen, are
mainly responsible for the hydroxylation of tetrapyrrolic
photosensitizers.” Several studies demonstrated mono-
hydroxylation or/and di-hydroxylation of tetraphenylchlo-
rin series upon irradiation'®? in methanol/water solution.
Scarcity of oxygen could explain the weak photobleaching
of aggregated molecules® together with the lower yield of
photoformation of hydroxylated derivatives compared to
those bound to the proteins.

We further attempted to identify the photoproducts
between m/z 713 and 717 (Fig.3 and Fig. 4). The ion at
m/z713.24 was attributed to the protonated dihydroxylated
m-THPC ([m-THPC + (O), + H]") as has been described by
several authors!>% and the ion at m/z 714.24 was attributed
to dihydroxy m-THPBC ([m-THPBC + (O),]™*) due to a
photo-substitution mechanism. Two explanations can be pro-
posed to clarify the nature of the ion at m/z 715.24: It could
arise from the photo-addition (photo-hydratation) of the m-
THPC, giving the protonated dihydro dihydroxy m-THPC

J. Mass Spectrom. 2005; 40: 1149-1156
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noted on the figures [m-THPC + (OH), + H]*. Another pos-
sibility is the dihydroxylation of the m-THPBC (photo-
substitution) giving the protonated dihydroxy m-THPBC
noted [m-THPBC + (O), + H]". The ion at m/z 716.25 can be
explained by the formation of the dihydro dihydroxylated

Copyright © 2005 John Wiley & Sons, Ltd.

m-THPBC ([m-THPBC + (OH),]**) with the presence of the
corresponding protonated ion ([m-THPBC + (OH), + HJ*)
at m/z 717.25, thus explaining that the peaks observed (m/z
716.25 and 717.25) are not consistent with the normal isotopic
distribution. The above-mentioned mechanism of photoad-
dition has been reported in one of our recent studies.*® The
photoproducts generated after laser illumination of m-THPP
have been investigated by MALDI-TOF-MS, indicating the
major presence of protonated dihydro dihydroxylated m-
THPP at m/z 713.25, formed by a photoaddition process.
Considering that the difference between protonated m-THPC
and m-THPBC radical is one m/z unit, it is reasonable to
assume that protonated dihydro dihydroxylated m-THPC
is detected at m/z 71524 and that, correspondingly, the
dihydro dihydroxylated m-THPBC is detected at m/z 716.25.
Spectroscopic studies also tend to confirm this hypothesis.
Aggregated m-THPBC solution demonstrated a significant
phototransformation of m-THPBC into m-THPC (inset Fig. 2).
In contrast with absorption spectroscopy where the signal of
m-THPC after irradiation increased, the m-THPC signal (m/z
681) even decreased after irradiation of aggregated m-THPBC
solution (Fig. 4). Along with this decrease, the signal at m/z

J. Mass Spectrom. 2005; 40: 1149-1156
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715.24 increased after irradiation, reinforcing the hypothe-
sis of photoformation of protonated dihydro dihydroxylated
m-THPC (m/z 715.24). Indeed, absorption maxima of this
compound peak at 422 nm and at 652 nm,'? and therefore
could be easily taken for the absorption peaks of m-THPC.

Singlet oxygen photogenerated from m-THPBC leads
to the attack and scission of the porphyrin macrocycle,
known as true photobleaching, and this is evidenced by
the dramatic decrease of the m-THPCB absorption bands
after the irradiation. The mass spectrometry study enables
the detection of small, nonfluorescent photoproducts and
nonabsorbing in the visible range, such as those originating
from true photobleaching. Figure 6 shows the mass spectra
prior to and after irradiation of freshly prepared and
incubated HSA-PBS solutions. The photoproducts formed
after irradiation of an incubated solution present signals
at m/z 35817, 356.18 and 326.4, while the signals of
photoproducts formed after the irradiation of a nonincubated
solution are detected at m/z 356.18 and 224.16. According
to the previous study of Bonnett et al.,*! the products at m/z
326.4,356.18 and 358.17 were tentatively described as dipyrin
derivatives and the signal at m/z 224.16 was tentatively
attributed to a dipyrrolic synthon.

CONCLUSION

The present study, conceived as complementary to our
previous investigation on m-THPBC photobleaching behav-
ior, presents a description of a distinct unfolding of the
photobleaching processes in aggregated and monomeric
protein-supplemented m-THPBC solutions. Dihydroxylated
tetraphenylchlorin compounds were detected regardless of
the incubation time of the solution, with a much larger
amount of dihydroxylated product for incubated solution
compared to the nonincubated solution. When m-THPBC
was subjected to prolonged incubation with proteins, and
with the successive irradiation of this solution, the principal
photoproduct was found to be dihydro dihydroxylated m-
THPBC. Irradiation of freshly prepared m-THPBC yielded
dihydro dihydroxylated m-THPC.

Copyright © 2005 John Wiley & Sons, Ltd.
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1.3. m-THPC and m-THPBC photobleaching in the presence of different kinds of

guenchers

1.3.1. Introduction

In order to contribute to the knowledge a#+THPC and mTHPBC photobleaching
mechanisms, we have investigated the photodegoadaif these two sensitisers in a
phosphate buffer solution containing 10% foetal satum (FCS), which is close to a in vitro
biologically relevant environment. Irradiation wpsrformed with laser diodes in the red Q
band of the photosensitisers to be consistenttivélwavelength used in a clinical situation.
The goal of this study was to define the involvemeh molecular oxygen, and reactive

oxygen species including singlet oxygen in the phlgtaching omTHPC andn-THPBC.

1.3.2. Materials and methods

Chemicals. The photosensitizenst THPC andm-THPBC were kindly provided by Biolitec
Pharma Ltd. (Edinburgh, UK). They were stored ia ttark at 4°C as a stock solution in
methanol at a concentration of 3 mM. Further dilativere performed in Phosphate Buffer
Saline (PBS) supplemented with 10% foetal calf me(®AN Biotech GmbH, Aidenbach,
Germany). The final concentration oFTHPC andm-THPBC in each solvent was 2 pM.
Superoxide dismutase (SOD), Catalase (CAT), Histidil,4-diazabicyclo[2,2,2] octane
(DABCO) were purchased from Sigma (Saint Quentiltekeer, France).

Photoirradiation. Prior to irradiationmTHPC solutions in PBS-FCS were kept 6h in the
dark at 37°C, andnTHPBC solutions in PBS-FCS were kept 3h in thekdatr 37°C.
Thereafter different chemicals (SOD, CAT, Histidiaed DABCO) were added to the
solution or oxygen was removed by nitrogen bubblmghe solution during 30 minutes.
lllumination was performed under continuous magnstirring by exposing 3 mL of 2 uM
photosensitisers solution in a 10 x 10 mm quartztta to light from a laser diode at 739 nm
(Ceralas PDT 739, CeramOptec GmbH, Bonn, Germamy)dfTHPBC and light from a laser
diode at 650 nm (F-System, Coherent, Saclay, Fyambe incident fluence rate was 10 mW
cm? for both irradiation sources and the whole samls irradiated.

Absorption measurements. Measurements were made in triplicate for eachditiom.
Absorbance spectra were recorded with a Perkin-Elmaebda bio spectrophotometer with
the same 10 x 10 mm quartz cuvette that was usadddiation. Them-THPBC absorbance
decay was recorded between 300 and 800 nm, and{REPC absorbance decay was
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recorded between 300 and 700 nm. Based on the pSsumthat the mTHPBC
photoproducts do not absorb at 740 nm, and thaithelPC photoproducts do not absorb at
650 nm, the absorbance at those wavelengths carsdxe to compute the photobleaching
guantum vyield.

Photobleaching Quantum Yield Calculation. Quantum Yield of photodegradatiof®H,) were
calculated as a ratio of the decrease in quanfitseasitiser in a probe (mole) / amount of
photons (mole) absorbed by the proldgy, was calculated as follow (for the detailed

calculations see Hadjet al. (Hadjur et al., 1998)):

(A -A)V,
€IN,,, [[1-10% exy(—kt) [ot

0

Dy, =

Where the numerator represents the decrease itityuafrsensitiser, with Aand A standing
for the concentration of photosensitiser prior aafter irradiation respectively, andsV
standing for the volume of the sample. The denotamaorrespond to the amount of photons
absorbed by the sensitiser, whérés the photodegradation rate constant (). $or bi-
exponential decay (m-THPC photobleaching) the foatt of the curve was computed.
stands for the molar extinction coefficient (in Mam™) andl is the optical pathway (in cm).
Nen the photon flux at the excitation wavelengthis equal tol oA/Nahc(in mol photons 9),
wherelq is the incident power (in 'k ¢ is the velocity of lighth is Planck’s constant and

Na is Avogadro’s number.

1.3.3. Results and discussion

-Photobleaching characteristics of m-THPC and m-THPBC
The mTHPBC andm-THPC were incubated during 3 and 6 hours respagtim PBS-FCS
10% solution in the dark at 37C° before irradiatidhis incubation period allows to achieve
equilibrium. Figures 3.1. and 3.2. show the kinaticfluorescence emission spectranof
THPBC andn-THPC during dark incubation at 37°@-THPBC fluorescence reach a plateau
after 3 hours incubation, while time THPC fluorescence plateau is reached at 6 holnessd

time points of pre-incubation were selected fortpbteaching experiments.
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The photobleaching quantum yield of the photosaesg in PBS-FCS 10% solution are
reported in the Table 3.1.. Tlig, of m-THPBC is 5,76 x 16, +10 fold higher than the yield
for most porphyrins like photosensitisers. (e.@ ¥teld for hematoporphyrin is 4,7 x 10
(Spikes, 1992)). Furthermor@p, of m-THPC is 1,53 x 18 meaning thamTHPBC is
almost 38 times more sensitive to light than m-THPC

The photobleaching kinetics are consistent with @aorexponential decay fannTHPBC
whether they better fit a bi-exponential decay feTHPC (Figures 3.3. and 3.4.). This
discrepancy in the photobleaching decay could téated to different aggregation state in
the solutions, as has been previously demonst(agsd§ IV.1.). Incubation ofr THPBC will
result in a full monomerisation of the dye leadioga mono-exponential decay. At the same
time mTHPC remains a mixture of aggregates and monoraeen after reaching the
equilibrium (fluorescence plateau), thus resultimg a bi-exponential decay. Different
photobleaching kinetics could also be attributediféerent distribution or re-distribution of
mTHPC andmTHPBC among the constituting elements of FCS tguns, apoproteins,
HDL, LDL), and therefore have different bleachirigetics due to the presence of oxidizable
substrates or to photo-relocalisation as we alre@sgribed in the chapter 11.4.2.

Absorbance spectra evidenced photoproducts formatioon light irradiation (data not
shown). Similar to several studies (Belitchenkalet 1998; Hadjur et al., 1998) a 320 nm
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Figure 3.1. Fluorescence emission kinetic at 655 g € 422nm) of mFHPC
in PBS-FCS 10%; T = 37°C
absorbing product was detected following theTHPC irradiation, while mTHPBC
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irradiation exhibited the formation of m-THPC. Theesence of the used Type | or Type I
guenchers did not modify the phototransformatiote raf the photosensitisers (data not

shown).
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Figure 3.2. Fluorescence emission kinetic at 743 g, € 378 nm) of m-
THPBC in PBS-FCS 10%; T = 37°C

-Effect of antioxidant enzymes on photobleaching
Several studies demonstrated the production of fagiécals in addition to singlet oxygen
upon irradiation of some sensitisers (Hadjur et 94; Hadjur et al., 1997a; Hadjur et al.,
1997b). In order to test the contribution of fradicals in photobleaching o THPC andm-
THPBC, we examined the influence of antioxidantyames such as superoxide dismutase
(SOD) and catalase (CAT). SOD is known to detottify superoxide radical anion{Q and
form hydrogen peroxide @#@,) and CAT protects against,@&, (see 82.3.1. for detailed
reaction mechanisms).
Neitherm-THPC norm-THPBC photobleaching quantum yield are changeadding SOD
or CAT to the solutions. Table 3.1. presents thantum yield of photobleachingbgy) of m-
THPC andn-THPBC in different agueous solution supplementétt WCS (10%). SOD and
CAT were added to the concentration of 40 ug'nahd 45 ug mt respectively. Figures
3.3. and 3.4. demonstrate that the two tested eegyha not change the photobleaching rates

and
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Figure 3.3. Effect of antioxidant enzyme and singlet oxygererghers on tt
photobleaching of nT-HPC in PBS solution supplemented with 10% FCStitHige anc
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Figure 3.4. Effect of N, antioxidant enzyme and singlet oxygen quenchershe
photobleaching of M-HPBC in PBS solution supplemented with 10% FCStitline
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g mL*, and CAT concentration was 45 g MiBubbling with nitrogen runs duril
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the kinetic, and as a consequen®g, in the presence of SOD and CAT is not significantly
different than the contraPpy, (less than £ 5%). These results point out that feeicals are
not involved in the photobleaching wfTHPC and thenTHPBC in PBS-FCS solutions. The
results concerningnrTHPC are in total agreement with those of Hadjnd @o-workers
(Hadjur et al., 1998) who demonstrated that SOD @Ad did not change th&py, in
identical conditions. Bonne#t al. (Bonnett et al., 1999b) also showed that thesgreez
have no effect on the photobleaching yield of i@ HPC and then-THPBC in methanol or

in methanol-water (3:2) solutions.

Table 3.1. Photobleaching quantum yieldbgy) of mTHPC andm-THPBC in PBS-FCS (10%)

solutions, the numbers in the brackets repredemtvdriation ofdpy,

Dpy,
m-THPBC m-THPC

Conditions

Control 5,760 x 10™ 1,537 x 10
+SOD (40 pgmL™Y)  5,655x 10*  (-1,8%) 1,509 x 10°  (-1,8%)
+CAT @5 pgmL™") 5,967 x 10 (+3,6%) 1,516 x 10°  (-1,4%)

+Histidine* 4,327 x 10" (-25%) 8,658 x 10°  (-44%)
+DABCO* 4373x10* (-24%) 9,473x10° (-39%)
+N, 3,556 x 10 (-38%)  (-90%) (Hadjur et al., 1998)

*Concentration of Histidine and DABCO was 1 mM in m-THPC solution and 10 mM in
m-THPBC solution

-Effect of singlet oxygen scavengers on photobleaching

The singlet oxygen quenchers used in this studyDeB8CO and Histidine (for detailed
mechanisms see 8§ 2.3.2.). As seen in Table 3.linaRtyures 3.3. and 3.4. the addition of
these chemicals significantly decrease the phoachieg ofm-THPC andm-THPBC. The
Photobleaching quantum yield decrease of m-THP@ojddbtained using 1mM Histidine is
in agreement with previous studies demonstratinglai decrease (Table 4.3., § 11.4.) ranging
between 35 and 46% (Hadjur et al., 1998; Spiked2)1Bleaching om-THPC with DABCO
also undergoes an important decrease (39%) anohgstent with previous studies reported
in the literature (Hadjur et al., 1998; Spikes, 209
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Them-THPBC photobleaching quantum yield also undergodscrease of 24 and 25% when
adding histidine and DABCO, but to a less extentcampared tomTHPC or other
photosensitisers cited in the literature. One hypsis for the weak efficacy of these
guenchers (despite the higher concentration used} ®HPBC photobleaching as compared
to mTHPC photobleaching might be that threTHPBC molecule is oxidized more easily,
even with a very low amount of singlet oxygen. Tlhgpothesis is reinforced by the
observation that by bubbling nitrogen through tampgle, the bleaching rate decrease is only
38% compared to 90% fan-THPC (Table 3.1.) indicating that the small amoohtO,
remaining in the sample (2 uM instead of 22 pM)emough to provoke an important

photobleaching.

1.3.4. Conclusions

These results clearly evidence that photobleacbirigpthm-THPC andn-THPBC is mainly
mediated via Type Il reaction involving singlet @ey. The results using Type | scavengers
do not support the participation of free radicaldhe bleaching of those sensitisers in PBS-

FCS solutions.
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IV.2. In vitro study of several photobiological propertiesof m-THPC and m-THPBC.

2.1. Introduction

The objective of this study was to examine the pbiaiogical properties ol THPBC in an
in vitro model and compare them to the knawwvitro properties of then THPC. These two
sensitisers have similar structures and very cpdssophysical properties (see Chap.ll, Fig.
3.1. and Table 3.1.), however their photobiologmalperties have been reported to be very
different. The aim of this study was to better usthnd the reasons for this apparent

discrepancy in PDT efficiency of these two photcssers.

2.2. Materials and methods

Chemicals. The photosensitiserss THPC andm-THPBC were kindly provided by Biolitec
Pharma Ltd. (Edinburgh, UK). Stock solutions werad in methanol at a concentration of 3
mM, and the molecules were kept at 4 °C in the d&tkther dilution was performed in
RPMI 1640 (Gibco, Cergy Pontoise, France) suppigetewith 2% heat inactivated FCS
(PAN Biotech GmbH, Aidenbach, Germany). The finebfsensitiser concentration was 1.5
UM.

Cell culture. WiDr Human colorectal adenocarcinoma cell line waed. The cells were
maintained in RPMI 1640 supplemented with 10% heattivated FCS, penicillin (10000
Ul) and streptomycin (10000 UIl). Cells were kept 3tC° in a 5% C@ humidified
atmosphere, trypsinised and reseeded to fresh mediery 7 days. For photobleaching
experiments, cell suspension (5 X £6lls mL") were plated in 35 mm cell dishes (Corning,
Avon, France). The cells were allowed to attachh® dishes and grow for 72 hours before
being tested. WiDr cells were incubated during 24vith m-THPC or mTHPBC. Two
concentrations were used, 0.75 pM (0.5 pginL or 1.5 pM (1 pg.mt). For
photocytotoxicity assay the same protocol was wesexept for the cell concentration (500
cells per dishes).

Light sources. A laser diode emitting at 650 nm (F-System, Cohigr8aclay, France) fon-
THPC irradiation and light from a laser diode aB#8n (Ceralas PDT 739, CeramOptec
GmbH, Bonn, Germany) fan-THPBC irradiation were used. The same frontaludiéir was
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used and the incident fluence rate was 10 mW fanboth irradiation sources and the whole
dishes was irradiated.

Absorption spectra. The absorption spectra in methanol and in this eedre recorded using a
Perkin Elmer Lambda 15 spectrophotometer equippitlal an integrating sphere. The cell
suspension or the methanol solution were introduned 10 x 10 mm quartz cuvette, the
absorption was recorded from 330 nm to 800 nm.

Photobleaching experiments. Irradiation of the whole 35 mm cell culture dishess
performed and cellular fluorescence emission spegére recorded using a Perkin Elmer LS
50 B spectrofluorimeter. Excitation wavelength vweet at 378 nm and fluorescence was
recorded between 600 and 800 nm forth@HPBC photobleaching experiments; excitation
was set at 422 nm and emission was recorded beté@@rand 700 nm for thexTHPC
experiments.

Cdl survival. WIiDr survival curves were determined by colonyniation assay. 500 cells
were inoculated in 35 mm cell dishes containing rAl5of medium RPMI 1640 10% FCS.
After 3 days, cells were incubated with 1.5uM obgdsensitizer for 24 hours in the dark at
37 °C. Then the dye-containing medium was repldoethe fresh dye-free medium and the
cells were irradiated. The numbers of surviving aaldny-forming cells were scored 11 days
after incubation.

Laser Confocal Scanning Microscope (LCSM). The cells double stained with-THPC and
organelle probes were examined with a confocalrlasanning microscope (SP-2 AOBS
LCSM, Leica microsystem, Germany) equipped with &3 numerical aperture 1.3 oil
immersion objective (Leica, Germany). A pinhole Gif.64 um was used and each image
recorded contained 512 x 512 pixels. An Ar/ArKrdas/as used as excitation light at 488 nm
for all organelle probes and He/Ne laser at 633 fomm-THPC . Fluorescence of the
organelles probes was detected on channel 1 wBfA5a550nm band pass (BP) emission
filter. Channel 2 was used to detect the red flsoceace om-THPC with a 630 nm long pass
emission filter. The fluorescence images were dig in green and red ‘false’ colour output
and electronically combined to visualise colocaisain yellow. Controls (cells stained only
with mTHPC or organelle probes) were conducted in préd optimise the staining
protocol and the detecting parameters of LCSM.

Cells were incubated with 1.5 umM-THPC for 24 h, and washed with phosphate-buffered
saline (PBS) and incubated with a series of flumeest probes to determine the identity of
subcellular organelles targeted bwTHPC. For lysosomes identification, cells were

incubated 30 min with 250 nM Lysotracker green.daicker green FM was used at a final
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concentration of 0.5 uM for 30 min to identify nuteondria. To visualise the Golgi
apparatus, cells were labelled with 5 uM BODIPY Gceramide (BPC) for 30 min. The ER
was labeled with the lipophilic, cationic Di@@ye applied for 1 min at a final concentration
of 2.5 g mt. This marker, used in the concentration range J+d.énl', was reported to be
highly specific for ER and, compared to other poiescandidates, is the brightest with the
slowest bleaching rate. At the end of the douldéstg, the labelling solution was removed
by gentle rinsing with RPMI 1640 containing 25mMpgés, except for BPC were the cells
were washed with HBSS/HEPES buffer and observedonyocal fluorescence microscopy.
All the fluorescent probes were purchased from Nale Probes-Europe (Leiden, The
Netherlands).

Epifluorescence Microscope. Intra-cellular localisation om-THPBC was observed using a
epifluorescence microscope (AX 70 PROVIS, Olympesgnce) equipped with a 100 W
mercury vapour lamp. Fluorescence images were adedousing a x40 oil immersion plan
apochromatic objective, except for the images otoamondrial staining. The same
fluorescent probes were used to co-localis@HPBC in the cells, with the same protocol
except for lysotracker were the incubation conegittn was 1M and the DiQQvere the
incubation time was shortened to 30 s. The filtrused fom-THPBC detection consisted of
a 330-380 nm BP excitation filter associated wit78 dichroic mirror and a 590 nm long
pass filter. For all the fluorescent probes the esdiiters were used, the settings were a 460-
490 nm BP filter for excitation, a 505 dichroic noir and a 510-550 nm BP filter for

emission.

2.3. Resultsand discussion

Spectroscopic study

Normalised absorbance spectrareTHPC andn-THPBC in both methanol and intra-cellular
(WiDr cells) solution are displayed in the figurd 4An-THPC in MeOH is characterised by 5
absorption bands. The Soret band is at 415 nm4dpdbands at 517.5 nm, 543.5 nm, 596 nm
and 649.5 nm respectively (Table 4.1.), and thé Heght bandwidths of the Q band Auj

is equal to 307.82 cth The solution ofir THPBC in MeOH has 3 absorption bands, the
Soret band at 372.5 nm and the 2 Q bands at 51&na734 nm (Table 4.2.). Th® is
252.21 cnt. The intra-cellular spectra for both sensitisers slightly red shifted and the
Av are almost the same in MeOH and in cells. Theref@ecan conclude than-THPC and

m-THPBC are almost in the same aggregation stale®H and in the cells, namely under
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O.D. (rel. units)

monomeric form. This is in partial agreement witle bbservation of Grahet al. (Grahn et
al., 1997), who found that 60 h after incubatiorcélls as opposed to 24 h in our stuahy,
THPC had absorption spectra very similar to thosmethanol solution, while intra-cellular
m-THPBC spectra were found to be different. FerHPBC they found 2 maxima, at 740 nm
and 725 nm. They hypothesized that the photoseesitias in a different aggregation state or
intracellular location. We also observed this b&@ga5 nm) in MeOH solutions stored for
several days at room temperature and it seemyy likalt this peak corresponds to a dark

oxidation product, rather than aggregated formshaftosensitiser.
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Figure 4.1. : Ground state absorption spectr@adHPC (A) andnTHPBC (B), in MeOH (1.45 uM) or
loaded in WiDr cells (24 h incubation, 1.45 pM)

Table 4.1. : Absorbance spectra characteristios ®BHPC in methanol solution and in
WiDr cells.

m-THPC

Mool Agdnm  Agdnm  Ao/nm A g/nm Av femt

Methanol 415 517,5 543,5 596 649,5 307,82
Intra-cellular 419 516 5415 596,5 650 333,21
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Table 4.2. : Absorbance spectra characteristios ©HPBC in methanol solution and in

WiDr cells.
m-THPBC
NsoelMM  Agfnm A gy/nm Av fem?t
Methanol 372,5 516 734 252,21

Intra-cellular 377 520 740 264,99

Photobleaching

During light exposure the fluorescencerdfTHPC andm-THPBC in the cells decayed, the
decay rates being 3 to 5 times faster i@THPBC than form-THPC (Table 4.3.). This
difference is smaller than the previous result of/&set al. (Rovers et al., 2000b), reporting
a 7 fold greater rate of bleaching fmFTHPBC. Unfortunately they did not precise the cell
line neither the concentration of photosensitissedum-THPC fluorescence decay can be
decomposed in two exponential curves as demondtmténe figure 4.2., whilennTHPBC
fluorescence decay better fits a mono-exponengahy (Fig. 4.3.). This could be indicative
of a different sub-cellular localization of the pbsensitiser, or different environment, for
example bound or unbound to proteins. Such poggiltas proposed earlier for ALA-PpIX
by Moanet al. (Moan et al., 1997).

—=—- 0,5 pg/mL
—e— 1 ug/mL

F.l., r.u.
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Figure 4.2. : Decay of the fluorescencereTHPC in WiDr cells as a function of the
irradiation time. Cells were loaded during 24 hdarthe dark with either 0.75 uM (0.5
pg/mL) or 1.45 uM (1 pg/mL
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The two different concentrations of photosensiisesed give rise to different fluorescence
levels in the cells, in all probability the concetion of the photosensitisers in the cells
incubated with a 1.45 uM solution is higher thae toncentration of sensitiser in the cells
incubated with 0.75 uM. Table 4.3. presents thetgifleaching rates for two different
photosensitisers concentratioms-THPC photobleaching rates are dependent on thi@lini
concentration of the dye; the higher the initiahcentration, the higher the photobleaching
rate. While mmTHPBC photobleaching is independent of the initaihcentration of the
sensitiser, indicating that photoproducts from omaecule ofmTHPBC cannot cause the
decay of a neighbouring molecule wéTHPBC. This is a first order decay kinetic. Thus,
despite the weak difference in their structurese(dauble bound is reduced forTHPBC)
we can observe a large disparity in their photaiies.

—=—- 0,5 ug/mL
—e— 1 pg/mL
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Figure 4.3. : Decay of the fluorescencaeTHPBC in WiDr cells as a function of the
irradiation time. Cells were loaded during 24 haarthe dark with either 0.75 uM (0.5
pg/mL) or 1.45 uM (1 pg/mL

The very different photobleaching properties ofsth€ photosensitisers, especially single
exponential versus bi-exponential and first ord@cpss versus non first order kinetic, might
be indicative of different aggregation state and-sellular localisation (Ruck et al., 1990;
Strauss et al., 1998) or re-localisation patterrogM et al., 1997), or different binding

properties.
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Phototoxicity

Photocytotoxicity of both photosensitisers has bagastigated with the same photosensitiser

concentration (1.45 M), the same fluence ratent¥® cm?) and the same incubation time
(24 hours).
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Figure 4.4. : Photocytotoxicity of m-THPC (A) andTHPBC (B) on Widr cdt. The cells were incubat
with 1.45 pM of photosensitiser for 24 hours, thefice rate was 10 mW &m
The photocytotoxicity curves obtained with colowyrhing assays are presented in figure 4.4.
The LD, (Light Dose required to kill 50% of the cells) &7 J crif for them THPC and

0.7 J cnf for mTHPBC. In other words the light dose required ilb30% of the cells is 4
time higher fom-THPBC than fom-THPC.

Table 4.3. : Photobleaching rate constakis™) of mTHPC andn-THPBC in WiDr cells,

derived from fluorescence measurements (photobiegchte constants from the second
parts of the curves are shown in parentheses)

k/s*t
0,75 uM 1,5 puM
m-THPC 8,7x10° (1,0 x 109 6,4x 107 (1,1 x 10%)
m-THPBC 2,94 x 10 2,95 x 107
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Photoinactivation yield
Quantum yield of photoinactivation for each photsseser can be calculated by adapting the
formula of Berget al. (Berg and Moan, 1998%;, is equal to (1):

~ number of cells photoinactivatgdN,, )
number of photons absorbed by the chromoplﬁb;;g)

(1)

in

By taking into account the photobleaching, the nembf absorbed photonis,s can be

defined as equation (2):

s (1) = (1T), x1g, xt=1,[(1-10")dt  (2)

[ S——

Where (1-T) is the percentage of absorbed lighthatwavelength\; and |y is the incident

light irradiance ah; andt the irradiation time in second.
Considering (3) and (4) :

1-T=(1-10°) (3) ,and 1-10°=2.D (4) for D<0.02

The optical densit{p can be defined as (5):
D =¢gxc,xe™ (5)

Thereforel 5psis equal to:

| (1) = I05c02.3j(e’“)dt
0

s (1) = |0£COZ.3(—%) e

Knowing thatm-THPC initial concentration is 1.5 times higherrimaxTHPBC concentration
and using our previous photobleaching (Table 483d) photocytotoxicity (Fig.4.4.) results we
are able to compute the ratio of the relative pimatctivation yield of the photosensitisers to
the LDso (Nceis = 50%).
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At the LDso :

I abs( Bacteriochlorin)

= =6.2

I abs( Foscan)

in,rel (Foscan)

0}

in,rel (Bacteriochlorin)

This signify that in order to inactivate the samacfion of cells and in respect to the
photobleaching, thex THPC needs to absorb 6.2 times less photonsnthaHPBC.

Fluorescence Microscopy

Considering that the intra-cellular localisation thfe photosensitiser can influence the
photobleaching and the phototoxicity outcome, weehbeen interested in the sub-cellular
localisation ofmTHPC andmTHPBC. The study was performed with the same incobat
time (24 h) we used for the photobleaching andptictocytotoxicity experiments.
Intra-cellular localisation of the two photosersstis was performed by using confocal
microscopy formrTHPC and epifluorescence microscopy fmkTHPBC, the confocal
microscope was equipped with a non removable duikar at 700 nm (I.R. filter), therefore
localisation experiments ot THPBC was not possible with confocal microscopeTHPBC
emission wavelength is at 740 nm).

Confocal fluorescence images of the double stam&Br cells with mTHPC and the
organelle markers are displayed in the Figures #.51.8. For each figure, the upper row
corresponds to the image wiTHPC in red and the organelle probe in green, dkaest row
displays the overlapped images and the microsgkatronetric topographic profile of a
selected area (green line on the overlapped picture

After 24 hours of incubatiomTHPC presents a cytoplasmic distribution withowstribbution

in the nucleus. Co-staining with organelle probes warried out in order to determine the
sub-cellular localisation of the photosensitisertdtlacker greenNex= 490 NnmA¢n= 516 nm)
was used to stain the mitochondria (Fig. 4.5.) #r& images and the spectrofluorimetric
profile do not favoum-THPC accumulation in the mitochondria. To assessoitedisation of
m-THPC in the Golgi apparatus cells were loaded BBC (\ex= 505 nm;Aen= 511 nm)
(Fig. 4.6.), the co-localisation pattern of bothrkess indicates tham-THPC does not
accumulate in the Golgi apparatus. Lysosomal logdie was assessed with lysotracker

green Aex= 504 nm;Aen= 511 nm) and figure 4.7. points out that the stgrpattern of
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lysotracker andn-THPC partially overlap suggesting a slight co-laaion ofm-THPC in
lysosomes. Finally, we have used DiOQg& 484 nm;Aer= 501 nm) to stain the ER (Fig.
4.8.), and a clear overlapping of the spectra Umasra co-localisation oh- THPC in the ER.
mTHPBC was distributed in compartments in the cydepl outside the nucleus. We have
used the same 4 organelles probes as in#i@¢iPC study. The results are shown in the
Figures 4.9. to 4.12. The figures are presentedhensame way as+rTHPC except for the
microspectrofluorimetric profile which can not bebtaned with a conventional
epifluorescence microscope. The intra-cellular aalisation profile ofm-THPBC seems to
be rather different compared ke THPC. Them-THPBC has a weak localisation in the ER
(Fig. 4.9.), whereasn-THPC has a strong distribution in the latter. AleTHPBC was
observed to localise slightly in the Golgi appasatind the lysosomes (Fig. 4.10. and Fig.
4.11.). The unexpected results was a rather goodnmadation of mTHPBC in the
mitochondria, whilen-THPC did not outline any localisation in the mioodria (Fig. 4.12.).
This different localisation pattern betweeATHPC andm-THPBC is an important factor that
could influence the photobleaching kinetics and phetotoxicity of the dyes, in so far as
mitochondria are a key element in the cell deatblrarism.

Thein vitro localisation of then-THPC has long be a subject of discussion. Sevéardies
from our laboratory underline a ER and Golgi loaien in MCF-7 cells with 3 hours of
incubation time (Teiten et al., 2003), and ER antbechondrial accumulation with HT 29
cells, also after 3 hours of incubation (Melnikostaal., 1999a). Some other publications
report lysosomal localisation (Colo 201 cells, 2ifs of incubation) (Leung et al., 2002). A
recent study of our laboratory demonstrates a adikation ofmTHPC during incubation. In
the early time of incubation (3 hours) the phots#éser is distributed in most of the
organelles (ER, mitochondria and Golgi) except yls@3omes. During the incubation period
from 3 to 24 hours (3-6-9-12-24 hours) THPC gradually relocalises from other organelles
and accumulates mainly in the ER. These findingsth@gewith the results reported in the
literature clearly demonstrate that the photosesesitocalisation is highly dependent on the
incubation time and the cell lines.

To our knowledge no reports have been made on thealular localisation om-THPBC.
Considering the weak difference in the structuréheftwo molecules it could appear unusual
to find a different localisation pattern, but knogithat the redistribution om-THPBC
among the proteins in solution is longer than fafTHPC (Sasnouski S., personal
communication), it is possible to imagine a diffarendocytosis pathway and redistribution

kinetic along the organelles, and eventually aeddht sub-cellular distribution of those two
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photosensitisers. Nevertheless, it appears eskéatiearry outm-THPBC co-localisation
experiments with a laser scanning confocal micrpsctm confirm the results observed by

epifluorescence microscope.

2.4. Conclusions

As we have shown in the absorption studies in Me®H in vitromTHPBC andm-THPC

in WiDr cells are both under monomeric forms. Néveless their photobleaching kinetics are
very different. nTHPBC follows a first order, mono-exponential deoatile m-THPC
follows a bi-exponential non-first order decay. Tgtetobleaching rates have been shown to
be 3 to 5 times faster fonTHPBC and the photocytotoxicity experiments reved times
higher toxicity for mTHPC than for mTHPBC. Knowing the photobleaching and
photocytotoxicity of both photosensitisers we haveen able to compute the
photoinactivation vyield ratio. This value represetite photocytotoxicity of both
photosensitisers by taking into account their regpe photobleaching, therefore it gives a
good estimation of the absolute phototoxicity a# tholecules. This calculation reveals that
m-THPC is 6.2 times more photoactive the#THPBC. Therefore we have been interested in
the intra-cellular localisation pattern of the pisEnsitisers to explain the different observed
photobleaching, phototoxicity and photoinactivatadrine two molecules.

The intracellular localisation pattern after 24 hubation demonstrate an accumulatiomef
THPC in the ER whereas-THPBC mainly localises in the mitochondria. Therefdarseems
that damaging the ER does not have the same outasm@naging the mitochondria.

Taken as a whole the results presented in this ehapimonstrate a good photocytotoxicity
for mTHPBC, and a fast first order photobleaching. Thiusse observations are particularly

attractive in terms of therapeutic ratio and sel@gtof the treatment.
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Figure 4.5.: Subcellular localisation oftTHPC in WiDr cells (145uM, 24 hout
incubation). Mitochondria was stained with mitokecgreen (0.5 uM).
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Figure 4.6.: Subcellular localisation oft THPC in WiDr cells (1.45uM, 24 hot
incubation). Golgi was stained with BPC (5uM).
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Figure 4.7.: Subcellular localisation oftTHPC in WiDr cells (1.45uM, 24 hot

incubation). Lysosome was stained with lysotrackeen (250 nM).
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Figure 4.8.: Subcellular localisation oft THPC in WiDr cells (1.45uM, 24 hot
incubation). ER was stained with Di@.5 pg mLh).
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Figure 4.9.: Subcellular localisation @it THPBC in WiDr cells (1.45uM, 24 hot
incubation). Endoplasmic reticulum was stained Wit®Cg (2.5 pg mLY).
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Figure 4.10.: Subcellular localisation ofi THPBC in WiDr cells (1.45uM, 24 hou
incubation). Golgi apparatus was stained with BB@N).
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Figure 4.11.: Subcellular localisation off THPBC in WiDr cells (1.45uM, 24 hot
incubation). Lysosome was stained with lysotragkeen (1uM mLY).

88



Figure 4.12.: Subcellular localisation ofi THPBC in WiDr cells (1.45uM, 24 hot
incubation). Mitochondria was stained with mitokacgreen (0.5 uM).
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IV.3. In vivo evaluation of m-THPBC

3.1. Introduction

Few in vivo studies deal with the comparison of pitodynamic activity and the necrosis
volume ofmTHPBC-PDT compared to other active photosensitiddeset al., 1996; Rovers
et al., 2000a; Rovers et al.,, 2000b). In this pzfrtthe work we have compared the
biodistribution, pharmacokinetics and photobleaghimvivo of mTHPBC andm-THPC. m-
THPBC has a strong absorbance in the red region (740 and),with regard to the weak
absorbance of tissues at this wavelength, thigofleomising therapeutic perspectives for
PDT of deep tumours and pigmented tissues. Therefer®cused some part of our study on

the liver.

3.2. Materials and methods

Photosensitisers. mTHPBC andm-THPC were obtained as gifts from Biolitec Pharmd. Lt
(Edinburgh, UK). 2 mg mt: stock solution were prepared in methanol and kefite dark at
4°C. Mice were injected with 50pL of sensitiserusiain (in PBS) at 0.5 mg Kgin the tail.

Animal model. Human colon adenocarcinoma cell lines, WiDr , evased in the present
study. WiDr cell{~5 x 10°) suspended in 0.04 ml of PBS were subcutaneomghanted in
the flank of the mice. Non necrotic tumour mateoatained bysterile dissection of large
flank tumours was gently minced with sterile surgical blade to make a tumour-tissue
suspension, 0.02 ml @fhich was then injected into the dorsal side ofrilgat hindfoot of
each syngeneimouse. At this site the tumour was easiicessible to treatment and to
assessment of response. Experiments were perforniesh wumours reached a surface

diameter of about 4-5 mm, and a thickness of 2-3 mm

Fluorescence measurements. Skin pharmacokinetic, biodistribution and phog&zahing ofm-
THPBC andmTHPC were assessed by light-induced fluoresceneetrgiscopy (LIFS) by
the means of a Perkin Elmer LS 50 B spectrofluormetquipped with a commercially
available optic fibre (Perkin Elmer, Ref L225014EXcitation wavelength was set at 378 nm
and fluorescence was recorded at 740 nm rfefHPBC. For mTHPC experiments,

excitation was set at 422 nm and emission was dedaat 650 nm.
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Optical penetration depth in the liver. The light from a broadband xenon arc source was
guided to the tissue. On the opposite side ofigdsai¢ a light collecting fibre was positioned
at a known distancesfrom the end of a quartz rod and without applysignificant pressure,
the spectrum of light penetrating a lobe of thediwas measured. As shown in the inset of
the figure 5.2. the light intensity collected byetfibre decreases in an exponential manner,
and the penetration depthn be calculated from the slopes at all wavelengithin the lamp
spectrum. The penetration dedhs defined as the depth at which the irradianceedsiced
from 1 to 1/e. The fibre optic set-up, using a comuiadly available spectrofluorimeter
(Perkin Elmer LS 50 B), is described in the Figurk %for the detailed set-up see (lani et al.,
1996)).

Light sources. The light source used for photobleaching experimai mTHPC was a
CureLight BroadBand (Photocure, Norway), with anssmn spectrum is 570-670 nm. The
same light source with different filters was usedthem-THPBC irradiation (see chap. IV.1

for the details). The incident fluence rate was 38 om? for both wavelengths.

Spectrofluorimeter

/ /,/

Emission ‘

Quartz fiber

I

Tissue

Quartz rod

/
>®\
/ ‘—/EL'_ 1000 w Xe-Hg lamp

Micrometric screw

Figure 5.1. : Set-up for the determination of tp&aal penetration deptih the liver in
Vivo.
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3.3. Results and discussion

Light penetration in the liver.

The Figure 5.2. clearly demonstrates the interesistoa far red excitation wavelength in the
treatment of liver pathologies. The light penetnated 650 nm in a human ear is 3.6 mm
(Moan et al., 1998a), in a WiDr tumour grown in @da mouse it is 2.2 mm (Moan et al.,
1998b) and due to the pigmentation of the liverlifjlet penetration depth at 650 nm is 0,69
mm. This light penetration in the liver reaches &gh at 740 nm, with a 30% better
penetration of light at 740 nm as compared to 680 n

Moreover the mouse liver presents a small areauadrd/40 nm which has a low tissue
absorption. This makes the usen®efTHPBC even more attractive than bacteriochloroghyll
for example with an absorption band at 770-780 nm.

The shoulder around 500-600 nm is probably due ¢éoabhsorption of haemoglobin and
bilirubin. One can notice another shoulder arous@ wm. The absorbing species at this

wavelength is unknown.
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Figure 5.2. : Intensity of transmitted light thrdutpe liver of a BALB/c nude mice in vivo.
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Biodistribution.

The biodistribution of thenTHPBC and then-THPC in BALB/c nude mice is presented in
Figure 5.3.m-THPBC and mTHPC fluorescence emission has been normaliseldeirskin
and autofluorescence for each organ were subtracted

Both photosensitisers were absent from the braiis ihn agreement with several studies on
m-THPC biodistribution (Ronn et al., 1997; Whelptdnaé, 1996). It also confirms that-
THPBC is not able to pass through the blood-bramdra The maximum of fluorescence was
found in the tumours 2 times more than in the skin and! times more than in the muscles,
in all probability representative of a good accuatioh of the photosensitisers in the WiDr
tumour. mTHPBC andm-THPC almost have the same distribution in othedistli organs
except for the lungs and the liver whemeTHPBC fluorescence far exceedsTHPC
fluorescence. This last observation bolsters tha tdlatmTHPBC is a good photosensitiser
to treat liver disease. Due to the pigmentation #redabsorbance of the liver, these LIFS
results need to be confirmed with another techniqdbemical extraction and elastic
scattering spectroscopy (ESS) study of the biobistion of m-THPBC is carried out at the
present time in our laboratory, and this study mord the accumulation of this

photosensitiser in the liver (Marchal F., persarmhmunication).

60
m-THPBC

m-THPC

40

F.l. (a.u.)

Figure 5.3. : Biodistribution ai+THPC andn-THPBC in a BALB/c nude mice after
the injection of 0.5 mg kfof photosensitisers.
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Skin Pharmacokinetics.
Skin fluorescence of BALB/c nude mice was inveggdaby LIFS during 9 days following
photosensitisers administration (Fig. 5.4.). Flsoesce kinetics of both photosensitisers are

almost superimposable, with a fluorescence emigseak at 72 hours.
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Time (hours)

Figure 5.4. : Fluorescence intensitynrofTHPC andn-THPBC in the skin of a BALB,

nude mice after the injection of 0.5 mg'kof photosensitisers.
In the chapter IV.3. we have shown that the fluceese emission in PBS-FCS 10% solution
reaches a plateau 6 hours after the introductian-@HPC (Fig. 3.1.), while the equilibrium
was reached 3 hours after the additionnefHPBC (Fig. 3.2.). Also a rather different
redistribution rate among the plasma proteins gxigt the two sensitisers (Sasnouski S.,
personal communication). Our present results seesuggest that redistribution rates of the

photosensitisers in the plasma proteins does fiaeimce the skin Pharmacokinetics.

Photobleaching.

Photobleaching om-THPC andmTHPBC was investigated in the skin of BALB/c nude
mice 24 h after injection of 0.5 mg k@f photosensitisers. Experiments were carried gift w
alive or dead mice to underline the oxygen effecphotobleaching in vivo. The figures 5.5.
to 5.8. display the photobleaching curves in thie sk the mice of both photosensitisers for
the alive and dead mice and the Table 5.1. sumnsattizedifferent photobleaching rates. One
can notice that irrespective of the sensitisers el status of the mice photobleaching
kinetics rather fit a bi-exponential decay, sugggsthat the two photosensitisers are both

under monomeric and an aggregated farwvivo 24 hours post injection.
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Table 5.1. :Photobleaching rate constantg/s(’) of mTHPC and m-THPBC ir
BALB/c mice (photobleaching rate constants from sieeond parts of the curves
shown in parenthese

Alive Dead
m-THPC 2,63x 107 (2,88x10%) 4,20x 10°%  (2,05x 10
m-THPBC 1,02x 100 (2,84x10?) 1,58 x 107 (1,94 x107%)

In vivo photobleaching rate ot THPBC appears to be 4 times higher than thah-GiHPC

for the first part of the curve and 10 times higfarthe second exponential. These in vivo
results are not so different as the in vitro resbliained on WiDr cells (Chapter 1V.2.) where
photobleaching rates were found to be around 33didhes faster fomTHPBC than fom-
THPC. Roverst al. (Rovers et al., 2000b) reporima THPBC photobleaching rate 20 times
that of mTHPC in a Colo26 tumour bearing mice model. Thisgdardifference in
photobleaching rate (20 times versus 4 times) nmiightlue to the model used or to the fact
that molecules concentration are very differen8 @d 1.2 mg kg for m-THPBC andm-
THPC respectively) in the above mentioned study.

The blood flow in the dead mice is stopped as istthaesport of oxygen to the tissues,

therefore the tissue oxygenation is lower. Congtsteith low oxygen levels, our results
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Figure 5.5. : Decay of the fluorescencaeTHPC in mouse skin as a function of the
irradiation time.
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demonstrate a 6 fold decrease in the photobleachieg for both photosensitisers in the dead
mice compared to the alive mice. This result denrates the implication of the oxygennm
THPC andn-THPBC photobleaching vivo. Thesean vivo results confirm our data obtained
in solution showing the implication of the moleaulaxygen in the photobleaching of
THPBC (chapter 1V.1.3.).
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Figure 5.6. : Decay of the fluorescencereTHPC in dead mouse skin as a function of
the irradiation time.
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Figure 5.7. : Decay of the fluorescenceyeTHPBC in mouse skin as a function of the
irradiation time.
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Figure 5.8.: Decay of the fluorescenceneiTHPBC in dead mouse skin a
function of the irradiation time.

3.4. Conclusion

The rationale for taking advantage of the phototiverag effect is that since the level of
sensitisers in normal tissues is lower than thaumours (Fig. 5.3.), it may be possible to
inject the sensitiser at a low dose, so thatphistobleached before it is able to cause any large
photodynamic damage to normal tissue. The tumoanyelver, in which the concentration
of the sensitiser is higher, may be completely phctivated. Another advantage of the
photobleaching is that the two photosensitiseretiag same distribution kinetic in the skin
(Fig. 5.4.), and according to the higher photolieag rates ofm-THPBC, we can
hypothesise that skin photosensitivity fidTHPBC will be less than fanTHPC.
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Figure 5.8.: Decay of the fluorescenceneiTHPBC in dead mouse skin a
function of the irradiation time.

3.4. Conclusion

The rationale for taking advantage of the phototiverag effect is that since the level of
sensitisers in normal tissues is lower than thaumours (Fig. 5.3.), it may be possible to
inject the sensitiser at a low dose, so thatphistobleached before it is able to cause any large
photodynamic damage to normal tissue. The tumoamelver, in which the concentration
of the sensitiser is higher, may be completely phctivated. Another advantage of the
photobleaching is that the two photosensitisereliag same distribution kinetic in the skin
(Fig. 5.4.), and according to the higher photolieag rates ofm-THPBC, we can
hypothesise that skin photosensitivity fidiTHPBC will be less than fanTHPC.
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V GENERAL DISCUSSION

Light exposure of photosensitisers results in angkain their absorbance and fluorescence
spectra, demonstrating a photodegradation and photformation of the molecules. This
might be seen as a disadvantage, since tumourudgstr will be incomplete if the
photosensitiser bleaches too rapidly during illumtion (Mang et al., 1987; Moan et al.,
1984). On the other hand, the unwanted damagesartounding healthy tissue caused by
PDT can probably be kept at tolerable level, if tingected drug dose is due to be
photodegraded before it has been able to causdaegy damage. Assuming that tumours
contain much larger concentration of photosensitisen the normal tissues surrounding the
tumour, complete tumour inactivation could be expecwithout excessive side effects. As
today, the development of dosimetry for PDT hasmhb@ainly focused on the dosimetry of
light and administered dose of photosensitisehd@lgh important progress has been made in
this area during the last decade, state-of-théegnt dosimetry is still not a reliable predictor
of the therapeutic PDT effect. All the recent dasirp models are only taking into account
the initial photosensitizer concentration. Wilseinal. introduced a new concept (Wilson et
al., 1997b), named implicit dosimetry which recommeed to use photosensitiser
photobleaching as an index of the effective deéidedose. Therefore understanding the
photodegradation mechanisms and the photoproducteafion of a photosensitiser is

necessary to adapt the photodynamic dose and impihevtreatment.

The photosensitiser aggregation state is an impofiald, which has been extensively
studied. It is now well established that monomerd aggregates of photosensitisers have
different photophysical, photobiological and phgtotoxic properties (Aveline et al., 1995;
Belitchenko et al., 1998; Brown et al., 1976; Maitget al., 1983). Inside tissues or cells
photosensitisers can have different aggregatidest&lopkinson et al., 1999; Kelbauskas and
Dietel, 2002). It has also been demonstrated itudysof our group, that in the presence of
large amount of plasma proteins, a fractiomeTHPC still remains in an aggregated form
(Sasnouski et al., in revision). Therefore we itigaged the photobleaching propertiesnef
THPBC in two different solutions. We used freshigparedm-THPBC solution in PBS-
HSA, corresponding to an aggregateelHPBC state and a PBS-HSA solution incubated
during 6 hours corresponding to monomeric or botngrotein states. These two solutions

can be considered to reproduce the biological tsttaaThe photosensitiser concentration of
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1.5 uM was chosen so as to be comparable to theogdmsitiser plasma concentration.
AggregatedmTHPBC photobleaching follows a mono-exponentiacaje whereas the
incubated solution corresponding to a mix of aggteg and monomers displays a bi-
exponential fluorescence decrease. The rapid hlegcportion was attributed to the
monomers and the slower to the aggregated formsaseported in several studies for other
photosensitisers (Moan et al., 1997; Strauss et18B8). Thus, the results of this study
demonstrated that the photobleachingnefHPBC was highly dependent on the aggregation
state of the molecule.

Zeng et al. (Zeng et al., 2002) demonstrated that photoprodachation dramatically
improved the prediction of skin necrosis comparedlight dose alone and as such
photoproduct formation was identified as the besgle parameter for predicting the PDT
outcome. In addition, if the photoproduct also psses photosensitising properties it is
possible to improve the PDT efficiency by applyihgo wavelengths corresponding to
excitation wavelengths of both the parent sensitisel its photoproducts (Rotomskis et al.,
1998). We investigated the photoproduct formatigioWwing the irradiation om-THPBC in
two different aggregation states. Identification tbe photoproducts consecutive to the
irradiation of mMTHPBC was performed by mass spectrometry, alondy wpectroscopy.
Hydroxylated compounds were detected irrespectifethe aggregation state of the
photosensitiser, with a much lower amount of hygitated product for aggregated THPBC
solution. This is likely due to the scarcity of raolilar oxygen in the aggregates or because of
the low accessibility of singlet oxygen tmTHPBC. Photosensitiser molecules in the
aggregated form are less subject to phototranstoomand photodestruction. After the
irradiation, mass spectrometry results demonstratddcrease of the signal corresponding to
m-THPC, in opposition to the spectroscopic studyshg an increase of the peak intensity
corresponding ton-THPC. This demonstrates that the main photoproftuoted is di-hydro
di-hydroxylatedm-THPC, which has almost the same spectrophotomeatacacteristic asr
THPC (Kasselouri et al., 1999) but a very differereiss spectrometric signal/g + 34). This
points out the limitations of spectroscopy techesuWe have emitted the hypothesis that the
photobleaching behaviour oft THPBC is strongly dependent on available oxygexeéd,
oxygen replacement by nitrogen in m-THPBC soluticonsiderably diminished the
photoinduced decay. Therefore we investigatedrihelvement of reactive oxygen species in
m-THPBC photobleaching in monomerised solution us2@S scavengers amatTHPC as a
reference molecule. DABCO and Histidine, two sihgbxygen quenchers, inhibitegh
THPBC andn-THPC photobleaching, indicating that Type Il matkens are involved in the
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bleaching of both photosensitisers. Type | scaven@gatalase and Superoxide dismutase did
not protect photosensitisers against photobleachHihgse results are in agreement with the
study of Bonnett et al. (Bonnett et al., 1999b) destrating the involvement of singlet
oxygen in themTHPBC photobleaching in methanol. In timevivo part of our experiments
we also demonstrated that molecular oxygen is redquor the photobleaching o+ THPBC
and mTHPC. Photobleaching experiments on alive and dead demonstrated, that the
photobleaching rates fanTHPBC and form-THPC were diminished 6 fold for dead mice,

due to reduced oxygen levels.

In the second part of our work, we compared sey@ratobiological properties ot THPBC
and mTHPC in vitro. The first step was to examine the aggregatiorie stf the
photosensitisers in the cells. Matching absorpsipectra oinTHPBC andmTHPC in cells
and comparing them with methanol reference specive, deduced thatrTHPBC andm-
THPC were mainly under monomerised form in the Wdells 24 hours after incubation.
Despite the same aggregation state, the obsenadlgbaching kinetics were very different.
m-THPBC follows a first order, mono-exponential deoahile mTHPC follows a bi-
exponential non-first order decay. The photobleaghrates have been shown to be 3 to 5
times faster fom-THPBC and the photocytotoxicity experiments denti@ts a four times
greater LBy for mTHPBC. In order to compare the “theoretical” atfircy of the two
compounds we have computed the photoinactivatield yneasured as the integrated number
of photons absorbed by each photosensitiser, themplicating the photobleaching in the
photocytotoxicity. The photoinactivation yield m@tievealed thatn-THPBC needs to absorb
6 fold more photons to induce the same cell phatdimation. Since these two
photosensitisers had the same quantum yield ofledixygen formation (Bonnett et al.,
1999a), we put forward the hypothesis that the photosensitisers have different cell
localisation sites. The intracellular localisatipattern after 24 h incubation studied by
confocal fluorescence microscopy and microspectooinetry demonstrates even better
accumulation omTHPC in the ER, compared to previously shown tssofl our laboratory
(Teiten et al., 2003), whereas THPBC as assessed by epifluorescence microscopyyma
localises in the mitochondria. Therefore it seelvst damaging the ER does not have the
same outcome for the cell survival as mitochondtaahaging. To draw a final conclusion we
need to confirm the mitochondriegll localisation oin-THPBC by confocal microscopy and
microspectrofluorimetry. Furthermore this differdotalisation pattern could help to explain

the different photobleaching kinetics. Consisteithviocalisation, the bi-exponential decay
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for mTHPC can correspond to the bleaching of the mddecutwo different environments
compared tan-THPBC which bleach in the same environment. Tak®@ whole the results
presented in thin vitro part of the work demonstrate a good photocytotoxfor m-THPBC,
along with fast first order photobleaching. Thedsayvations are particularly attractive in
terms of therapeutic ratio and selectivity of theatment. We further investigated timevivo
photobiological properties are as promising adrihatro properties.

m-THPBC has a strong absorbance in the red region (740ameh)with regard to the weak
absorbance of tissues at this wavelength, thigofkeomising therapeutic perspectives for
PDT of pigmented tissues. Several studies alreayodstrated an increase necrotic area
using mTHPBC in tumours (Bonnett et al., 1989) and lifBovers et al., 2000a) after
irradiation at 740 nm. A study of light penetrationthe liver showed a 30% increase of light
penetration at 740 nm compared to 652 nm and mg@f volume it corresponds to a 120%
increase. We also investigated the biodistribubbm-THPBC andm-THPC in the different
organs of the mice, demonstrating a large accumulaff the photosensitisers in the tumours
for both photosensitisers and a larger accumulaifon-THPBC in the liver. ThenTHPBC
skin pharmacokinetics reveal the same profilenaBHPC with a maximum peak at 72 hours
after injection. We further examined photobleachoign- THPBC andm-THPBC in the skin

of the mice and irrespective of the sensitiserdufige bleaching kinetics better fit a bi-
exponential decay, suggesting that the two photogsers are both under monomeric and
aggregated formis vivo 24 hours post injectiom+THPBC was found to bleach 4 to 10 times
faster tharm-THPC and this photobleaching profile could haveamant consequences. We
observed tham-THPBC was present at higher concentrations inttimours than in the
surrounding healthy tissues, as do many othersophositisers (Whelpton et al., 1995;
Whelpton et al., 1996). Also, oun vitro results demonstrate a fast first order kinetic
photobleaching meaning that the photobleaching nateindependent of the initial
photosensitiser concentration in the tissue. Thesassume that the photobleaching rate
constanin vivo will also be subjected to a first order kinetiti§ characteristic, together with
the higher concentration in tumours tissues as sgghao healthy tissues and the fast
photobleaching, offer the possibility to reduce tdomcentration om-THPBC in the normal
tissues to a level below the photodynamic threshetdle sufficient sensitiser could remain
in the tumour to sensitise its photodestructioneréfore usingn-THPBC at an appropriate
concentration could increase the therapeutic @atit protect normal tissue from irreversible

damages.
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It has also been suggested that photobleachingl dmulised to decrease the concentration of
photosensitiser in the skin and thus shorten thiegef photosensitivity in patients following
PDT (Roberts et al., 1989). This is actually carut in clinical context. After a PDT
treatment the patient is allowed, and even recondietiio expose himself to a low dose of
light and gradually increase light exposure ungiclk to normal (Biolitec Pharma Ltd,
Foscan®, light exposure guidelines). We have regothat skin pharmacokinetic ofi-
THPBC had the same characteristicsma$HPC and that skin photobleaching was 4 to 10
times faster fomTHPBC compared to+ THPC. These observations are promising regarding
the skin photosensitivity duringrTHPBC-PDT treatment, since we are expecting a much
shorter skin photosensitivity than forTHPC. The high molar extinction coefficient at 740
nm of mTHPBC compared tanTHPC excitation wavelength enables an increasthén
treatment volume by 120% in the liver and this rigk even higher for less pigmented
tissues. Taken as a whole, the expected high teetiapratio, the low skin photosensitivity
and the far-red excitation wavelength make3HPBC a very attractive photosensitiser and

these findings might have potential clinical relese.
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VI CONCLUSION AND PERSPECTIVES

The examination of mTHPBC photobleaching in solution demonstrate a fast decrease of
fluorescence and absorbance with irradiation, with a faster decrease of fluorescence attributed
to the preferential photobleaching of the fluorescing monomer forms. For a solution of
monomeric and aggregated m-THPBC species the photobleaching was found to be bi-
exponential. The rapid portion was attributed to the photobleaching of monomeric species and
the slow portion to the bleaching of aggregated portion. Aggregated solution of mTHPBC
display a mono-exponential decay with a photobleaching rate equivalent to the one of the
slow portion of the bi-exponential decay. Analysis of photoproducts formed after m-THPBC
irradiation in phosphate buffer solution supplemented with proteins, assessed by UV-Vis
spectroscopy and mass spectrometry demonstrated that m-THPBC was phototransformed into
m-THPC and its hydroxylated derivatives and that photoproduct transformation was
significantly influenced by m-THPBC aggregation state.
* Perspectives:

The photosensitisers in vitro and in vivo are known to be partly under aggregated state and
partly monomerised, photobleaching of m-THPBC could gives rise to a sizeable amount of
m-THPC. Therefore of it should be important to test if double wavelength irradiation (739
nm for m-THPBC activation, plus 652 nm for m-THPC activation) could improve the PDT
treatment.

Mass spectrometry analysis enable the characterisation of the photoproducts formed after m-
THPBC irradiation, it has been demonstrated that the main photoproducts where di-
hydroxylated compounds such as di-hydroxy m-THPC, in opposition to spectrophotometric
results showing photoformation of m-THPC due to the limitation of this technique in the
discrimination of the hydroxylated products.
* Pergpectives:

It could be interesting to isolate a sufficient amount of these hydroxylated products by
chromatographic techniques to be able to test their photobiological properties such as their

absorbance and fluorescence properties together with their photocytotoxicity.
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Then we studied the involvement of reactive oxygen species in m-THPBC photobleaching in
monomerised sensitiser solution using ROS scavengers and mTHPC as standard molecule.
Singlet oxygen guenchers inhibited mTHPBC and m-THPC photobleaching, indicating that
Type Il mechanisms are involved in the bleaching of both photosensitisers. Type | scavengers
did not protect photosensitisers against photobleaching.
* Perspectives:

Contribution of singlet oxygen in the photobleaching of mTHPBC has been demonstrated for
monomerised or bound to proteins mTHPBC. It could be interesting to study the involvement
of ROS for aggregated photosensitiser. We have emitted the hypothesis that due to the
scarcity of molecular oxygen in the aggregates or because of the low accessibility of singlet
oxygen to the mTHPBC, the photosensitiser molecules under an aggregated forms are less
impacted by phototransformation and photodestruction. Therefore, it may be possible to know
whether the photobleaching slow down is due to the difficulty for oxygen singlet to go inside

the aggregates or if the mechanism involved is Type | dependent.

In vitro mTHPBC photobleaching was found to be afirst order kinetic and to be 3 to 5 times
faster than the non first order m-THPC bleaching, and the photocytotoxicity of mTHPBC was
high (LDsois 0.7 J cm™). It makes this photosensitiser attractive in terms of therapeutic ratio
and protection of healthy tissues. The intracellular localisation pattern after 24 h incubation
studied by confoca fluorescence microscopy and microspectrofluorimetry demonstrates an
accumulation of mTHPC in the ER, whereas mTHPBC as assessed by epifluorescence
microscopy mainly localises in the mitochondria.

* Perspectives:
It appears essential to carry out mTHPBC co-localisation experiments with a laser scanning
confocal microscope and microspectrofluorimeter to confirm the observed results by
epifluorescence microscope, and therefore be as reliable as the mTHPC localisation
technique.
Also mTHPBC could serve as a good model to perform experiments on cell death
mechanism after PDT treatment, since this sensitiser localises in the mitochondria. The
modality of cell death following m-THPBC photosensitization should be further explored.
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The in vivo results investigate the biodistribution by LIFS of mTHPBC and mTHPC in mice
and demonstrated a large accumulation of the photosensitisers in the tumours for both
photosensitisers and a larger accumulation of m-THPBC in the liver. Light penetration in the
liver a8 mTHPBC excitation wavelength has been demonstrated to be 120% larger (in
volume) than at mTHPC excitation wavelength. We have shown that skin pharmacokinetic of
m-THPBC had the same characteristics as mTHPC and that skin photobleaching was 4 to 10
times faster for m-THPBC compared to m-THPC.
* Pergpectives:

In the view of these results, we proposed to realize pre-clinica study of mmTHPBC-PDT
treatment on models such as hepatocarcinoma or liver metastasis. Also, skin photosensitivity
following the treatment should also be evaluated, with the approach of minima erythema

doses.
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APPENDIX

French Summary

Introduction

La Thérapie photodynamique est devenue une modidittaitement de certaines maladies
cancéreuses et non cancéreuses. Le traitement Sttbase sur la présence d’'une molécule
avec des propriétés photosensibilisantes et déidattian tumorale, de lumiere et d’oxygéene.
Séparément ces trois éléments sont inoffensifss pauivent acquérir un pouvoir destructeur
lorsqu’ils sont administrés de fagon concomitante.

Une dosimétrie précise est nécessaire pour as$efBcacité et la reproductibilité du
traitement. Il est largement accepté que l'espesmurant I'efficacité du traitement est
'oxygene singulet et qu'il résulte de lirradiatiod’un photosensibilisant a une longueur
d’'onde appropriée. Les variations de plusieursmatees au cours du traitement tels que : la
concentration et la localisation du photosensiits ainsi que les propriétés optiques des
tissus font de la dosimétrie un élément tres diéfia maitriser.

La mTHPBC est photosensibilisant de seconde générasippartenant a la famille des
tetraphenylchlorines. Bien que beaucoup de pr@wides photosensibilisants appartenant a
cette famille soient connues, les propriétées deHBHPBC ont été tres peu étudiées. Le
premier objectif de cette étude a été d’évaluerplepriétés de photoblanchiment denta
THPBC en solution. Puis nous avons effectué urattanw vitro afin de comparer certaines
propriétés de la+xTHPBC avec celles de laTHPC.

Introduction Bibliographique

1. Généralités

La thérapie photodynamique (PDT) est un traitenadtetrnatif employé a des fins curatives
pour des tumeurs solides de petites tailles, tejlesles tumeurs du poumon, vessie, téte et
cou, cesophage, et de la peau. Elle est aussiatiéisvisée palliative dans le cas de grosses
tumeurs infiltrantes ou récidivantes.

Cette technique est basée sur l'activation par Ueidre d’'une molécule, appelée
photosensibilisant, se répartissant de maniereopdgante dans le tissu néoplasique (Kessel

and Woodburn, 1993). Le photosensibilisant nondguogia I'obscurité, génére sous I'effet
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d’une irradiation lumineuse des processus photacpies produisant des especes chimiques

cytotoxiques.

Trois mécanismes essentiels sont impliqués datsdauction tumorale par PDT (Dougherty
et al., 1998; Peng et al., 1996 ) :

(i) destruction directe des cellules tumoralesnséquence de l'altération des fonctions des
organelles cellulaires et des systemes biomembiemngiar effet direct de la PDT ; (ii)
destruction indirecte des cellules tumorabtps se produit par la destruction premiere de la
néo-vascularisation tumorale ; le processus est par I'hypoxie et finalement aboutit a la
mort des cellules néoplasigues dans la tumeuy;d@struction par effets immunologiques
parce que la PDT cause la libération de cytokinetaritres médiateurs inflammatoires par
les cellules traitées produisant une réponse imflatoire et recrutant des cellules
immunocompétentes (lymphocytes et phagocytes)obh&ibution de chaque mécanisme a la
réponse tumorale générale dépend du photosenaitiilit de la tumeur. Il semble probable

guetous ces mécanismes s’associent pour assurentetd® tumoral a long terme

2. Les réactions photochimiques

Les réactions photochimiques caractérisent |'efietct de la PDT. Apres absorption d’un
photon d’énergie \n le photosensibilisant est excité et passe d'uveau d’énergie
fondamental a un niveau singulet excité.

Le retour au niveau singulet fondamental s'effe@neajuelques nanosecondes sauf dans le
cas d'une transition inter-systeme, ou par rotad®ispin le photosensibilisant passe d'un état
singulet excité a un état triplet de moindre éreel@mec une durée de vie allant jusqu'a la
milliseconde. Ce délai permet au photosensibilig#mtréagir avec les molécules de son

environnement proche avant de redescendre a seawnd/énergie fondamental.
Ces réactions photochimiques peuvent étre de dpest

La réaction photochimique de type | :

Elle conduit le photosensibilisant dans son étpletr (P') a réagir avec un substrat en
produisant des radicaux libres, chargés ou neues. réactions consistent, soit en un
transfert d’hydrogene vers le photosensibilisamicaormation de radicaux libres neutres, soit
en un transfert d’électron avec formation d’'unarferionique chargée. Les radicaux formés

réagissent avec I'oxygéne moléculair®©4), aboutissant & la formation de produits de
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photooxydation tres puissants. Les especes réattiv@xygene ainsi produites sont I'anion

superoxide, le peroxyde d’hydrogéne et le radigdrxyle .

La réaction photochimique de type Il :

Ce phénomeéne est préférentiel dans les tissusdxggénés, par transfert d’énergie il y a
réaction entre le photosensibilisant dans sontépet CP) et 'oxygéne moléculaire’Qy,),
pour aboutir & I'oxygéne singuletdy). Ce dernier est une molécule trés réactive, naene
toxique et de faible durée de vie. Ce qui lui pedrde réagir dans un rayon de 10 a 20 nm

avec des substrats cellulaires pour donner prifenpent des peroxydes.

3. Les photosensibilisants

3.1. Généralités
On dénombre aujourd’hui trois classes de photob#isaints: ceux de premiére, seconde et
troisieme génération. Ce qui caractérise les pleogibilisants de seconde génération par
rapport a leurs prédécesseurs est une modificdésrsubstituants du noyau tétrapyrolique, ce
qui a pour effet de changer le spectre d’absorpt®fa molécule et d’augmenter la sélectivité
tumorale. Quant aux photosensibilisants de troisigénération ils sont généralement couplés

a une autre molécule (BSA, EGF...) ou encapsulésgtipes...).

3.2. Le photosensibilisant idéal en Thérapie Phatachique
Bonnett et Mac Robert en 1989 ont défini les cartiques d’'un photosensibilisant idéal
afin aboutir a une action photodynamique efficaBenfiett et al., 1989; MacRobert et al.,
1989).

- Le photosensibilisant recherché en PDT doit awnirrendement quantique en oxygene
singulet élevé, afin d’induire des réactions phbiotques importantes.

- Il doit posséder une absorption optimale dan®lge entre 650 et 800 nm, la ou les tissus
sont les plus transparents a la lumiere. Son atisorpoit étre faible dans les longueurs
d’ondes du rayonnement solaire.

-Il doit étre sélectif vis-a-vis de la tumeur, etaré de préférence amphiphile, pour une
solubilité satisfaisante dans milieux hydrophilésgdrophobes. Cette caractéristique va lui
permettre de s’incorporer dans les organites eatks, ainsi que dans les membranes de ces

organites.
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- Il doit étre pur et non toxique en absence deidom pour que la photosensibilisation

cutanée soit faible et courte. Le photosensibitis@it avoir une clairance rapide.

4. Le Photoblanchiment

La plupart des photosensibilisants utilisés en RBI§,que les molécules de type porphyrines,
chlorines et phtalocyanines, ne sont pas photestaBln solution ou dans un environnement
complexe, ils subissent des modifications indufias la lumiere qui se traduisent par une
diminution de leur intensité initiale d’absorptiat,de ce fait une diminution de leurs activités
phototoxiques.

Les modifications spectrales de la fluorescencepdeshyrines dans les cellules peuvent étre
dues a trois phénoménes (Bonnett et al., 1999bn@&brand Martinez, 2001; Moan et al.,
2000) :

-La photodégradation ou true photobleaching, c’est a dire la conversion du
photosensibilisant en produits qui n’absorbentlpdamiére visible de maniere significative,
accompagnée de la destruction de structure madigpaegc

-La phototransformation ou photomodificatiorn», modification photochimique sans
destruction du macrocycle, qui conduit a la foroatde nouveaux photoproduits absorbant

dans le rouge.

4.1. Mécanismes de photoblanchiment.

Oxydized products Photobleaching Oxydized products
op
S/ %0, °0,
OP (0,7, 'OH, H,0,)
10, S+P7/S+P"
P < Typell 3p Typel . 3p
30, T hu S
op

Figure 1.: Mécanismes de photoblanchiment intervenant sdfaBsorption d’un photon
par le photosensibilisant.
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Les mécanismes de photoblanchiment empruntent &menvoies que les mécanismes de
cytotoxicité, c’est a dire les mécanismes de Typede Type Il, dans ce cas le substrat oxydé
se trouve étre le photosensibilisant.

De nombreux éléments influencent les mécanismehao@blanchiment, a savoir :
- L’état d’agrégation, le pH, la force ionique e$ Isurfactants.
- La concentration en oxygene.
- Les « quenchers » de Type | & II.

- Les substrats photo-oxidables.

4.2. Parametres affectant la cinétique photoblaneht.

Le photoblanchiment a longtemps été considéré comtaet un mécanisme uniquement
dépendant de la dose de lumiere délivrée au tidéarit par une décroissance mono-
exponentielle de type®, oua représente la constante de photoblanchiment epEsente

la fluence (J c) de lirradiation. Or il est apparu que les cigées de photoblanchiment
sont des phénomenes complexes qui ne peuventneadégrits par une simple décroissance
mono-exponentielle (Moan et al., 2000; Sgrenseal.£1998). Plusieurs paramétres peuvent
influencer la cinétique du photoblanchiment tele ¢pi présence de différent sites de liaison
des photosensibilisants dans les tissus ou cellldeselocalisation du photosensibilisant

pendant I'irradiation et la déplétion en oxygéneathtl le traitement.

4.3. Formation de Photoproduits.

La plupart des photosensibilisants utilisés en agiér photodynamique, tels que les
porphyrines et leurs dérivés, subissent une détioadprogressive au cours de l'irradiation,
appelée photoblanchiment, qui se traduit par un@ndition de leur capacité a absorber la
lumiere (Rotomskis et al., 1996; Spikes, 1992).

Le phénomene de photoblanchiment est communémealuévpar la mesure de la
décroissance de fluorescence photoinduite du phosisilisant. Cependant, les résultats
obtenus par cette méthode doivent étre interpratés précaution. En effet, la mesure de
fluorescence ne reflete pas uniquement la photadégon et les photomodifications subies
par le photosensibilisant mais également les chaagts d’environnement du
photosensibilisant. La migration du photosensiailisd’un site de liaison a un autre au cours

de lirradiation, la photorelocalisation, contribugnsi a la diminution de [lintensité
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d’émission de fluorescence et aux modificationseol&es dans la forme du spectre (Moan et
al., 1997).

Objectifs

L’objectif principal de ce travail était d’apprétdar les mécanismes du photoblanchiment de
lamTHPBC et son rble dans le résultat du traitemdé»i.A_e travail s’est organisé en deux
parties :

Une premiere approche du photoblanchiment d&-EHPBC en solution a été realisée. La
vitesse, la cinétique, les photoproduits du phetotihiment ainsi que les especes
responsables du phénomene ont été étudiés.

Dans un deuxiéme temps une étude in vitro a étésééasur cellules WiDr. Une étude
comparative a été effectuée entrentalHPBC et lam-THPC, un photosensibilisant de
deuxieme génération tres actif. Les caractéristigliephotoblanchiment ont été déterminées,
ainsi que la toxicité des photosensibilisants atsidocalisation intra-cellulaires dans nos

conditions expérimentales.

Résultats

Photodégradation et phototransformation de la m-B@Ren solution.

Les cinétiques de photoblanchiment et la formatierphotoproduits lors de l'irradiation (735
nm) de la 5,10,15,20-tetrakis(m-hydroxyphényl)bactdlorine (m-THPBC) dans une
solution de tampon phosphate supplémentée avealderhine de sérum humain (HSA) ont
été étudiées par spectroscopie d’absorption etrgigeopie de fluorescence. Les mesures ont
éte réalisées soit immeédiatement apres que le phagdilisant a été dissout dans la solution
HSA (0Oh), soit aprés 6 heures d’incubation danssddution HSA (6h). Les études
spectroscopiques ont indiqgué que la molécule dgaiicipalement présente sous forme
d'agrégats dans les solutions fraichement prépardless que l'incubation favorise la
monomeérisation. Indépendamment du temps d’incubaties taux de photoblanchiment
obtenus par mesures de fluorescence ont été phwveselque ceux obtenus par mesures

d’absorbance. Le photoblanchiment adeTHPBC fraichement préparée peut étre décrit
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comme une décroissance mono-exponentielle, aloes lgs baisses d’absorbance et de
fluorescence des solutions de photosensibilisantbi@ correspondent a une décroissance bi-
exponentielle. Les deux taux de photoblanchimdigtemt probablement les différences dans
la photosensibilité des formes monomeres (liéespaoiéines) et agrégées (non liées).
L’irradiation de la solution de mTHPBC fraichement préparée a induit Ila
phototransformation de 50% denTHPBC photoblanchie en 5,10,15,20-tetrakis(m-
hydroxyphényl)chlorine r THPC), un photosensibilisant de seconde génératidisé en
clinique. Pour une irradiation 6 h apres dissolutie lam-THPBC, différentes cinétiques de
la formation demTHPC ont été observées. Une baisse rapide dastntzentration de len
THPBC a été accompagnée par une formation lente-@elPC. Le rendement quantique de
ce processus était faible puisque 5%d€EHPBC ont été transformés erTHPC.

Les caractéristiques cinétiques du photoblanchindentam-THPBC rapportées dans cette
étude, ainsi que les différentes cinétiques de dtion de photoproduits pendant le
photoblanchiment de lanTHPBC peuvent fournir des indications importantems la
dosimétrie de lan-THPBC-PDT.

Analyse en MALDI-TOFMS des photoproduits issu dilgradation de la m-THPBC.

La formation de photoproduits lors de l'irradiation39 nm) de la 5,10,15,20-tetrakis (m-
hydroxyphényl) bactériochlorinentlTHPBC) dans un tampon phosphate (PBS) supplémenté
d’albumine de sérum humain (HSA) a été étudiée gmactroscopie d’absorption et par
spectrométrie de masse MALDI-TOF. Les expérimeotati ont été réalisées avec une
solution fraichement préparée de PBS-HSAnd&€HPBC et avec une solutiomTHPBC
PBS-HSA incubée pendant 6 heures a 37°C. L'incabale la solution dexTHPBC induit

la monomérisation du colorant alors que dans latisol fraichement préparée,faTHPBC

est sous forme agrégée. Indépendamment des carsddiomcubation, les expérimentations
de photoblanchiment effectuées par spectroscopiesdtption démontrent la dégradation du
photosensibilisant et sa phototransformationnemHPC. De plus, lan-THPC est le seul
photoproduit détecté en utilisant la spectroscapadsorption. La spectrométrie de masse
MALDI-TOF a non seulement mis en évidence la dégiad de lan-THPBC et la formation
dem-THPC, mais aussi d’autres modifications photoitehiiLes photoproduits comme la di-
hydroxy mTHPBC et la di-hydroxynTHPC ont été détectées dans les deux conditions
d’incubation, cependant la formation de photoprtedydroxylés a été significativement plus

élevée dans la solution incubée. Nous avons e observé de petites molécules provenant
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de la fragmentation du photosensibilisant et idiga$ comme dérivés dipyrines et synthon

dipyrolique.

Photoblanchiment de la m-THPC et de la m-THPBC e¥sgnce de difféerents types de
guenchers

Le photoblanchiment intervient par I'intermédiate deux types de réaction, le Type | et le
Type Il. Comme nous l'avons déja évoqué, le Typrel en jeux les espéces réactives de
'oxygeéne, alors que le Type Il fait intervenir éxsivement I'oxygene singulet. Afin de
déterminer I'implication de chacun des mécanisnagsde processus de photoblanchiment de
la mTHPC et de lannTHPBC, nous avons réalisé des expériences de lphatthiment en
présence ou non de « quenchers » de Type | ou pe Myll s’agissait des enzymes anti-
oxydante superoxyde dismutase (SOD), et catalad@)(Pour les quenchers de type I. Le
DABCO et I'histidine ont été utilisé comme quenchde type Il. Les résultats obtenus étaient
une absence d’'impact des quenchers de type | qno@blanchiment des photosensibilisant
alors que l'ajout de quenchers de type Il condtigsaiune réduction de la vitesse de
photoblanchiment de 40% pour l&eTHPC et de 25% pour lenTHPBC signifiant que
'oxygéne singulet était I'espece responsable dotgifianchiment de lex THPC et de lan-
THPBC.

Etude in vitro des propriétés photobiologiquesaentTHPC et de la m-THPBC.

Apres avoir étudié le photoblanchiment demieTHPBC en solution, nous nous sommes
intéressés aux propriétés photobiologiques de oepansibilisanin vitro. Nous avons tout
d’abord démontré par une étude en spectrophotaspie les photosensibilisamsTHPC et
m-THPBC étaient sous forme monomere dans les cellWér lorsque celles-ci étaient
incubées pendant 24 heures avec 1.45 uM de phstbdsant. Il a ensuite été montré que
les cinétiques de photoblanchiment intra-cellulades ces photosensibilisants étaient trés
différentes. La cinétique de photoblanchiment de-lBHPBC est apparue rapide, de premier
ordre et mono-exponentielle, alors que la cinétigeghotoblanchiment de e THPC a été
montré comme étant de deuxiéme ordre, bi-exporenge plus lente (3 a 5 x moins) que
celle de lamTHPBC. La phototoxicité de ces photosensibilisamtgté étudiée dans les
mémes conditions que le photoblanchimentmt@dHPC s’est révélée étre 4 fois plus active
gue lamTHPBC, les doses de lumiére nécessaire pour deétbii% des cellules (Ldg
étaient 0.7 J ciipour lam-THPBC et 0.17 J cih pour lam-THPC.
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La différence de photoblanchiment ne peut pas sgxgr par une difference d'état
d’agrégation de la molécule, il a été montré awmara que les deux photosensibilisants
étaient tous deux dans des formes monomeres, nmasdifférence de localisation du
photosensibilisant dans la cellule entrainant ufférdnce d’environnements expliquerait la
disparité au niveau des propriétés de photoblareftime ces deux photosensibilisants. Dans
ce but nous avons effectué une étude de la distibintra cellulaire de laxTHPBC et de la
Mm-THPC dans les cellules WiDr par microscopie deriscence et microspectrofluorimetrie.
Ceci a montré un localisation surtout dans le uéiim endoplasmique pour e THPC, alors
gue lamTHPBC s’accumule préférentiellement dans les rmibociries. Cette différence de
localisation intra-cellulaire est trés intéressaptésqu’elle peut expliquer d’'une part la
différence de photoblanchiment observée ainsi gukifierence de photocytotoxicité.

Conclusion et perspectives

L’analyse des photoproduits formés apres lirradiratde lam-THPBC a été évaluée par
spectroscopie UV-Vis et par spectrométrie de mdsserésultats obtenus ont montré que la
formation de photoproduits était influencée sigrifivement par I'état d’agrégation dena
THPBC. En sachant que le photosensibilisant sevér@ous forme monomérisée mais aussi
sous forme agrégée dans la cellule, il serait@stsant de réaliser des expérimentations avec
une double longueur d’onde d’irradiation (739 nnumpta mTHPBC et 652 nm pour le
photoproduit : lannTHPC). Les études menées en MALDI-TOF MS ont élelprésence de
produits di-hyroxylés. La séparation de ces compge¥mettrait de tester leurs propriétés
photobiologiques telle que leur fluorescence, dimure et photocytotoxicité. Les
expérimentations in vitro avec le THPBC ont démontré une importante phototoxicit@ret
photoblanchiment rapide, de premier ordre. Cedtaisuaccompagné des résultats obtenus in
vivo, a savoir une bonne accumulation deddHPBC dans les tissus tumoraux, ainsi qu’un
photoblanchiment rapide de ce photosensibilisantmee d’envisager des résultats
prometteurs dans l'utilisation de laTHPBC en clinique. Ces propriétés pourraient étre
utilisées pour effectuer des expérimentations @dirtirouver la dose optimale de lumiere et de
photosensibilisant a administrer dans le but dédintes effets secondaire sur les tissus sains

environnants.
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AMD
CAT
DABCO
DMPO
DPA
DPBF
EPR
FCS
FDA
GSH
HpD
HSA

IC

ISC
LDC
mTHPBC
mTHPC
m-THPP
PBS
PDT
SOD
TEMP
TEMPO
VR
MeOH

age related macular degeneration
catalase

1,4-diazobicyclo[2,2,2]octane
5,5-dimethyl-pyrroline-1-oxide
9,10-Diphenylanthracene
1,3-Diphenylisobenzofuran

electron paramagnetic resonance

foetal calf serum

Food and Drug Administration

glutathione

Haematoporphyrin derivative

human serum albumin

internal conversion

intersystem crossing

laser deflection calorimeter
5,10,15,20-tetrakisthydroxyphenyl)bacteriochlorin
5,10,15,20-tetrakisthydroxyphenyl)chlorin
5,10,15,20-tetrakisthydroxyphenyl)porphyrin
phospate buffer saline

photodynamic therapy

superoxide dismutase
2,2,6,6-tetramethyl-4-piperidone
2,2,6,6-tetramethyl-4-piperidone-N-oxyl
vibrational relaxation

Methanol
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ABSTRACT

This study examined the nature of photoproducts after pulse
laser irradiation (647.5 nm) of 5,10,15,20-tetrakis(meso-
hydroxyphenyl)porphyrin (m-THPP) (10 pmol/L) in ethanol-
water (1/99, vol/vol) solution. Spectroscopic measurements
(UV-visible absorption and fluorescence) and mass spectrom-
etry techniques (matrix-assisted laser desorption-ionization
[MALDI] coupled with time-of-flight mass spectrometer [TOF-
MS] or tandem time of flight mass spectrometer [TOF/TOF-
MS]) were used to follow photomodifications. Spectroscopic
measurements evidenced photomodification as the main pro-
cess after m-THPP irradiation. Three oxidized photoproducts
at m/z 693.25, 695.24 and 713.25 were characterized by MS.
After prolonged irradiation new isotopic distributions were
registered at m/z 1355.41, 2031.57, 2707.80 and 3383.98 with
MALDI-TOF-MS and TOF/TOF-MS. These new photoprod-
ucts were attributed to covalent oligomeric structures as dimer,
trimer, tetramer and pentamer of m-THPP.

INTRODUCTION

Photodynamic therapy (PDT) (1-5), a minimally invasive pro-
cedure, is applied for the treatment of in situ and microinvasive,
light-accessible tumors. A photosensitizer preferentially retained
by diseased tissue upon visible light-induced activation and
interaction with molecular oxygen induces a cytotoxic activity
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mass spectrometry; MS/MS, tandem mass spectrometry; m-THPBC,
5,10,15,20-tetrakis(meso-hydroxyphenyl)bacteriochlorin; m-THPC,
5,10,15,20-tetrakis(meso-hydroxyphenyl)chlorin; m-THPP, 5,10,15,20-
tetrakis(meso-hydroxyphenyl)porphyrin; m-TPP, meso-tetraphenylpor-
phyrin; PDT, photodynamic therapy; PSD, postsource decay; TTP,
tetraphenylporphyrin; TFA, trifluoroacetic acid; TOF, time of flight;
TOF/TOF, tandem time of flight; UV-vis, ultraviolet-visible.
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and microvascular damage due to the production of reactive
oxygen species such as singlet oxygen ('O,).

Most of the photosensitizers used in PDT degrade rapidly upon
irradiation, a phenomenon called photobleaching, which is
characterized by a light-induced loss of absorption or emission
intensities (6,7). There are two types of irreversible photobleaching
that lead to a chemical change (1) photomodification in which
the chromophore is retained in a modified form; and (2) true
photobleaching characterized by the formation of small fragments
that no longer have appreciable absorption in the visible region (8).
Photobleaching kinetic characteristics and the nature of photo-
products are strongly influenced by the nature of the photosensi-
tizer and therefore should be established for the given dye.

The 5,10,15,20-tetrakis(meso-hydroxyphenyl)porphyrin (m-THPP),
the corresponding chlorin (m-THPC) and bacteriochlorin
(m-THPBC) represent the class of potent photosensitizers. Evidence
was found for the involvement of singlet oxygen in the mechanism
of photobleaching of all three molecules (8). True photobleaching
was reported for the methanol/water (3:2 vol/vol) solutions of
m-THPC and m-THPBC after irradiation with two Philips MLU
300 W lamps (Philips Lighting, Eindhoven, The Netherlands),
whereas the corresponding porphyrin reacted more slowly with
photomodification (9).

Mass spectrometry (MS) has been shown to be an effective tool
for characterizing photomodification products (9—13). Our recent
study reported m-THPBC and m-THPC photomodification prod-
ucts after laser irradiation in ethanol/water (1:99 vol/vol) solution
by using matrix-assisted laser desorption-ionization (MALDI)
Fourier transform ion cyclotron resonance (FTICR) MS (10). We
observed the photoinduced transformation of m-THPBC into m-
THPC, and finally into m-THPP by dehydrogenation.

To complete the study of photodegradation of this series of
compounds, we have performed MALDI-MS analysis of photo-
products formed after laser light irradiation of ethanol/water (1:99
vol/vol) solutions of m-THPP.

MATERIALS AND METHODS

Reagents. M-THPP (M, 678.23 g - mol ') was kindly provided by Biolitec
Pharma Ltd. (Edimbourg, UK) as crystalline powder. The photosensitizer
was dissolved in ethanol (Prolabo, Fontenay sous Bois, France) to
a concentration of 10> M. This stock solution of m-THPP was further
diluted with water to obtain a final concentration of 10~> M in ethanol/water
(1/99 vol/vol) mixture. The prepared solution was kept 30 min in the dark at
room temperature before being subjected to laser light irradiation.
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Figure 1. Electronic absorption spectra of m-THPP at 107> M in aqueous
solvent (ethanol/water 1:99 vol/vol). i) Non-illuminated »n-THPP solution.
ii) Immediately after 11 min of laser illumination (A 647.5 nm, output
power 270 mW). iii) Immediately after 225 min of laser illumination
(A 647.5 nm, output power 270 mW).

Laser irradiation. The illumination of 3.5 mL of a photosensitizer
solution (7 pg/mL, 10> mol + L") in quartz cuvette (path length 0.95 cm)
was performed with a dye laser (model TDL 50, Quantel SA, Les Ulis,
France) pumped with the second harmonic of a Nd-YAG laser (A = 532 nm;
pulse duration 12 ns; frequency = 10 Hz; output power 3.7 W). For laser
irradiation, the dye used was 4-dicyanomethylene-2-methyl-6-(p-dimethy-
laminostyryl)-4H-pyran (DCM) (Exciton, Inc, Dayton, OH) to obtain the
irradiation wavelength of 647.5 nm; output power was 270 mW, frequency
[f] = 10 Hz; and impact diameter was 4 mm. Illumination periods of 11 min
and 225 min (;;) correspond to a total effective illumination time of 0.8 ms
and 1.62 ms respectively (total time = t;;; * f * T); t;; = 225X 60 = 13500 s;
f =10 Hz; T, = 12 ns). Sample irradiation was performed under
continuous stirring.

UV-visible (UV-vis) absorption and fluorescence spectra. The absorption
spectra were registered using a Lamba 14 UV-vis spectrometer (Perkin-
Elmer, Boston, MA) that operates in the spectral range between 190 and
1100 nm. Other parameters were as follows: scan speed 240 nm + min ",
slit widths 2 nm and smooth bandwidth 4 nm. Fluorescence emission
spectra were recorded on a fluorolog-2 spectrofluorometer (SPEX In-
dustries, Metuchen, NJ) with excitation wavelength equal to 525 nm. The
xenon source is focused onto the entrance slit (2 mm) of the excitation
monochromator. Precision cells (Hellma, Miillheim, Germany) made of
Quartz SUPRASIL (Shin-Etsu Chemical Co., Tokyo, Japan) with a path
length of 0.95 cm were used for absorption and fluorescence measurements.
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Figure 2. Fluorescence spectra (Aexe 415 nm) of m-THPP at 10° M in
aqueous solvent (ethanol/water 1:99 vol/vol). i) Non-illuminated m-THPP
solution. ii) Immediately after 11 min of laser illumination (A 647.5 nm,
output power 270 mW). iii) Immediately after 225 min of laser illumination
(A 647.5 nm, output power 270 mW).
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Figure 3. MALDI-TOF MS spectrum of m-THPP at 10° M in aqueous
solvent (ethanol/water 1:99 vol/vol). i) Non-illuminated m-THPP solution.
ii) Immediately after 11 min of laser illumination (A 647.5 nm, output
power 270 mW). iii) Immediately after 225 min of laser illumination
(M 647.5 nm, output power 270 mW).

MALDI sample preparation. The sensitizer solutions were prepared by
the standard dried droplet procedure. A 1 pL sample of saturated o-cyano-
4-hydroxy-trans-cinnamic acid (CHCA) solution in 50% acetonitrile and
0.1% of trifluoroacetic acid (TFA) were spotted on the stainless steel
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Figure 4. MALDI-TOF MS spectrum of
m-THPP (10> M) irradiated at 647.5 nm,
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MALDI targets. Thus the molar ratio of analyte to matrix was 1:10*. The
solvent was evaporated before insertion in the source.

Time-of-flight (TOF) MS. The sensitizer solutions were prepared by the
standard dried droplet procedure. A 1 pL sample of saturated CHCA
solution in 50% acetonitrile and 0.1% TFA were spotted on the stainless
steel MALDI targets. Thus the molar ratio of analyte to matrix was 1:10°.
The solvent was evaporated before insertion in the source. Mass spectra
were acquired over the range of 0-1500 Da.

RESULTS AND DISCUSSION

Spectroscopic measurements of photobleaching of
m-THPP in ethanol/water solution

The ordered structures of porphyrin pigments formed as a result of
nonvalence interactions are now extensively studied. Several
studies have shown that porphyrins and related compounds tend
to aggregate in aqueous conditions (14-19). Udal’tsov et al.
presented evidence for self-assembly of large-scale meso-tetraphe-
nylporphyrine (m-TPP) aggregates resulting from water—porphyrin
interactions in aggregates (20). The aggregation is relevant to the
biological situation because even in the presence of serum proteins
a large fraction of photosensitizers are still present in aggregated
form (21,22) and as such could serve as the pool of monomers.
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Under our experimental conditions, the absorption spectrum of
the ethanol/water (1:99 vol/vol) solution of m-THPP (10~ M)
compared with that in ethanol displayed a bathochromic shift in the
wavelength of the Soret band (AL = 11.5 nm) and a broadening of
the Soret band with a concomitant reduction in its intensity (Ag =
1.76 10° L + cm™! « mol™!) (data not shown). Those factors are in
favor of an aggregated state of m-THPP molecules in aqueous
solution. Unfortunately, m-THPP aggregates could not be detected
by MALDI-TOF MS, probably because noncovalent bonds of m-
THPP were not preserved.

Table 1. Comparison between calculated and measured isotopic distribu-
tions around m/z 1355.41 for m-THPP (10> M) irradiated at 647.5 nm for 6 h

Isotopic ion First ~ Second  Third  Fourth Fifth
[(m-THPP),—2H]*,
calculated 1354.44 135544 1356.44 1357.44 1358.43
[(m-THPP),—2H+H] ",
calculated 1355.45 1356.45 1357.45 1358.45 1359.46
Experimental 1355.41 1356.48 1357.42 1358.47 1359.46
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Figure 5. MALDI LIFT MS/MS spectrum of the parent ion at m/z 1355.4
(m-THPP, 107° M, irradiated at 647.5 nm for 6 h).

m-THPP solutions were exposed to irradiation at 647.5 nm and
absorption and fluorescence spectra were recorded after 11 minutes
and 225 minutes of irradiation (Figs. 1 and 2). Changes in the
visible spectrum of m-THPP ethanol/water solution are presented
in Fig. 1. A moderate decrease was observed at all Q-bands after
225 min of irradiation whereas 11 minutes of irradiation did not
differ significantly from nonirradiated spectrum. It is worthwhile to
note that a slight redshift was observed for band IV after 11 min of
irradiation (Fig. 1). These spectral changes are consistent with the
study of Bonnett et al. (7) on m-THPP photobleaching in methanol/
water (3:2, vol/vol) solution indicating that the main process is
photomodification rather than true photobleaching.

The fluorescence measurements (Fig. 2) show the gradual
decrease in intensity of the two bands (0-0 and 0-1) (A, = 654
nm and A, = 714 nm) with the increase in irradiation time thus
revealing a photobleaching process (8).

Mass spectrometry

MALDI-TOF MS experiments were performed at 337 nm, the
wavelength that did not correspond to a noticeable absorption of m-
THPP. Figure 3 shows the variation in MALDI-TOF MS signals
with respect to irradiation time. Without illumination (Fig. 3a)
a predominant mass peak is observed at m/z 679.25 corresponding
to [m-THPP+H]". Eleven minutes of irradiation was characterized
by the same pattern of signal distribution as nonirradiated solution.
This result is consistent with absorbance measurements (Fig. 1).
However, after 225 min of irradiation a new isotopic
distribution of mass peaks is detected at peak monoisotopic m/z
1355.49. We could also observe the increase in signals at m/z
693.25, 695.24 and 713.25. The ion at m/z 693.25 could be
attributed to meso-ben-zoquinonylporphyrin (C44H>gN4O5) formed
by addition of one oxygen atom to m-THPP molecule, which may
be further reduced to dihydroxyphenylporphyrin (C44H30N4Os5) at
m/z 695.24. The singlet oxygen—mediated formation of p-
benzoquinones from phenols has been previously reported by
Saito et al. (23). The signal at m/z 713.25 corresponds to
C44H3,N4O4 due to the addition of the second oxygen atom. The
photooxidation of m-THPP has been described by Bonnett (9) after
unspecific irradiation (two Philips MLU 300W lamps). Authors

have shown that the photooxidation of phenolic porphyrin gives
benzoquinonylporphyrins and have explained that the photooxi-
dation of m-THPP is slower in methanol than in methanol-water
(60:40).

After 225 min of irradiation we can observe the appearance of
a new isotopic distribution around m/z 1355.49. The intensity
of this peak increases with illumination time (data not shown).
This ionic distribution at m/z 1355.49 could correspond to
[(m-THPP),—2H+H]". To confirm the hypothesis of a dimeric
structure, a postsource decay (PSD) experiment was performed
(data not shown). The PSD method is used to increase the laser
power beyond the threshold value that is needed to generate
a traditional MALDI spectrum, and the energy excess induces
molecule fragmentation. The parent ion at m/z 1355.49 gave only
a fragment at m/z 1261.15; this loss of 94 atomic units (u) could be
explained by the loss of phenolic group. We did not succeed in
completely rupturing the parent ion so we presume that the dimeric
structure is linked by a strong bond.

To provide more energy and higher sensitivity, MALDI tandem
time of flight (TOF/TOF) MS was used to characterize this new
photoproduct. To increase the signal of the distribution at m/z
1355.49, these experiments were performed with a solution of m-
THPP (107> M) irradiated for 6 h (Fig. 4).

The analysis in reflector mode showed four isotopic distributions
around m/z 1355.41, 2031.57, 2707.80 and 3383.98. After
comparison with isotopic simulations performed by XMASS 5.1
software (Bruker Daltonics, Billerica, MA) four structures can be
proposed corresponding to the above-mentioned isotopic distribu-
tions: [(m-THPP),—2H+H]" (calculated m/z = 1355.45); [(m-
THPP);—4H+H]" (calculated m/z=2031.66); [(m-THPP),—6H+H]|"
(calculated m/z = 2707.87); and [(m-THPP)s—8H+H]" (calculated
m/z = 3384.08) (Table 1).

The fragmentation of these distributions was performed by
MALDI laser-induced forward transfer (LIFT) tandem mass
spectrometry (MS/MS) (Fig. 5). LIFT technology measures MS/
MS spectra with rapid precursor ion selection, which allows
fragmenting of the dimeric structure. For the distribution around
1355.41, four fragments groups at m/z (1) 1261.82; (2) 770.14; (3)
679.13 and 677.11; and (4) 585.12 and 587.13 are mainly
distinguished. The third group (m/z = 679.13 and 677.11) is related
to the ion of [m-THPP+H]" and [m-THPP-2H + H]'. This result
demonstrates that the compound at m/z 1355.42 is constituted by two
monomeric units of m-THPP. For the first and fourth groups (ions at
m/z 1261.82 and at m/z 585.12 and 587.13) may correspond to the
loss of a radical of hydroxybenzyne from [(m-THPP),—2H-+H]" and
from [m-THPP—2H+H]" and [m-THPP+H]" respectively.

Finally, the ion at m/z 770.14 may correspond to [n-THPP+91 u
+H]" with molecular formula of (CsoH33N4Os) and suggests that the
phenolic group would influence the covalent bond. We suggest that
photo-Claisen rearrangement to ortho-alkylphenol (Fig. 6a) has
occurred (24,25), and Fig. 6b represents a structural proposition for
the dimeric structure that is formed from a photochemical reaction.
To confirm the hypothesis, we performed an additional set of
experiments on irradiation of tetraphenylporphyrin (TPP) under the
same experimental conditions (10> M, methanol/aqueous solution,
1:99, vol/vol; pulsed laser irradiation for 225 min). TPP lacks
hydroxyl groups, thus preventing dimer formation after irradiation.
We did not observe the formation of dimers after irradiation of 225
min or even longer (data not shown). This observation supports the
hypothesis that hydroxyl groups form the covalent bond between
both monomer units of m-THPP.
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The same experiments were performed for trimer and tetramer
and revealed that they are also constituted by m-THPP units (data
not shown). The electronic spectrum of the covalent dimer (side to
side) is not very different from monomeric species because the ©
electron system is not noticeably modified.

An important issue is the relevance of the irradiation light doses
used in the present study when compared with those applied for
cell photoinactivation. The comparison between effective dosim-
etry for the pulsed and continuous wave lasers is not obvious. A
possible approach could be to compare both light sources in
relation to the selected photobiological effect. With regard for the
previous experience of Belitchenko et al. (22) with the photo-
bleaching of m-THPC, we compared the photobleaching rates of
this dye after irradiation with both light sources. Five times longer
exposure time was needed with a continuous wave diode laser at
652 nm (40 J - cm ) to induce 50% loss of m-THPC absorbance
as opposed to the pulsed laser at 652 nm used in this study (data
not shown).

CONCLUSION

The MALDI MS technique employed in this study demonstrated the
formation of photooxidized phenolic porphyrins and new photo-
products with an isotopic distribution around m/z 1355.5. MALDI-
LIFT-TOF/TOF MS experiments revealed the photoproduct was
a dimer, probably composed of two covalent linked m-THPP units.
MALDI MS measurements also established the trimeric and
tetrameric structures after prolonged laser light illumination.

To assess the m-THPP photobleaching pathway in a cellular
environment, further studies should be undertaken in different
biological medium.

Photochemistry and Photobiology, 2005, 81 695

Figure 6. a: Schema of the photo-
Claisen rearrangement to ortho-alkylphe-

OH nol. b: Proposed dimer structure.
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présenté, didactique, montant par ailleurs une bonne appréhension des autres champs
scientifiques d’intérét.

A des questions parfois difficiles, les réponses étaient argumentées, parfois prudentes,
témoignant d’une bonne capacité de réflexion.

Le candidat a montré une excellente connaissance de ses références bibliographiques qui par
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I’amélioration des connaissances sur le sujet. Tant dans le document écrit que dans la
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La thérapie photodynamique (PDT) est une modalité de traitement des petites tumeurs
localisées accessibles a la lumiére. Son principe repose sur l’action conjuguée d’un
photosensibilisant, de la lumiére et de I’oxygeéne.

Une dosimétrie correcte est nécessaire pour assurer le traitement complet et des résultats
reproductibles. Un élément clé de la dosimétrie & prendre en compte est le photoblanchiment,
étant donné qu’il diminue la concentration du photosensibilisant au cours du traitement. 1l est
donc indispensable d’appréhender les mécanismes du photoblanchiment pour maitriser au
mieux le traitement.

Le rendement quantique de photoblanchiment de la m-THPBC en solution avec des protéines
est de 5.7 x 10, les formes agrégées de photosensibilisants photoblanchissent plus lentement
que les formes monomeérisées. La m-THPBC se transforme sous I’effet de la lumiére en m-
THPC, ce rendement de phototransformation est influencé par I’état d’agrégation de la
molécule. D’autres photoproduits tels que la m-THPBC di-hydroxylée et la m-THPC di-
hydroxylée ainsi que des dérivés dipyrines ont été observés. L’espece responsable du
photoblanchiment a été identifiee comme étant I’oxygeéne singulet. In vitro, la LDs de la m-
THPBC est 0.7 J cm™. Le photoblanchiment est 3 & 5 fois plus sensible que celui de la m-
THPC. L’étude de la localisation intra-cellulaire des photosensibilisants a montré une
différence, la m-THPC s’accumulant dans le réticulum endoplasmique alors que la m-
THPBC se localise dans les mitochondries. In vivo, la m-THPBC posséde un
photoblanchiment 4 a 10 fois plus élevé que la m-THPC, ainsi qu’une bonne accumulation
tumorale. Ces résultats in vitro et in vivo sont particulierement intéressants en terme de ratio
thérapeutique, de sélectivite du traitement et de photosensibilité cutanée.

Study of the photobleaching mechanisms of the 5,10,15,20-tetrakis(m-hydroxyphenyl)
bacteriochlorin (m-THPBC), in solution, in vitro and in vivo.

Photodynamic therapy (PDT) has been developed as a treatment modality for a number of
malignant and non-malignant disorders. PDT treatment is based on the presence of a drug
with photosensitising and tumour localizing properties combined with visible light and
oxygen. Accurate dosimetry is necessary to ensure complete treatment and to allow for
consistent and reproducible patient outcomes. One of the key element which needs to be
considered in dosimetry is photobleaching since it decrease the photosensitiser concentration
during the treatment. It seems therefore important to understand the photobleaching
mechanisms to adapt the photodynamic dose and receive the optimal treatment.

The photobleaching quantum yield in solution supplemented with proteins is 5.7 x 10 the
aggregated forms of the photosensitiser bleach slower than the monomerised forms. Under
light exposure the m-THPBC is transformed in m-THPC, the phototransformation yield is
influenced by the aggregation state of the molecule. Some other photoproducts such as di-
hydroxy m-THPBC, di-hydroxy m-THPC, dipyrin derivatives were observed. Singlet oxygen
was found to be responsible of the photobleaching of both m-THPBC and m-THPC. In vitro,
the m-THPBC LDs is 0.7 J cm™, and the photobleaching 3 to 5 times faster than m-THPC.
Fluorescence microscopy study exhibits a discrepancy in the photosensitisers localisation,
m-THPC is localised is the endoplasmic reticulum and m-THPBC accumulates in
mitochondria. In vivo m-THPBC photobleaching is 4 to 10 times faster than m-THPC, with a
good tumour accumulation. Taking as a whole these observations are particularly attractive
in terms of therapeutic ratio and selectivity of the treatment and skin photosensitivity.

MoTts CLES: Thérapie Photodynamique (PDT), m-THPBC, photoblanchiment,
photodegradation.
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