CHARLES UNIVERSITY PRAGUE

Faculty of Mathematics and Physics

Spectroscopic Study of Singlet Oxygen in Biologic&ystems

Doctoral thesis

Alexander Molnar

Department of Chemical Physics and Optics

Prague, 2008



Acknowledgement

| would like to express my deepest thanks to myesupor RNDr. Roman &ic,

Ph.D. for his very valuable help during my Ph.udsts. | am also very grateful to Prof.
RNDr. Jan Hala, DrSc. for his kind assistance aicas, to Mgr. Milan Basta for his
willingness and language corrections, to P€afstmir Kaiak for his kind help with elastic
light scattering measurements, and to Assoc. Pretier Mojzes for his worthy assistance
with the factor analysis. My thanks belong alsdhe team of the Low temperature laser
laboratory at the Department of Chemical Physicd @ptics for useful consultations.
Finally, 1 would like to thank to all my family anftiends for their support during my
Ph.D. study, namely to VIk Sikoun, MiSutka, Puf, I&laZuzka, my father, my
grandmother, Milo, King, and many others.

This work was supported by the Czech Grant Agenngleu the Grant No.
GD202/05/H003, GP202/01/D100, by projects MSM113®0 and MSM0021620835
from the Ministry of Education, and by GA UK 184(2)



Contents

1. Motivation and the Aim Of the WOIK ... 5
P20 1 11 o To 111 1o ] o PO T PRPI 7
2.1. Energetic states of dye molecules and transitions between them...........ccccvvreececevese s, 7
A 1o 1= a0 )Y o = o SRR 10
2.2.1 Energetic levels of @ MOIECUIAr OXYQEN....cov ittt 10
2.2.2 Generation Of SINGIET OXYJEN .......... oo s eeeeentrstaeareeeeeerreetaaaeaeeesssasaaasssssenreesrererrartaaaeeaeens 12
2.2.3 Deactivation Of SINGIET OXYGEN .......uu ittt e e e e e e e aaaaaaaaeas 15
2.2.4 APPIICAIONS OF ... .ottt ettt ee st een e e e, 17
2.3. PhotodynamiC ther QY ........coueeeeieeeee ettt st b et ae et e e e seesbesbesaesbeeneenseneans 18
2.4, PROIOSENSITIZENS ...ttt sttt sttt sttt sttt sttt st et bt s be e e be s b et e b e st et e be s be e ebe s bt nbe st neeee 22
2.4.1 Haematoporphyrin dEriVALIVES ...........cummmeeeeeeeiesiiiiiiinnntisrerereeereereeeeeseesssnnansrnsresnrerrrreree 22
WA o (o] o To 1 o] 01T/ 1 TN P EEERRRRRRR 23
2.4.3 Meso-tetraphenyl-pOrPhYTiN.... ... e e aeeaa e 24
2.4.4 Meso-tetra(4-sulfonatophenyl)porphyrin (TIPS ... 25
2.5, KINEUCS Of PSAN MO0......ooveucieiiieiessisss s 26
T Y o (=T = U TP PR 29
3.1. Preparation of lipoSOmMal SAMPIES..........oiiiiiiiieieee ettt e e se e b e b e e eneeneens 31
Y 1= 1 o o PSP SPTI 33
(o1 AT =1 =1 = (0 o S 33
5. Summary of Results ANd Their DISCUSSION ..o trrrtieiiiiiiiiieeaiiiieeeesssiieeeeessabeeeeessserreeeeessanneees 35
5.1. PplX and HpD interactions with OXygen iN @CEIONE .........cceeeeeereerie e eee et eenae e 35
5.2. TPPS, interactions with oxygen in phosphate BUFfer ..o 38
5.3. Quenching of singlet 0XYgeNn DY OXYOEN ..o 41
5.4. Interactions between TPPS;, 210, QN0 HSA ... vt et et et eeeee e s eeee s e e eeseeeneens 44
5.5. PplX and HpD incorporated in liposomesin HyO and DO .......coeiiiiiiiiiineeie e 47
5.6. PplX and HPD incorporated in liposomes samples saturated by air and by oxygen..........ccccceeeeenee 50
I o] o T 11 Yo o PR PRRP 53
A R E3 (] (=] 1T PP PP PRP 54
8. LiSt Of ENCIOSUIES. .. ..uiiiiiiiiiiiiiiie ettt sttt e e e sttt e e s s ssbbeee e e e s sbbeeeeeessnntrneeeeessnsnneeessnns 61



List of abbreviations

[A] - concentration of a compound A
EET - excitation energy transfer
HpD - hematoporphyrin derivatives
HSA - human serum albumin
ISC - intersystem crossing
Kic - rate constant of internal conversion
Kisc - rate constant of intersystem crossing
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1. Motivation and the Aim of the Work

Singlet oxygen plays a key role in the so calledtptlynamic therapy (PDT).
Photodynamic therapy is a progressive method aftrtrent of cancer and other chronic
diseases (age-related macular degeneration, pspriilke main advantage of this method
is in the high selectivity towards diseased tissUémt means that PDT destroys tumour
only, with no effect to the healthy tissue. In PRTljght, a light-sensitive drug (so called
photosensitizer, PS), and oxygen are combinedadyme highly reactive substances lethal
to the tumour cells. First, the PS is administardd patient’s body. After a delay, when
PS is accumulated predominantly in the tumour éssbe tumour is irradiated at an
appropriate wavelength. Under the irradiation, P8engoes the transition into excited
singlet state, which easily converts to the tripdite. The ground state of molecular
oxygen is a triplet*0,). On the other hand, the first excited state ofgex is a singlet
(*0,). As the triplet state of PS exhibits higher eyetwan the singlet state of oxygen and
the process is spin-allowed, energy transfer fr@rtd”singlet oxygen occurs easily. In this
way, highly reactive singlet oxygen is produced,jolhdestroys biologically significant
molecules in tumour tissue, such as proteins aidign addition, a PS in triplet state can
interact directly with substrate molecules, caudimg generation of free radicals, which

can also destroy the cancer cells.

Research in this area is not finished yet, of ceusgientists are still looking for PS
with better and better properties and ways, howy tb@n get PS into the tumour as
efficiently as possible. Optical spectroscopy shibue be a powerful tool to investigate
photogeneration ofO,. The main advantage of the direct detection oflsinoxygen
phosphorescence over other methods is its abditgetermine not only singlet oxygen
quantum vyield but also detailed kinetic charactiess of excitation energy transfer

between PS and oxygen.

The aim of this work is to investigate the interaics of different PS with singlet
oxygen in different environments by means of timend spectral-resolved
phosphorescence. The understanding of this actiesgential for successful application of
PDT. As the human body represents too much cometicsystem, it is necessary to begin
with investigation of the interactions in simpliisystems. Various PS in environments of
increasing complexity and similarity to the conalits in the human body were studied in

this work.



The initiatory experiments were done in simple salg, such as phosphate buffers or
acetone. The first step on the way towards theofioal systems was done by the use of
the buffers with pH of skin, tumour tissue, anddalo

Finally, those simple environments were replacectironments of higher complexity,
such as lipids, liposomes, or buffers with the naisindant blood plasma protein, Human
Serum Albumine (HSA).



2. Introduction

2.1. Energetic states of dye molecules and transihs between them

As a molecule undergoes transition from an energitihigher to an energetically
lower state, photon emission may occur. This pre@tesalled luminescence. The majority
of complex polyatomic molecules exhibit no luminasce. On the other hand, intensive
luminescence was observed in the case of many &mmalecules. In this work we have

studied porphyrine derivates, which exhibit straunginescent properties.
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Figure 1 A schematic description of energy states of dyeecule together with the transitions between
them

Horizontal lines in Figure 1 correspond to elecitenbronic levels of the
molecule. For the sake of clarity, lines situateéghlr correspond to electronic-vibronic
levels with a higher energy state of the molectdach electronic-vibronic level can be
found in one of different spin states: a singletdriplet state. The molecule in the triplet
state has an overall spin equal to one in conteagte molecule in a singlet state with an

overall spin equal to zero.

The lowest energetic state of the molecule (i.e.glound state) is usually singlet,

denoted by & Singlet states with higher energies are denoje&.b..., S, in Figure 1,



while triplet states with higher energies are deddby T, ..., T,. Bold horizontal lines
correspond to pure electronic levels, the energyluth is equal to the sum of electronic
energies and energies of zero normal vibrationsxeMielectron-vibration levels are

presented by the thin horizontal lines.

The molecule can get from one electron-vibratioveleto another one. Let us
assume that the molecule is in the ground staie A®er the excitation by the
electromagnetic radiation at an appropriate wawglenthe molecule undergoes the

transition to one of the excited statgs .S, S..

There are two pathways, either radiative trans#tignminescence) or non-radiative
transitions, through which the molecule can gekldaam the excited state to the ground
State:

Non-radiative transitions (kyr) are processes, when no photons are emitted. These
include the internal conversion (ske arrows in Figure 1), the intersystem crossikge(

arrows) and vibration relaxationisz(arrows).

1. The internal conversion is the isoenergetiodition between electron levels of the

same spin multiplicity.

2. The intersystem crossing is an isoenergeticsitian between electron levels of a

different spin multiplicity.

3. Vibrational relaxation processes involve thesigigtion of the vibrational energy to

the surrounding environment. This kind of relaxasigplays a very important role in the
condensed media where it is much faster than &ihds of deactivation processes. This is
the reason, why the radiative transitions to thmugd state mostly occur from the lowest
vibrational levels of the excited statess. pure electronic levels only.

Radiative transitions, luminescence, can be divided into fluorescenkg, (

phosphorescencé,) and delayed fluorescence.

1. Fluorescence is defined as a spin-allowed ttiansifrom the equilibrium
vibrational level of an excited state to one of thierational levels of the ground state,

accompanied by the emission of photon [1]. Fluaese is usually observed from the
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lowest vibrational level of the excited state Sccording to the Kasha's rule, a molecule in
the excited state,®r a higher one undergoes a transition to a pwetreh level of the
first excited state Sby non-radiative processes at first. Subsequefitiprescence may

occur.

2. Phosphorescence is a radiative transition betwkewels of different spin
multiplicity, which is a spin-forbidden process.i3lis the reason, why the lifetime of the
lowest excited state;Ts longer than the lifetime of;$vel by many orders of magnitude.

3. Delayed fluorescence is very similar to normiabrfescence. It is also a radiative
transition from one of the singlet excited stateshie ground state. In the case of delayed
fluorescence, the molecule undergoes the tranditam the excited singlet state 8 the
triplet state T and then back from Tto § again, and afterwards fluorescence occurs. It
implies that the lifetime of delayed fluorescence similar to the lifetime of

phosphorescence.



2.2. Singlet oxygen

Molecular oxygen in air is found in its energetigdbwest, triplet ground state.
Triplet multiplicity of its ground state is a uniguproperty, because most of natural

compounds have a ground state singlet.

Atmospheric oxygen is not highly reactive towardsldgical molecules under
normal conditions due to the Wigner’s spin selectiale, as the chemical reactions of one
reactant in singlet state with reactant in trigigtte generating products in singlet state are
strictly spin-forbidden. This situation changeseafh chemical or physical transformation
of the oxygen molecule to the singlet state and thwygen becomes extremely reactive.

The energy of transition between the lowest singhatited state and the triplet
ground state is 95 kJ mb[2-4]. It corresponds to the absorption wavelermfti269 nm
in the gas phase [5].

2.2.1 Energetic levels of a molecular oxygen

The MO-LCAO model (Molecular Orbital-Linear Combtimn of Atomic Orbitals)

predicts two low-lying excited singlet states of, @ spectroscopic terms abbreviated by
1Ag anclzg. They differ only in the structure of theantibonding orbitals. Two paired
electrons are situated in the samantibonding orbital in the excited state IabellAg ,
while in the case of singlet sta‘lzg two paired electrons occupy two differemt
antibonding orbitals. The electronic structureld triplet ground stat3zg_; together with

the electronic structure of the energetically lovessited Stat11Ag is depicted in Figure 2.

Molecular oxygen remains only very shortly in thegéet stat'lzg . It undergoes a

rapid transition to the lower-lying singlet S11Ag , usually by vibrational relaxations. This
transition is very fast as the spin multiplicitymains unchanged and is therefore spin-

allowed.
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Figure 2 Electron occupancy of the atomic and moleculartalbiof oxygen

On the other hand, the transition fr(lAg to the ground staiszé is spin-forbidden,
making 1Ag relatively long-lived. Quantitatively, the lifetimaf the singlet statlAg in the

gas phase is about 45 minutes, while the Iifetinmélzg only a few seconds

(approximately 7-12 s) [6]. The lifetime of thedmtes is much shorter in condensed

media: 16 — 10%s for A, state and T8-10°s for ', state [7].

Only the chemically active stalAg is commonly referred to as singlet oxygen, due

. . g+ . . L1 .
to the very short lifetime o Z4 state in comparison wit &, state. Terms “singlet

1 .
oxygen” and A, are used as synonyms in further text.
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2.2.2 Generation of singlet oxygen

Singlet oxygen can be generated by many differemtswThe basic classification
of these methods is to the chemical and physiocas.on

Chemical methods

There are several different chemical methods of-@eproductionin vitro. O, is
often generated in exothermic chemical reactionfies€ processes are usually
accompanied by luminescence due to the radiatieaydef the’O,. The best known
reactions to generat®, as a product are reaction of hypochlorite withrogen peroxide

or the thermal decomposition of endoperoxides [8].

Warm N,

Figure 3 Thermal decomposition of 4,7-dimethyl benzofuragafi-endoperoxide

In vivo, leukocytes can produc®, in the response to different particles [9-11].
Singlet oxygen generated in this way predominasélgves as a weapon against a wide
range of pathogens, such as viruses or cancer ltellas also verified that singlet oxygen

has antiviral effects [12].
Physical methods

According to Wilkinsonet al. [4], there are more physical methods to generate
singlet oxygen, such as: direct absorption, putadeblysis, microwaves, organic molecule
charge-transfer and photosensitized production. pifeosensitized production of singlet

oxygen plays a key role in our study, so it is fiyidescribed in the next paragraph.

Photosensitized production of singlet oxygemefers to a light-activated process
that requires the presence of a light-absorbingeoué, PS, which initiates excitation
energy transfer to oxygen after an absorption at@mh The schematic description of this

action is depicted in the Jablonsky diagram (Figyre

12
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Figure 4 Schematic description of the photodynamic action

The initial act of light absorption elevates onecglon in the ground singlet state
(So) to a vibrationally-excited level of theg State, without a change of the spin orientation.
Subsequently, vibrational relaxations occur, inckhihe excessive vibrational energy is
dissipated as heat. This process leaves the extitdelcule in the thermally-equilibrated
S, state.

PS(S,) M - PS(S,) + hv, (1)
After a certain time, the PS molecule undergoesmsition to the ground statg S

by fluorescence (2) or by vibrational relaxatioB$, (©r to the energetically lower triplet
state T (4) by intersystem crossing (and subsequently bgational relaxations).

PS(S,) O - PS(S,) + hv, 2)
PS(S,) O - PS(S,) 3)
PS(S,) O & - PS(T,) 4)

wherekg, kisc andk are rate constants of vibrational relaxationgrsystem crossing and

fluorescence.
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PS in the triplet state may also transfer the akom energy to triplet oxygen (5).
This results in the production of singlet oxygen:

PS(T,) + 0, O K17 - PS(S,) + 'O, (5)

keer IS a rate constant of the excitation energy temsThis process is allowed by
Wigner's rule [13]. That is a reason why it is talaly fast in comparison to other ways of

3PS deactivation.

The overall efficiency of théO, photogeneration by PS can be quantified by the

quantum yield of the singlet oxygen produc @..

([l =JOz
J

(6)

a

Jo is a number of photogeneratkd, molecules and, is a number of absorbed photons by

PS molecule.

The overall amount of photogeneraf€) molecules (and thus a quantum yield of
singlet oxygen) depends on the rates of partiquiacesses in PS molecule (fluorescence,
ISC, phosphorescence, IC, EET, vibrational relaxeti etc.). It depends also on the

concentration of triplet oxygen dissolved in sarsgl].

On the other hand, th&S-=0, interactions need not necessarily lead to the
formation of singlet oxygen. Other physical deaatimns of °PS (7) or the chemical
reactions (oxidations) dPS with*0, (8) may occur:

PS(T,) + %0, O ¥ = PS(S,) + °0, @)

PS(T,) + 0, M - product (8)

kdo2is @ quenching constant of the physical deactvatif*PS by oxygen.

14



2.2.3 Deactivation of singlet oxygen

After O, has undergone the transition to the excited sirsggee, there are two ways
of its deactivation: physical and chemical ones.

Physical deactivation

10, can get back to the ground triplet state eitherrdjiative or non-radiative
processes. Radiative transition — phosphorescé&)ce-(can be observed at 1270 nm [15-
20].

1o, 0.0, +hv 9)

Intersystem crossing and following vibrational x&gfions (10) are the representatives of

non-radiative transitions to the ground state:
10, 0K - 30, (10)

Quenching (11) of singlet oxygen by another moledslvery important process through
which 'O, can undergo the transition back to the groundetrigtate. This deactivation of

0, by the interaction with the molecule of quencherl€ads to no chemical changes of

Qr:
1Oz + QP [ ﬁp-ﬁ] - 3Oz + QP (11)

koe is @ quenching constant of the physical deacbowatf '0, by molecule @ and [Q] is

concentration of Qin solvent.

Many molecules can physically deactivd@®,. Sodium azide, for instance, is a
strong, well-known physical quencher 6®, [21-23] which is often used for the

verification of the singlet oxygen involvement ixidation processes [18,24,25].

PS may often play the role of the quencher — itmmainonly photogenerate singlet

oxygen, but can also efficiently deactivate it inamyg cases.
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Finally, as it will be shown further as one of tlesults of this work, singlet oxygen

can be quenched by oxygen, even predominantlyrigletioxygen itself.
Chemical deactivation

The chemical reaction ofO, with an interacting molecule & is called the

chemical quenching of oxygen (12) or photosengitip&idation. The product of this

reaction is abbreviated tQ_,, which is not the same chemical entity a$.Q

'0,+Qq, Ol q, (12)

Koch is a rate constant of the chemical reactiort@f with molecule @y and [Q:] is

concentration of @y in solvent.

“Ene” reaction, [4+2] cycloaddition, [2+2] cycloaitidn and heteroatom oxidation
reactions are the well-know archetypical reactiohsinglet oxygen in organic chemistry

[26-28]. Figure 5 shows examples of these actions.

. 10
[4+2] Cycloaddition © 2
/
10, 0
"Ene" Reaction — - . =

10
(0]
[2+2] Cycloaddition >=< % _ }—'éc)%
0o—0
Oxidation of ﬂé 10, s Z :_
heteroatoms EE— I
(0]

Figure 5 Typical reactions of singlet oxygen

All of these reactions describe the interactionsinglet oxygen with unsaturated carbon-

carbon bonds (or with heteroatom). They also hagatgmportance in biological systems

16



due to a particularly high concentration of unsaenl carbon-carbon bonds in a wide
range of biomolecules, such as proteins or liplde description ofO, interactions with
these biomolecules is briefly presented in the gragagh on photodynamic therapy.

PS could be also a chemical quencher. So calledobleaching refers to the
degradation of PS by singlet oxygen. This phenomevas observed in many different PS
[29-34].

One molecule of PS can typically photogeneraté-1@% molecules of singlet
oxygen, until it undergoes an irreversible chemieaction with singlet oxygen it has

produced, and thus becomes useless [3].
2.2.4 Applications of'O;

Singlet oxygen can be very useful in a wide raniggpplications. It can play a key
role in the photodegradation of pollutants in waséger treatment, such as fenols [35,36]
mercaptans [37], sulfides [38], and thiosulfate9,4B8] which are often unwanted by-

products of industrial processes.

The high reactivity ofO, together with its excellent stereoselectivity makinglet
oxygen also a very effective reagent in fine chansynthesis and organic chemistry. In
this way, optically active alpha-methyl beta-hydeogxy esters [41] or 5-aminolevulinic

acid [42] may be synthesised.

A deep understanding of tH®, deactivation can by very important in the food
industry, where an undesirable oxidation of nourmisht by singlet oxygen occurs [43,44].
Adding 0, quenchers such as carotenoids and tocopherols faid can prevent

nutritional losses and toxic compounds production.

The application of singlet oxygen can also be foumdmedicine [45].10, is
photogenerated as a cytotoxic agent during thegalyomic therapy (PDT) by PS in a
cancer tissue, causing its necrosis [46-49]. Tlredof this doctoral thesis is the energy
transfer from the well-known PS used in PDT to Ehgxygen. As PDT is related to our
investigations, attention will be paid to it in thext paragraph.

17



2.3. Photodynamic therapy

Photodynamic therapy is an effective modality &atment of cancer and many
other chronic diseases. In the first step, PS imimidtered into the tumour tissue.
Afterwards, PS located in tumour is illuminated by light of appropriate wavelength.
Subsequently, PS undergoes a transition to itdezkstate. The triplet excited states of PS
have many orders of magnitude longer lifetimesamparison to the excited singlet states,
which enable®PS to interact much longer with the surroundingiremment. 3PS can
initiate biophysical and biochemical mechanismsuafiour necrosis via type I. or type Il

reaction mechanisms [48,50].

Type |. reaction mechanisminvolves a direct interaction betwe€fS and
substrate molecules, causing the generation of rfaeécals. Free radicals are highly
reactive chemical entities due to the presenchef tinpaired valence shell electrons. The
substrate molecule can be an oxidizing,(8o) or a reducing agent ¢M, Bg). Proton
(13) or electron (14) is transferred from reducimgnts to th&PS molecule:

PS(T:)+ A H [0 — PS(S)H'* +A (13)

R

PS(T:)+B; M - PS(S)"~ +B}" (14)

In case of oxidizing agents, a proton (15) or etec{16) transfer can occur frof®S to

the oxidants:

PS(T)+ A, M » PS(S) ™ +AH ™ (15)
PS(T:) + B, M - PS(S)"" +B,~ (16)
Free radicals may chemically react with surroundimgmolecules, such as lipids or
proteins. This causes a serious disruption of giok processes, which are crucially

needed for the tumour cell survival. Type I. reactmechanism can also initiate a cascade

of reactions, where further cytotoxic species magea Products ofO,-free radical

reactions can be reactive oxygen species, suclhipsaxide radical anioQ;”. On the

18



other hand,0,~ can be generated directly in reaction (34) whi®g was used as an
oxidizing agent.

In case of théype II. reaction mechanism the excitation energy transfer frofS
to oxygen results in singlet oxygen as a productphotosensitized process 00,
generation was described above, by equation (5):

Since singlet oxygen is extremely reactive, chehoeghysical quenching dO,
by proteins, DNA, RNA, lipids, and sterols can aceery easily. This interaction proceeds
in agreement with the above mentioned reactionsirgflet oxygen: [4+2] cycloaddition,
[2+2] cycloaddition, heteroatom oxidation reaction,'ene” reaction.

Interactions of O, with proteins

According to the Davie’s simple model [51], approgitely 70 % of the overall
amount of singlet oxygen in a typical cell (leukte)yis consumed by the reaction with
proteins.

Amino-acids histidine, tyrosine, methionine, cys&icystine, and tryptophan are
among the main oxidative targets '@, within the protein polypeptide chain. The most
interactions of'O, with amino acids occur via chemical quenching. Am@minoacids,
significant physical quenching was observed onlytha case of tryptophan. The rate
constants describing the chemical and physical chieg differ strongly and depend on
the surrounding environment. For example, theyhaghly pH dependent. An excellent
description of the'O, interaction with all the mentioned amino acids dsnfound in

Davies’ review [2].
Interaction of O, with cholesterol

The addition of*O, to a carbon—carbon double bond can be observedsa of
singlet oxygen interaction with cholesterol. Thetfahat the double C-C bond is a site
with a high electron density confirms the electibphcharacter of processes in PDT.
Hydroxyperoxide as a product is generated in reastiof'O, with cholesterol (or with

other sterols):
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Figure 6 Reaction of-O, with cholesterol

Interaction of 'O, with lipids

A transfer of the carbon-carbon double bond witlsudbsequent generation of
hydroperoxides occurs in case of the lipi@@-interaction, which represents the above

mentioned singlet oxygen “ene” reaction.

10, OOH

Figure 7 Reaction of'O, with part of a typical lipid chain

Lipids are the main component of cell membrane®rdiore, the photosensitized

oxidation of lipids by'O, can seriously affect their functions.
Interactions of 'O, with DNA and RNA

It is known, that singlet oxyged@y) is involved in oxidative damage to DNA and
RNA [25,52-54].

Cytosine, guanine, adenine, thymine (DNA), and ilrf@NA) are parts of RNA
and DNA, the so-called nucleobast3; has a tendency of a selective modification of the
guanine base. The involvement’ak, in this modification has been proved by the usafge
D,O as a solvent and azide as a quencher [55,56]hifjieselectivity of‘O, for guanine

base was also confirmed by observations of Devgsaget al. [57] and Piettest al. [58].

It is widely believed that singlet oxygen is theimaytotoxic agent in PDT. That
means that a type Il. reaction mechanism prevaikhé tumour destruction, although the
ratio of the relative importance of type I. andeayh mechanisms in PDT depends strongly

on circumstances [48].
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The main advantage of photodynamic therapy is #lectgve accumulation of
administered PS in the tumour. That means thatctreentration of PS in tumour is
substantially higher in comparison with the PS emriation in the surrounding healthy
tissue. Therefore, local illumination generatesottic species predominantly in the
tumour, and has negligible effects to normal tissitee selective accumulation of PS in
tumour is due to an enhanced capillary permeabdity a poor lymphatic drainage of
many tumours [59] or due to different metabolisntafcer cells.

On the other hand, PDT has also some disadvantB&essed in PDT often tends
to accumulate not only in tumour, but also in kigkdiver, or skin. Moreover, PDT can

not be used in case of a big tumour, due to a lemepation depth of the light in the tissue.
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2.4. Photosensitizers

PS, by definition, is a drug with the ability tosabb light and transfer this
excitation energy to molecular oxygen. Various P&Swsed in PDT, which may differ in

many for PDT important properties, such as:

- absorption wavelength; The most desirable absarptiterval is between 600
nm and 800 nm, the “therapeutic window”, due to deepest penetration of
light of this wavelengths into the human tissues.

- level of dark toxicity (the toxicity of administetePS in the absence of
illumination)

- efficiency of the generation of singlet oxygen asllwas of other reactive
species

- degree of selectivity, that can be defined asr#ét® of PS concentration in
tumour and in healthy tissue

- level of disintegration of PS in human body, or tag of clearance of PS from

liver, kidney, and skin, where PS also tend to audate.

No single PS can be the best in all the above mead fields. For example,
protoporphyrin IX posses 5 times shorter duratibskin photosensitivity in comparison to
phthalocyanines. On the other hand, phthalocyaraheerb between 670 and 680 nm very
well, where the light exhibits higher penetratioepth than at 635 nm used for

protoporphyrin IX excitation [49].

2.4.1 Haematoporphyrin derivatives

Derivatives of haematoporphyrin (HpD) were onehd first photosensitizers used
in PDT [29]. HpD is a strong PS, but suffers frorftow selective accumulation in tumor.
Moreover, a prolonged photosensitivity of skin (2 ® months) was observed after
application of HpD.
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Figure 8 Structural formula of Haematoporphyrin

Acetylation and reduction of haematoporphyrin piEiia complex mixture of HpD with
a better selectivity and a better efficiency of gemeration of singlet oxygen. Photofrin®
(from QLT PhotoTherapeutics), which is a partiglyrified form of HpD, has received the
approval for clinical use in Europe, Japan, USA] @anada [49,60,61].

2.4.2 Protoporphyrin IX

Protoporphyrin IX (PpIX) is a metabolic productd®@&minolevulinic acid (ALA) in
human body [62]. ALA and PplX are therefore molesuthat occur naturally in almost all
cells. PplIX is also a powerful PS.

HOOC COOH

Figure 9 Structural formula of Protoporphyrin 1X

In contrast to a normal concentration of PpIX witha cell, a much higher

concentration of PplIX is necessary for successRil Rpplications. This is achieved by
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exogenous administration of ALA to patients. ALAtens the porphyrin biosynthetic
pathway, which results in an overloaded PpIX cotregion. Tumours and other
proliferating tissues usually have tendency to audate more ALA-induced PplIX than
the surrounding healthy tissues. Despite PpIX hasstrongest absorption around 400 nm
(Soret band), the excitation wavelength 635 nmesponding to one of its much weaker Q
bands is used in PDT.

Fluorescent and photosensitizing properties of Ppi¥synthesized after the
administration of ALA can serve to visualize andtdey malignant cells in PDT. Many
clinical 6-aminolevulinic acid-PDT applications to malignamind non-malignant

pathologies are currently in use [63].

2.4.3 Meso-tetraphenyl-porphyrin

TPP belongs to modified porphyrins, which are getegl by addition of various
chemical groups to the porphyrin core. In the esEPP, four phenyl groups are added to
the porphyrin cycle.

Figure 10 Structural formula of meso-tetraphenyl-porphyrin

TPP is a hydrophobic molecule with strong photosensy properties. The
efficiency of TPP in PDT was tested in human anmianmelanomas implanted in nude
mice [64]. TPP was incorporated to liposomes, a@stared intravenously, and irradiated.
The tumour reduction to zero volume confirms thBPTis a potentially suitable agent for
PDT.
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2.4.4 Meso-tetra(4-sulfonatophenyl)porphyrin (TPP3

It is possible to generate a water soluble derivaftehydrophobic TPP from
hydrophobic TPP by a simple chemical reaction, agkulfonation. In this way TPPB
produced. Similarly to TPP, TPRS&Iso has a high singlet oxygen quantum yield. @n t
other hand, TPRSexhibits certain properties like many other wateluble porphyrins.
For example it aggregates in water [65-68]. Morepaeldition of central metal ions to
TPPS has strong effect on its properties. The influenfcaddition of various central metal

ions to TPPgon its photophysical properties was described blgédfet al. [69].

Figure 11 Structural formula of meso-tetra (4-sulfonatopHepgrphyrin

TPPS has been successfully applied in breast cancantent in the Czech Republic [70]

Apart from the above described PS, which were stlidin the presented work,
other photosensitizers also exist, such as texam)yphthalocyanines, rhodamines,
psoralens, porphycenes, and many others [49]. THd&s in chemical structure and
photophysical properties.
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2.5. Kinetics of PS andO,

Let's assume a simple system: PS together with exygissolved in a simple
solvent, such as acetone. No other molecules wtocid serve as physical or chemical

guenchers are dissolved in the solvent.

At first, an excitation pulse elevates PS molecditem their ground states to an
energetically higher singlet statd8S*. As was mentioned above, a part of these ekcite
PS emits fluorescence rapidly, part relaxes noatasiy, and the rest undergoes a
transition to the closest lower triplet state byCl§and subsequently by vibration
relaxations). The lifetime of singlet excited stage usually negligible compared to
lifetimes of triplet states, therefore the subsedquene evolution of concentration of the

PS molecules is triplet state can be describedjbgteon (17)

d[3zt9(t)] = ~{lops+ km + keer 20,1 L [*PS0)] 17)

This equation contains all three channels, by wiRS can undergo transition to the
ground state: by phosphorescenkgd, by nonradiative transitiong&g), or by excitation
energy transfer to oxygekgEr). In most cases, back transitions to the singleited state
can be neglected. Usually, ti©, concentration decrease due to its transformation to
singlet oxygen is very low compared to the ovemdgen concentration. Finally, no
quenching ofPS by*O, and vice versa is taken into account. Under thesemptions, the

equation (17) has simple monoexponential solution
[3P3t)] = IPS .e_(kpps+kNR+kEET-[3oz]).t (18)

wherelpsis a constant. The lifetime &S is thus given by relation (19):

1
t =
oS [kas+ knr + kEET.[goZ]J

(19)

[*PS()] is proportional to the observed intensity of tR& phosphorescence, thus the
measured phosphorescence data enabled us to didifetime ofPS by fitting the data
with eq. (18).
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The kinetics of singlet oxygen is more complicaf€de rise of the singlet oxygen
concentrationfO,] is accompanied by the decrease *fg] by EET. The singlet oxygen
concentration decay is described by e phosphorescence rate consteyab and by the

non-radiative transitions rate const&gt.

d[*0, (t)]

dt = keer.[*PS1)].[°O,] - (kp02+ kNR)'[loZ (0] 29

Assuming equation (18) for time evolution of PS @amtration, solution to this equation

can be found:

1 - |0 ~tltso _ ot/
[Oz(t)]’n/tl—n/tso( e/ -t ) (21)

Where } is a constant, tis the risetime of singlet oxygen, which is eqtalifetime of
3
PS:

t; =taps (22)

tso is the lifetime of singlet oxygen. In the absemdequenchersiso is given by the

equation (23):
tso = 1/KooztKnr) (23)

The lifetime of singlet oxygen is highly solventpgmdent. In water or in a phosphate
buffer of pH 7.4 thesp is around 3.5 ps [15,71] whereas in most orgaaicests the
lifetime is much longer. For example, th@, lifetime around 54 ps was observed in
acetone [72]. The relatively lorf, lifetime was also reported in,D (68 ps) [73] This
can be explained by different vibrational levelaid bonds in deuterium oxide compared

to OH groups in water, which are responsible*®@y quenching [5].

In the presence of quenchers, the reciprocal vafuke lifetime of singlet oxygen

is given by the equation (24):

1/tso = Kooz + Knr + Z[QcH*K ocn + Z[Qp]*K gp (24)
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[QcH] ([Qr]) is the concentration of the chemical (physiagllencher of singlet oxygen
Qcu (Qp) andkyr is the rate constant of non-radiative transitiersluding physical and

chemical quenching.

In cellular systems, where many important biomdesiserve as quenchers, the
lifetime of 'O, is considerably shorter. According to Niedteal. [18] tso is only 30—180
ns in the tissue. The short intracellular lifetimesinglet oxygen suggests very efficient
quenching of'O, by its reaction with surrounding biomolecules. Hmer, surprisingly

long lifetimes of singlet oxygen in living cells veefound by Skovsed al.[74].

'0, phosphorescence kinetics described by equatiojwé®lobserved in many
cases of different PS and in different environraefor example, this kinetics follows
singlet oxygen phosphorescence in case'®f produced by riboflavin and flavin
mononucleotide in water [14], by clinically used oRfrin® and 9-acetoxy-2,7,12,17-
tetrakis-(beta-methoxyethyl)-porphycene in watepjdl suspensions, and in aqueous
suspensions of living cells [15], by meso-tetrapigorphine in acetone [72] or by meso-
tetra(4-sulphonatophenyl)porphin in phosphate louffeoH 7.5 [71].

The concentration of singlet oxygen is proportiaiathe intensity of the observed
0, phosphorescence. That means the rise and decey tfrthe concentration of singlet

oxygen in solution are given by the rise and deiags of'O, phosphorescence.
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3. Materials

The photophysical properties of four above mentiofS together with their
interactions with singlet oxygen were investigatedrotoporphyrin IX (PplX),
hematoporphyrin derivatives (HpD), mesotetraphgmyphyrin (TPP) and meso-tetra(4-
sulfonatophenyl)porphyrin (TPRS

All photosensitizers used in this work were obtdifeom Frontier Scientific
Porphyrin products, Logan, USA. No further purifioa or chemical modification was

applied.

While TPPQ is a hydrophilic molecule, TPP, PpIX and HpD alelipophilic.
Therefore, a different solvent had to be used $salve TPPS In this study, acetone was
used as a solvent for lipophilic PS (PplIX, TPP d#pD). For hydrophilic TPPS
phosphate buffers were used. Phosphate buffer$ldf.4, 6.5, and 5.5 corresponding to
pH of blood, cancer tissue and skin, respectivelgre prepared to mimic different

biological environments important for PDT.

The concentration of oxygen in the samples wasgdthim particular experiments
on aqueous solutions of TPRPIJsually, three identical samples were prepareuaigchv
differed only in the concentration of oxygen:

- samples saturated by air,
- samples saturated by nitrogen,

- samples saturated by oxygen.

To achieve oxygen saturated conditions, the sampés purged by oxygen for at least

one hour. The concentration of oxygen dissolvethenphosphate buffer then reaches the
saturated value of 1400 umot.[75]. In the case of samples bubbled by nitrogémost

all oxygen was removed after 1 hour of purging th&ime concentration of oxygen was

280 umol.T* [75] in the air saturated samples.

It was impossible to change the oxygen concentraiio acetonic solutions by
purging them by gases due to the fact that acetwveporates very easily. The

concentration of oxygen in air saturated acetor2&@ pmolT*
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Human serum albumin was bought from Sigma Aldrithe structure of human

serum albumin is shown in Figure 12.

Figure 12 The structure of human serum albumin [76]

HSA was dissolved in phosphate buffer of pH 7.4n€mtration of HSA in the
samples was in the range from 1 to 50 prmplwhile the concentration of TPP&as 10
pumol I in all the samples.

Liposomes were prepared from completely saturatedpbhosphatidylcholine by
Avanti Mini-Extruder®. Fig.13 shows structural foata of the used lipid.

o]
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Figure 13 The structure of saturatedd-Phosphatidylcholine

30



Completely saturated lipid k-Phosphatidylcholine was used to eliminate possible

chemical reactions of singlet oxygen with doubladmof the liposome.

3.1. Preparation of liposomal samples

Both L-a-phosphatidylcholine and Mini-Extruder were boudfom Avanti Polar
Lipids. Lipids together with PS were dissolved amded in chloroform to assure a
homogeneous mixture of lipids. Next, chloroform wamoved by evaporating with dry

nitrogen to yield a lipid film.

Hydration of the dry lipid film was accomplished bgding HO to the container
andagitating. The products of hydration were largetitarhellar vesicles, with each lipid
bilayer separated by a layer of water. After thabl, hydrated multilamellar vesicle
suspension was produced, the particles were doachdiy extrusion to get unilamellar

vesicles of well defined size.

This method improves the homogeneity of the siz&tridution of the final
suspension in comparison to sonication. Filterdyi®0 nm pores were used to produce
liposomes. The extrusion was done at temperaturg5oiC, well above the transition

temperature of the used lipids (=50 °C).

Distribution of liposome sizes was checked usingstt light scattering, on
Zetasizer Nano ZS device (Malvern Instruments) he tnstitute of Macromolecular
Chemistry of the Academy of Sciences with kind stesice of Prof. Kiak. Fig. 14 shows

the obtained size distribution of liposomes loadti PplX.
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Figure 14 Size distribution of liposomes (loaded by PplIX)dwoed by extrusion through 100 nm
membrane.

All spectroscopic measurements were performedanremperature (20 °C), that

means, under the transition temperature of the lijsield.
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4. Methods

Standard spectroscopic techniques (absorptionlaatescence spectroscopy) were
used to detect aggregation and verify photostgiilitstudied PS. They were also used to
check purity of the samples and to characterizetipectrally. Absorption measurements
were done on Perkin Elmer Lambda 12 UV/VIS and Agsrmvaspec-1024 absorption
spectrometers, while fluorescence measurements e&reed out using Avantes S2000

spectrometer.
All luminescence experiments were carried out atréemperature (20 °C).
4.1. Experimental setup

The research was focused on time and spectral pboesgcence measurements of
photosensitizers and singlet oxygen. Those meas&misnwere made on a very sensitive
home-built setup [71]. The schematic of the sesugisplayed in Fig. 15.

\LNo
F
PM PP hH20 1% Ylic
[
P —
MSA 200 T
LPX 100 FL 3001

Figure 15 Scheme of a setup for time and spectral resdRddminescence: FL 3001—dye laser; LPX
100—excimer laser; T—triggering photodiode; C—ctwetith the sample; F—Ilong pass filter; H20—
monochromator; PM—Iliquid nitrogen cooled photonpliér; P—preamplifier; and MSA 200—photon-
counter/multiscaler.

The samples were excited at 420 nm by laser puldes.duration of laser pulses
was around 15 nwith 40 Hz repetition frequency. The energy of phises was around 25

pJ. The excitation pulses were provided by a dyerlaambda Physik FL 3001 (Stilbene 3
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in methanol) pumped by excimer laser Lambda PhislK 100. The laser beam was
focused to a fluorescence cell through its optycpbllished bottom. The phosphorescence
was collected from excitation spot by lens assertiigugh a long-pass filter (Schott RG
7) and high luminosity monochromator Jobin-Yvon HI® to the infrared sensitive
photomultiplier Hamamatsu R5509 (cooled to -80 °@ lquid nitrogen). The
photomultiplier output was fed through Becker-HidF AC-26 dB preamplifier to
Becker-Hickl MSA 200 photon counter/multiscaler MS®0 triggered by a fast PIN
photodiode. The time and spectral resolved phogsicence was typically measured
between 750 and 1342 nm with 16nm step to moniotgsensitizer and singlet oxygen
phosphorescence together. Detailed time-resolvedsunements of singlet oxygen
between 1242 and 1306 nm with step 4 nm were peaddr In this way we obtained a set

of time and spectral resolved phosphorescenceofifitath PS and singlet oxygen.
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Figure 16 Typical 3D plot of time and spectral resolved phHaspescence of PS and singlet oxygen (30
pmol I TPPS in phosphate buffer)
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5. Summary of Results and their Discussion

The study of PS-singlet oxygen interactions by rsezfrtime and spectral resolved
phosphorescence was performed in this work. Sphctesolved kinetics of different PS
and singlet oxygen in various environments weresrd@ned: lifetimes of PS in triplet
state, the rise and decay times of singlet oxyged,the quenching constants'@§ by PS.
The obtained data enabled to determine kineticanpeters of processes of excitation
energy transfer and quenching.

All photosensitizers studied in this work exhibibadd phosphorescence band with
maximum between 800 and 1100 nm depending on tbeogénsitizer and the solvent.
Quite narrow phosphorescence'® appears at 1274 nm which is a little bit highduea
than 1270 nm published in literature [15,17,19].

5.1. PplIX and HpD interactions with oxygen in aceine

It is crucial for successful application of PDT kmow the photosensitizing
properties of used PS. In this contribution phoysptal properties of chemically similar

porphyrin-like molecules of HpD and PplX, were istigated.
PS phosphorescence

The PS phosphorescence kinetics together withitigges oxygen production were
measured in a wide range of PS concentrations (bR in acetone. Both PpIX and
HpD phosphorescence maxima (around 840 nm) wereeperent of the PS
concentration. Phosphorescence of HpD follows maxmenential decay with the lifetime
of (0.35+£0.01)us. This lifetime does not dependent on HpD conetiotr.

On the other hand, the PpIX triplets lifetime irages with the increasing PplX
concentration from (0.15+0.02F to the saturated value (0.22+0.Q8) This fact can be
explained in the frame of aggregation. The increals®plX triplet lifetimes with the
concentration corresponds to the increasing rdtaggregates to monomeric forms.

The aggregation is also supported by bathochronhiftss observed in the
fluorescence spectra, as well as by the absorptigssurements. The absorbance of PplX

at 420 nm shows a nonlinear dependence for higherentrations. A presence of at least
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two spectral components was revealed by factowyaisallt was performed in the Institute

of Physics of Charles University, Prague, with kassistance of Assoc. Prof. Mojzes.
0, phosporescence

After the excitation pulse at time t = 0 the singd&ygen emission intensity I(t)
follows the time evolution described by above mameid equation (21).The fast rise-time
of the singlet oxygen phosphorescencé0t28+0.01) us for HpD and (0.24+0.02) us for
PpIX does not depend on the PS concentration. @rcdntrary, the lifetime of singlet

oxygen §o depends on the PS concentration.
Quenching of'0, by PS

The lifetime of singlet oxygenyé decreases with the increasing HpD concentration.
This decrease corresponds to the bimolecular qumgobf singlet oxygen by HpD

described by Stern-Volmer equation:
k, (CHpD) =k, + kq E(thD (25)

whereKk; is the rate constants of the depopulation of singkygen:

k, = — (26)

tSO

The value of the quenching constiXtwas determined as (12.4 + 1.2) £M's™. The

lifetime of singlet oxygen extrapolated to zero Hpdhcentration is (52.3 + 1.1if.

In the case of PpIX the lifetime of singlet oxygeecreases with the increasing
PplIX concentration again, but this time the deaedses not follow the bimolecular
qguenching. It can be due to the quenching of singleygen predominantly by PpIX
monomers. It is supported by the fact, that thengbmg constant is higher in the low
concentration region, where monomeric forms prew&iith the increasing concentration

of PplX, the relative portion of monomers decreases so does the quenching constant.
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PS*0, interaction

Our data show some discrepancy between life-timésHpD triplets of
(0.35+0.01)us and the singlet oxygen phosphorescence rise-tohé8.28+0.01us. To
explain this fact, an existence of two distinctnfigr of HpD has to be assumed. One of
these, a form, with lifetime equal to rise-timessuiglet oxygen, transfers its excitation
energy to oxygen. The other one, spectrally ingligtishable from the first one, cannot be
guenched by oxygen which makes the effective lifees of HpD longer. Qualitatively

same behaviour was reported earlier for meso-teéragporphin in acetone [72].

However, the difference between the saturated vaftiePpIX life-times of
(0.22+0.02)us and the rise-times &0, of (0.24+0.02) ps cannot be explained in the frame
of only two components: monomers and aggregateggedted explanation is based on
dividing the aggregated molecules into two setsekpe and core ones. Only those in the
envelope can effectively transfer excited energgxggen and their phosphorescence life-
times are equal to the singlet oxygen rise-timese Tore molecules, inaccessible to
oxygen quenching, cause shorter effective life-irmkPplX aggregates.

Anyway, it is very interesting, that chemically si@n porphyrin-like molecules,
HpD and Pp IX, exhibit significant difference in gibsensitizer properties due to their

different aggregation.
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5.2. TPP3 interactions with oxygen in phosphate buffer

In contrast to HpD and PplIX, TPRB a hydrophilic PS. That means it is possible
to study TPPSexcitation energy transfer to oxygen directly iatar environment. To get
closer to PDT applications, phosphate buffers ofipdar values of pH as a solvent were
used. We have chosen pH values of buffers to be6/A4and 5.5 corresponding to pH of
human blood [77], tumour tissue [78,79] and skid,§3 ], respectively.

Photophysical properties of TPPi& a wide range of its concentrations at each pH

value were studied.
Moreover, the concentration of oxygen was varied:

1.samples without oxygen (purged by das for 1 hour)
2.air saturated samples

3.oxygen saturated samples (purged by&s for 1 hour)
PS phosphorescence

The maximum of TPRSphosphorescence (around 820 nm) does not depeodent
the TPP%concentration or the pH of the buffer.

The concentration of TPRSas a very strong influence on the lifetime of the
TPPS phosphorescence. The lifetime slowly increasel imitreasing PS concentration to
a saturated value at the highest concentrationsTBPS. Moreover, the TPRS

phosphorescence lifetime depends also on the ctratien of oxygen.

On the other hand, the lifetimes were independdnptd value (within the
experimental error). Oxygen proved to be a stroongngher of photosensitizer triplet
states: In air saturated samples, the lifetime Islomcreases with increasing TPPS
concentration from 1.8+042s at 5mmolt to a saturated value of 3.0+Q8 at
200 mmol 1.

In the case of oxygen saturated samples, the isituest qualitatively the same, but
the lifetimes are substantially shorter: LifetinedsTPPS triplets range from 0.37+£0.06
to 0.65+0.08us.
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0, phosporescence

The position and the shape of the singlet-oxygeysphorescence depends neither
on the TPPSand oxygen concentration nor on the sample pHgl&iroxygen kinetics
follows equation (21) for all samples. This wasodise case of kinetics of singlet oxygen

photogenerated by PplX or HpD in acetone.

The rise and decay times of the singlet oxygen pihm®scence were resolved in
air- and Q-saturated samples. (InyNsaturated samples the very low phosphorescence
signal made it impossible to obtain the rise andagletimes of singlet oxygen). Both
lifetimes were independent of the TRR®ncentration and the sample pH. The rise and
decay times in air-saturated samples were 1.75+8@53.7+0.1us. After reaching the
saturated value of On the samples, the rise and decay time$Gafwere shortened to
0.41+0.02 and 3.5+04ls.

Quenching of TPPS and 'O, by oxygen

We have determined a rate-constant of quenchingSjyPRosphorescence by
oxygen (16.9+0.8) x 108 | mbls*. Oxygen seems to be a strong quencher not only of
photosensitizer triplet states, but also of singbetgen. (The'O;, lifetime decreases from
3.7£0.1us in air-saturated samples to 3.5+(slin Q-saturated samples). This is caused

probably by quenching singlet oxygen by interadiamth other oxygen molecules.
PS0, interaction

The lifetime of the TPPSphosphorescence for the lowest concentration ef th
photosensitizer corresponds well to the rise-timhsimglet oxygen. On the other hand, the
TPPS phosphorescence lifetime increases while rise time remains the same with
higher PS concentrations. This behaviour is sinfarall three pH values and both air-

and Q- saturated samples.

The explanation of this fact is based on differphbtophysical properties of
monomers and aggregates. In TPPB8&lutions, aggregates in triplet state do notsfiem
excitation energy to oxygen and thus their trighette lifetime is longer. With increasing
TPPS concentration the aggregate to monomer ratio as&® too, which makes the

effective®>TPPS lifetime longer. Singlet oxygen is probably gertedaonly by monomers.

39



This is the reason, why tH©, rise-time is independent of the total TRRSncentration.
The presence of aggregates at concentrations arged&® uM was confirmed by
absorption measurements of TRRSphosphate buffer at various concentrations.
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5.3. Quenching of singlet oxygen by oxygen

As was mentioned above, singlet oxygen can be dueehby PS. Moreover, we
have monitored very interesting phenomenon in oevipus experiments. After increasing
the concentration of oxygen from the air- to thggen-saturated value (from 280mml |
to 1400mmol 1), the singlet oxygen lifetime in phosphate buféalutions of TPPS
decreased from (3.7z0.1} to (3.5£0.1us. This observation implies that singlet oxygen is
guenched not only by molecules of the solvent obBiSalso by other oxygen molecules.
In this chapter, we have investigated the effecdinglet oxygen quenching by oxygen in
detail.

Kinetics of TPP% phosphorescence together with singlet oxygen gtarsgcence
in phosphate buffer of pH 7.4 were measured aemdifft concentrations of dissolved

oxygen between zero and oxygen saturated value.
Quenching of PS by oxygen

The lifetimes of TPPStriplets decrease with the increasing oxygen coimagon.
The corresponding rate-constants exhibit perfeneai dependence on the oxygen
concentration. This confirms that the kinetics &tittion energy transfer from PS to
oxygen follows a bimolecular mechanism in a widege of oxygen concentrations. The

value of this bimolecular quenching constant wasmieined as (1.5+0.1) x10'mol s.
0, phosphorescence

The behaviour of the rise-time of singlet oxygensvgaalitatively the same. The
rise-time increases with decreasing concentrationxggen, providing the bimolecular
quenching constant of (1.4+0.1) ¥10nol s.

Quenching of*0, by oxygen

The lifetime of singlet oxygen increases with thecrasing concentration of
oxygen which is a proof of quenching of singlet gay by oxygen. In comparison with
guenching of PS by oxygen, the obtained dependehdbe rate-constants on oxygen
concentration is more complex. A significant inaeaf singlet oxygen lifetimes with the

decreasing dissolved oxygen concentration in tg®nebelow 280 mmorli was observed.
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Our measurements show that the lifetime of singlgtgen in water extrapolated to the

zero oxygen concentration is as long as (6.5 +|04)

In this point a question arises, wheth®; is quenched predominantly by oxygen in
the triplet or in the singlet state. This probleraswsolved by the following method: The
intensity of excitation pulse at wavelength 420 was altered, which is reflected in the
initial concentration of the photosensitizer tripi¢ates and the subsequent increase of the
singlet oxygen concentration accompanied by theedse of triplet oxygen.

We have obtained the dependence of singlet oxygpopllation rate-constants on
absorbed energy in TPP# an air saturated buffer. The rate constantsaneroonstant,
within the experimental error, in the region of alied energies higher than ~3 pJ. In the
region of lower absorbed energies, the rate cotsi@ecrease with decreasing absorbed

energy.

A more detailed investigation of this dependencé¢hi region of lower absorbed
energies was impossible due to the very low sigh#he singlet oxygen phosphorescence
in water. That was the reason, why we studied #meesdependence of mesotetraphenyl-
porphyrin (TPP) in air-saturated acetone, wherectiteentration of dissolved oxygen was
significantly higher (2400 pmolY). TPP was used because it is a lipophilic analagfue
TPPS. The wavelength of the excitation pulse remaitedsame, 420 nm.

The obtained dependence of singlet oxygen lifetimesabsorbed intensities less
than 3 uJ was quasi-linear. The deviation fromdiitg was caused probably due to the
existence of triplet—triplet transitions in TPPnavelength ~ 440 nm. The concentration of
PS triplets is not proportional to the measuredodi®l energy because a part of the
excitation energy is absorbed via the triplet—&ipransitions. This part increases with
higher excitation intensity as more PS moleculg®umd in triplet state while number of
PS molecules in ground state decreases. This effieges the dependence of singlet

oxygen depopulation rate-constants on absorbedygmnen-linear.

There is no triplet—triplet absorption in the repestral region. Therefore, the
phosphorescence emission of singlet oxygen wasureghsit various energies of 645 nm
excitation pulses. In this case the linear increzsine rate constants with the increasing

absorbed energy was measured.
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The overall concentration of the dissolved oxygenthe sample during the
experiments remains the same. Then the increatieeafoncentration of photogenerated
singlet oxygen with the increasing absorbed enecgyses the decrease of the
concentration of the triplet oxygen. When we takie fact into account, the linear increase
of the rate constants with the increasing absodresigy proves that singlet oxygen is

qguenched predominantly by singlet oxygen
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5.4. Interactions between TPPS'0, and HSA

As the next step towards PDT aplications, the auon between PS, singlet
oxygen and the most abundant human protein, HSA, stiadied. Proteins are present in
most biological systems at particularly high cortcations and react rapidly witiD,. This
suggests how the deep understanding of this interars important for the improvement

of PDT applications.

The production ofO, by TPP$ at various HSA concentrations under aerobic and
anaerobic conditions together with effects of th®, interaction with HSA was
investigated.

The concentration of HSA varied from 0 to g, in contrast to the concentration
of TPPS, which remains constant 1M for all experiments. All samples were studied
under aerobic and anaerobic conditions. Anaerobiaitions were reached by purging
samples by Blgas for at least 1 hour. Solution of TRRSphosphate buffer was used for
all measurements. The pH value of the buffer wassdime as the pH value of human
blood (7.4).

PS phosphorescence

Under anaerobic conditions, the TRBPghosphorescence spectra and kinetics
comprise of two different components, each of thexthibiting monoexponential kinetics.
The lifetime of the shorter one (around 19 does not change with the increasing HSA
concentration. The maximum of this component liesha wavelength of 820 nm. The
lifetime of the long component rises with the irasmg concentration of HSA from (405 +
20) ps in the HSA-free sample to (990 = 12@ in the sample with the highest HSA
concentration. This behaviour is probably causedHBWA shielding of the protein-bound

TPPS triplets from quenching by molecules of water.

The TPP$ phosphorescence in the presence of HSA under iaecomditions
consists again of two components. The faster oingbi monoexponential decay with
lifetime around 2us independent of the HSA concentration. The se@bhadphorescence
component of much longer lifetime arises after #iuglition of HSA. Lifetimes of the
slower component increase from (15.0 £ 1.4) to (x020) us with the increasing HSA
concentration. Integral intensity of the slower @aments also increases with the
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increasing HSA concentratioft implies that the 2is component can be attributed to the
phosphorescence of the free TRPSvhile the other one corresponds to the
phosphorescence of TPPBound to HSA. The ratio bound- / free- TRRSes with the
increasing HSA concentration.The spectral behavaduihe long component is similar to
the behaviour of the longer phosporescence compooenTPPS under anaerobic
condition. The longer lifetime of bound TPR&N be explained by the shielding of TRPS
by HSA against quenching by oxygen.

0, phosphorescence

The kinetics of the singlet oxygen phosphorescecae be described by an
equation in the form of the linear combination bfeast two expressions of Eq. (21) type
with two different photosensitizer triplet lifetimey and % corresponding to the free and
bound TPP% Taking into account the relatively high oxygeffuliion constant in water, it
is rational to assume that edy, molecule is able to cross distances exceedingiteeof
HSA molecule as well as the space between themraadhcts with both water and the
HSA environment during its lifetime. This meanssiabsolutely not important for tHe,
decay whether singlet oxygen was produced by fraoaond TPP$H Therefore, the same

effective value ofdp for both components in Eq. (27) was used.
I ; I -
| (t) = 2 et — gkt |4 1 gt _ gkt 27
® k2—k3[ ] kl—kg[ ] @)

where(t) is the intensity of phosphorescence in the it refter excitation pulsek: and
1

. . 1 .
K, are rate constants of population of singlet oxyt k, = O k, = . and K; is the rate
1 2

. . 1
constants of depopulation of singlet oxygk, :t—.
O
The risetime = ~2 us was obtained by fittindO, kinetics by Eq. (27).1tremains
constant within the experimental error in the wha&A concentration range. The risetime

to increases from (24.0 = 4.0) to (47 £ 18)with increasing HSA concentration.

In the case of thesg lifetime, it also increases with the increasing AHS
concentration. This prolonging (of the effectit@®, lifetime is due to the following fact:

Molecules of water are more effective quenchersioflet oxygen in comparision to
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molecules of the majority of organic solvents. TimaansO, lives much longer in organic
environments. After increasing the HSA concentrattbe effective environment of singlet
oxygen becomes more organic, what causes the abeméioned prolonging of th&,

effective lifetime.
PS*0, interaction

Singlet oxygen lifetime it corresponds to the lifetime of the free TRPS
phosphorescence very well. On the other hand, agneebetween, tof bound®PS lifetime
and ¢ 1O, rise time is not perfect. This suggests that singkygen is photogenerated by
free as well as by bound TPP&hd the shielding of bound TPP8/ HSA is not total.

HSA-'0, interaction

The oxidation of HSA by singlet oxygen photogenedaby PS can appear during
phosphorescence experiments. As the oxygen is pwdswluring this oxidation, the
overall oxygen concentration in the sample decseaBee decrease of dissolved oxygen in
the sample is reflected in the growth of TRR&osphorescence lifetimes To verify
whether the oxidation occurs during our measuresme3& kinetics measured in sequence
were analysed. No detectable changes were obs&wekde lower HSA concentrations.
On the other hand, a significant increase,@ppeared in the samples with the high HSA

concentration (50 pmorY).
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5.5. PplIX and HpD incorporated in liposomes in HO and D,O

There are various methods to transfer the wateibge PS via bloodstream to
tumours. Among others, usage of liposomes as a deligery system seems to be very
promising [59]: Liposomes are easily decomposallethie organism, are non-toxic
(phospholipids are the part of cells membranes), lma used as a controlled transport
system (composition of lipids, size, surface charge be changed), and increase stability
of various molecules by encapsulating them. In taldi liposomes can serve as a simple

model of cell membrane.

In this chapter we have investigated the influeoicthe incorporation of PpIX and
HpD into ~100 nm unilamellar phosphatidylcholine liposomestleir photosensitizing
properties and their interaction with singlet oxiygaside complex environments such as

lipid membranes. O and DO were used as solvents for liposomal solutions.
PS phosphorescence

Phosphorescence spectra of HpD and PplIX in liposamétO and DO exhibit
their maxima around 830 nm. The phosphorescencaydet both PpIX and HpD in
liposomes in HO follows a two-exponential decay with the lifetifjeof (0.28+ 0.04us
and t of (3.3 £ 0.1)us for PpIX anditof (0.42+ 0.05us and £ of (3.8 £ 0.1)us for HpD.

In contrast with the phosphorescence of HpD an&XRphcetone, two-exponential
decays are necessary to successfully fit the plwepbence of these pigments
incorporated into liposomes. That suggests theepsof two different groups of the PS.
As both studied PS are hydrophobic, their molecateslocked in the lipid bilayer. While
the shorter component remained the same withirepperimental accuracy after replacing
H.O by D,O, the longer one increased to the value of (4Ix® for PpIX and of
(4.6+0.1)us for HpD. It implies that the shorter phosphoreseelifetime corresponds to
the group of pigments buried deep into the lipithy®r, where they are effectively
shielded from the outer environment influence. @& other hand, the longer component
depends on the fact whether the liposomes arewswenl by normal or by heavy water.
Therefore, the corresponding pigments are probsitlyated near the polar heads of the

liposomes.
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'0, phosphorescence

Compared to the above mentioned measurements of sthglet oxygen
luminescence in the acetonic solution of the P& stgnal of singlet oxygen in the case of

the liposomes was very weak, causing a low signaileise ratio.

The singlet oxygen phosphorescence maximum is foahd1278 nm. 'O,
luminescence was superimposed on the tail of PSphluvescence, thus it had to be
corrected by subtracting the average of signal4® and 1306 nm, where almost’ii
luminescence is present. The corrected data wteel fby equation (27). This equation
describes two mono-exponential rises and one éféentono-exponential decay td,. It
was used also in the case of kinetics of singlgiger photogenerated by TPPI8 the
presence of HSA.

The effective lifetime was used due to rather latfjusion length of singlet
oxygen €0.4pum). 'O, can easily escape the liposomes of 100 nm diaraetdiffusion
between different compartments is possible. Theeefine decay of the singlet oxygen is
mono-exponential and the effective lifetime is nadlated to the fact, whether
photogeneration occured deep inside the bilayenear the surface, making the two

different singlet oxygen decay times irrelevant.

The decay timessg=(8.0+£0.7) pus for HpD ands¢=(7.3+£0.6)us for PpIX are the
effective values between above mentioned decay (Brier0.1)us of 'O, in water and
12.2 us in pure phosphatidylcholine [82]. Moreovigris in a good agreement with

ts=(9+2) us for'O, generated by Photofrin in lipid droplets in w&tk5].

The generally known fact, that the lifetime of detgoxygen in DO is longer
compared to bD was also confirmed in our results. The decaygimeere (41+2)us for
HpD and (37+1us for PpIX in BO.

PS*0, interaction

The transfer of the excitation energy from PS toyl&t oxygen via two distinct
pathways was observed. Both groups of PS with iffierent localizations (in the middle
of the lipid bilayer and near to the liposome sceflaare involved in this process. The ratio

of phosphorescence intensity of the shorter commone that of the longer one is

48



approximately 1:4 for both PS for both solvents. sliggests, that the group of
photosensitizer molecules situated near to thestipee surface plays a more important role
in the PDT action in comparison with the group &f fAolecules localised in the middle of
lipid bilayer.
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5.6. PplX and HPD incorporated in liposomes samptesaturated by air

and by oxygen

The advantages of liposomes as a delivery systenipfiphilic PS were described
above. In this chapter, the penetration of oxygea liposomes was studied. It was also
examined how the PS are incorporated inside the tippayer exposed to the environment

of liposomes.

Phosphorescence measurements of PplX, HpD andesioglygen in liposomal
samples under different oxygen concentrations werormed in both FD and BO.

PS phosphorescence

Compared to air saturated liposomal solutions, Hpidsphorescence decreases
about (40+5) %, while singlet oxygen luminescencereases approximately about
(52+10) % after saturating samples by oxygen. @imiesults were obtained for PplX
where we found PS decrease (24+5) % Hbgincrease (53+10) %. The decrease of PS
phosphorescence is due to faster quenching of R&ymyen. The accompanying increase

of singlet oxygen phosphorescence correspondssdetster quenching.

We have previously shown that kinetics of phospboeace of both the
investigated PS exhibits bi-exponential charactih \fetimes § = (0.42+0.05)us, ¢ =
(3.8+0.01)us for HpD andi= (0.28+0.04)us, t = (3.3+0.01)us for PplX. Increasing of
oxygen concentration does not change the bi-exg@henharacter of the decays.
However, the lifetimes of both components change: HpD lifetime §=(0.39+0.20)us
and $=(1.3+0.3)us. PpIX in liposomes exhibits a little bit shortiéetimes t=(0.25+£0.04)
us and £=(1.2+0.03)us.

As both HpD and PplX are not soluble in watersiteasonable to assume that all
the PS is locked inside the lipid bilayer and sehgixygen is generated in the liposomes
solely. In the previous chapter, we have ascribedwo observed lifetimes to two distinct
groups of PS: the group exhibiting the shortettihfie is located deep inside the nonpolar
lipid bilayer, whereas the group with longer lifeg@ is more exposed to the outer
environment due to its localization near the bitagerface. This identification of the PS
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groups if further supported by our next resultg inosphorescence of the inner group is

guenched less than that near the surface.

In HpD, this quenching is accompanied by correspandhange in contribution of
the two components to the net PS phosphorescegoal si- the shorter one contributes
only 23 % of the total phosphorescence under &irged condition while 61 % after
saturating by oxygen. In the case of PplX, the nkesk change in contribution of the
components is not that striking: from 23 % to 35 Phis is probably due to the lower
polarity of PpIX compared to HpD (vinyl residuescarbon atoms C3 and C8 are in HpD
substituted isopropanol residua), which makesss lexposed to the water environment.
While the longer component exhibits dramatic deseeaf the lifetime after purging by
oxygen, the change of shorter one is only slighis behaviour is based on the fact, that
concentration of oxygen inside of the lipid bilayier probably not proportional to the
concentration of oxygen in the outer medium. Thiecemtration of oxygen in lipid bilayer
under transition temperature is known to be abainmBs lower than in surrounding water
environment [83]. Further increase of oxygen cobregion in the water leads only to
minor increase of oxygen concentration inside lipiembrane. On the other hand, oxygen
concentration in the water increases about 5 tiares causes the significant change in
slower decay component of the group of PS neastin@ace from 3.8 pus to 1.3 us (HpD)
and 3.3 usto 1.2 us (PplIX).

0, phosphorescence

Weak background signal of PS phosphorescence semréen case of both PpIX
and HpD. The interpolated background signal betwizt? nm and 1306 nm (outside of
singlet oxygen luminescence band) was subtracteeihtove this phosphorescence.

The kinetics of singlet oxygen phosphorescence fitesi by model using two
exponential increases and one mono-exponentialyd@eguation 27). Two exponential
increases were used to describe photogeneratitireinglet oxygen by the two different
groups of PS. Again, taking into account relativelyg diffusion length of singlet oxygen,

only one effective singlet oxygen lifetime for thlecay part of the kinetics was used.

Very low signal-to-noise ratio and strong scatteggditation light makes fitting of
the data obtained for HpD by presented model witb tise-times unsuitable, as the
shorter component provides unreasonable short waitreenormous error. The obtained
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value of t = (0.5+0.3) us therefore represents an effectadeer of both the PS groups.
Anyway, this value lies between the lifetimes of (Hphosphorescence under oxygen
saturated conditions.

On the other hand, it is possible to obtain twaigalof t = (0.25+0.26) pus and &
(1.1+0.6) us in the case of singlet oxygen generated by PplX¥xygen saturated 0.
These values correspond well to the lifetimes dXRphosphorescence.

As was mentioned above, the obtained effectivelsiraxygen lifetimes of 8.0 us
for HpD and 7.3 ps for PpIX in 100 nm liposomesinsaturated samples was observed.
Under oxygen-saturated conditions the obtainedydgoee of singlet oxygen of (3.5+0.3)
us and (3.5+£0.3) us for HpD and PplX respectivilyéll with singlet oxygen lifetime of
(3.5+0.1) us in oxygen saturated sulphonato-teaphporphyrin aqueous solutions.

As oxygen saturation of the liposomal solution @ases the concentration of
oxygen inside the lipid bilayer only slightly, whithe oxygen concentration in water rises
5 times, weight of the contribution of singlet oryglifetime in lipid to the effective
lifetime of oxygen drops to almost insignificantrpon, the observed lifetime of singlet

oxygen is similar to that in pure oxygen saturateder.

It is generally known, that lifetime of singlet aggn in QO (around 68 ps [73]) is
order of magnitude longer compared to that in waktberefore, similar experiments were
performed also in ED. After saturating samples by oxygen, singlet @uydifetime
decreases from 41+2 us to 39+2 ps in PpIX samplddram 37+1 ps to 35+1 ps in HpD

ones. This decrease is much weaker compared tothi&O.

We have already shown above, that saturation os#meple by oxygen leads to
substantial decrease of weight of the singlet orytietime in lipids in the effective
lifetime of the singlet oxygen in both phases. Tdasses the effective lifetime to a change
towards the singlet oxygen in water phase. WhileHy® this cause shortening of the
effective lifetime, in case of {», where singlet oxygen lifetime substantially eed® that
in pure lipids, leads to a longer one. Therefohes prolongation of effective lifetime
works in opposite direction than shortening of lifedime due to singlet oxygen quenching
by oxygen. This causes the observed effectiveirtiietshortening to appear relatively

small compared to the situation in®1
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6. Conclusions

Our research begun with basic experiments whern®meavas used as a solvent. It
was shown, that PplX and HpD exhibit striking diéfece in photosensitizer properties due

to their different aggregation. Research has caetirfurther towards biological systems.

In case of hydrophilic TPRSphosphate buffers of particular values of pH were
used as a solvent, instead of distilled water. phies were carefully chosen with respect
to the pH condition in biological systems. No camtcation dependence was observed in
the rise and decay times of the singlet-oxygen gons On the other hand, the lifetimes of
TPPS phosphorescence exhibit an increase with the asang concentration. These
lifetimes are in a good agreement with the riseeimof the singlet-oxygen luminescence
for the lowest concentration&n important piece of information was obtained:rajiag the
pH value from 5.5 to 7.4 did not induce any changédifetimes, rate constants, or

aggregation imPPS solutions.

Moreover, protein (HSA) was added into the sampfeEBPPS in phosphate buffer
in the next experiments to study very importaneiattions of singlet oxygen with
proteins. It has proved the presence of two distgroups of PS molecules: free ones
and those bound to albumin. Although bound PS rsigly shielded by HSA against
quenching by water and by oxygen, both these grgeperate singlet oxygen.

Attention was also paid to hydrophobic PS. HpD BpdlX were incorporated into
the liposomal bilayer, which can simulate cell meame very well. Their interactions with
singlet oxygen together with their spectral charastics in such a complex environment
were investigated. PS phosphorescence in liposexigbits two components, the shorter
one caused by PS in the middle of the lipid bilagred the longer one caused by PS near
the surface of the lipid bilayer, which is in carttavith water. Differences of longer
lifetime of the PS triplets near the surface ofidg bilayer between # and DRO
environment suggest quenching of PS by the solveifietimes of singlet oxygen
phosphorescence indicate that increasing of oxygmrcentration in water medium is
accompanied by only slight increase of oxygen cotraéon inside lipid bilayer. Based on
this effect, the differences in behaviour of effeet lifetimes of singlet oxygen
phosphorescence under changes of oxygen concentriagitween bD and DO were

explained.
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Abstract

In this contribution energy transfer from chemically similar porphyrin-like molecules of hematoporphyrin derivatives and protoporphyrin
IX, used in photodynamic therapy as photosensitizers was investigated. The photosensitizers phosphorescence (about 840 nm) kinetics
together with singlet oxygen production were measured by means of IR time and spectral resolved phosphorescence (at 1275 nm) in wide
range of the photosensitizer concentrations (5-200 uM). The submicrosecond photosensitizers triplet life-times were compared to
submicrosecond singlet oxygen phosphorescence rise-times. Moreover, microsecond singlet oxygen phosphorescence life-times and rate
constants of singlet oxygen quenching by the photosensitizers were determined. The differences in obtained life-times and concentration
trends were discussed and explained in the frame of the photosensitizers aggregation. Hematoporphyrin derivatives behave as non-

aggregating photosensitizer, while protoporphyrin IX exhibits an aggregation.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Hematoporphyrin derivatives; Protoporphyrin IX; Singlet oxygen; Photodynamic therapy

1. Introduction

Photodynamic therapy (PDT) is a promising way of
cancer treatment. The main advantage of this method is in
high selectivity towards diseased tissue. That means that
PDT destroys tumor only, with no effect to healthy tissue.
The selectivity of PDT stems from both the localization of
the photosensitizer (PS) in the tumor and the ability to
confine activation of the PS by local illumination of the
tumor region solely. Generally accepted reasons of PS
localization in the tumor are higher acidity of tumor together
with different intercellular space, the leaky vasculature and
the poor lymphatic drainage of tumor cells compared to
healthy tissue [1,2].

In PDT, a light, a light-sensitive drug (PS), and oxygen
are combined to the produce highly reactive substances
lethal to tumor cells. First, the PS is administered into

* Corresponding author. Tel.: +420221911307; fax: +420221911 249.
E-mail address: egi@matfyz.cz (A. Molnar).
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patient’s body. After a delay, when PS is accumulated
predominantly in tumor tissue, the tumor is irradiated at
appropriate wavelength. The light source can be as simple as
a projector lamp, although lasers and fiber optics are often
used. After the irradiation, PS undergoes transition into the
excited singlet state, which easily converts to the triplet
state. The ground state of molecular oxygen is a triplet. On
the other hand, the first excited state of oxygen is a singlet.
As the triplet state of PS exhibits higher energy than the
singlet state of oxygen, energy transfer from PS to singlet
oxygen occurs easily. This way highly reactive singlet
oxygen is produced, which destroys biologically significant
molecules, such as proteins or lipids [3]. While it is widely
accepted that singlet oxygen is the cytotoxic agent
responsible for direct destroying of tumor cells, other
reactions, for example, radical formation, may also play a
supporting role.

Derivatives of hematoporphyrin (HpD) were one of the
first photosensitizers used for PDT [4]. Acetylation and
reduction of hematoporphyrin produces a complex mixture
of HpD with strong photosensitizing properties. Photofrin®,
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which is a partially purified form of HpD, has received
approval for clinical use in the treatment of esophageal
cancer [5,6].

Photoporphyrin IX is a metabolic product of d-amino-
levulinic acid (PDT drug Levulan® from DUSA) in human
body [7]. Fluorescent and photosensitizing properties of
PpIX accumulated after the exogenous administration of
d-aminolevulinic acid, can be used to visualize and destroy
malignant cells in the so-called photodynamic diagnosis and
PDT of cancer. Many clinical d-aminolevulinic acid PDT
applications to malignant and non-malignant pathologies
are currently in use [8].

Besides chemical methods [9], photoproduction of
singlet oxygen can be quantified also using spectroscopic
methods [10]. The main advantages of spectroscopic
methods over the chemical ones is their ability not only to
determine singlet oxygen quantum yields but also describe
and explain excitation energy transfer between PS and
oxygen. Phosphorescence spectra and kinetics together with
their concentration dependencies of phtalocyanine photo-
sensitizers as well as that of singlet oxygen were measured
[11]. In this article, similar direct spectroscopic study of
porphyrin-like PS HpD and PpIX is presented.

2. Materials

Both photosensitizers used in this study (HpD and PpIX)
were obtained from Frontier Scientific Porphyrin Products.
The purity of the materials was checked by their absorption
and fluorescence spectra. HpD and PpIX were dissolved in
acetone. All samples were prepared in the set of concen-
trations: 5, 10, 20, 30, 50, 75, 100, 150 and 200 pmol 1=

3. Methods

Absorption spectrometer Perkin Elmer Lambda 12
UV/VIS was used to measure absorption spectra of PS
between 300 and 800 nm with resolution of 1 nm. Standard
spectroscopic cells (optical path 0.1, 1 and 2 mm) were
used.

Home-built set-up was used to measure time and spectral
resolved phosphorescence of singlet oxygen [12]. The
samples were excited at 420 nm by laser pulses (20 ns,
=40 pJ, 40 Hz repetition) provided by a dye laser Lambda
Physik FL. 3001 (Stilbene 3 in methanol), pumped by
excimer laser Lambda Physik LPX 100. The laser beam was
focused to a fluorescence cuvette through its bottom. The
phosphorescence of singlet oxygen and PS was collected
from 0.8 mm high sample spot by lens assembly through a
long-pass filter (Schott RG 7) and high luminosity
monochromator Jobin-Yvon H20 IR to the infrared sensitive
photomultiplier Hamamatsu R5509 (cooled to —80 °C by
liquid nitrogen). The photomultiplier output was fed
through the Becker-Hickl HF AC-26 dB preamplifier to

the Becker-Hickl MSA 200 photon counter/multiscaler
triggered by a fast PIN photodiode. Time-resolved
measurements of singlet oxygen with 5 ns resolution were
performed in the spectral region from 1242 to 1306 nm,
with steps of 4 nm. Phosphorescence of PS was measured
from 750 to 990 nm, with steps of 16 nm. This way we
obtained the set of time and spectral resolved phosphor-
escence data of both PS and singlet oxygen.

Fluorescence of PS was collected perpendicularly to the
excitation beam to multichannel spectrometer Avantes
S2000, using an optic fiber.

4. Results

Absorption spectra of PpIX and HpD in acetone were
measured in wide range of concentration. Linear depen-
dence of absorbance on concentration was found in HpD
(Fig. 1). HpD exhibited no concentration-induced changes
in the spectral positions and shapes of fluorescence bands
(data not shown). On the other hand, absorbance of PpIX at
420 nm shows non-linear dependence for higher concen-
trations. Red shifts of the fluorescence maxima were found
when concentration was increased.

Fig. 2 presents absorption, fluorescence, and phosphor-
escence of HpD accompanied by phosphorescence of singlet
oxygen. HpD phosphorescence exhibits its maximum
around 840 nm independent of concentration. The singlet
oxygen phosphorescence peak lies at 1275 nm with FWHM
of 27 nm.

Phosphorescence of HpD follows mono-exponential
decay with life-time of (0.3540.01) us independent of
HpD concentration. Kinetics of singlet oxygen phosphor-
escence is described by equation:

I Kt ot
Ity = e
O] kz—k1[e e ]

where I(?) is the intensity of phosphorescence in the time ¢
after excitation pulse, k; and k, are rate constants of
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Fig. 1. Concentration dependence of HpD (circles) and PpIX (squares)
absorbance at 420 nm.
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Fig. 2. Red part of absorption spectra (solid) together with fluorescence
(dotted), and phosphorescence (dashed) of HpD in acetone and phosphor-
escence of singlet oxygen (solid).

population and depopulation of singlet oxygen: k;=1/7,
ky=1/7,. The fast rise-time of singlet oxygen phosphor-
escence 7; (0.2840.01) us does not depend on HpD
concentration. On the other hand, the life-time of singlet
oxygen T, decreases with increasing HpD concentration.
This decrease corresponds to bimolecular quenching of
singlet oxygen by HpD expressed in Stern-Volmer equation:

ky(cupp) = ko + kq* crpp

(see Fig. 3). The value of the quenching constant k, was
determined as (12441.2)X10°M~'s™'. Life-time of
singlet oxygen extrapolated to zero HpD concentration is
(52.3+1.1) ps.

PpIX triplet life-time increases with increasing PpIX
concentration from (0.154+0.02) us to saturated value
(0.2240.02) pus (Fig. 4). Rise-time of singlet oxygen of
(0.2410.02) ps does not depend on PpIX concentration. It
is somewhat bigger than the longest life-times of PpIX
triplets. Life-time of singlet oxygen again decreases with
increasing PpIX concentration, but in this case the decrease
does not follow bimolecular quenching.

2.2

2.0

Rate constant [ 108. s™]

1.9

T T T T T T T T
0 50 100 150 200
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Fig. 3. Singlet oxygen rate constant dependence on HpD concentration.
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Fig. 4. *PpIX life-time (squares) and 'O, rise-time (circles) dependence on
PpIX concentration.

5. Discussion

Linear dependence of HpD absorbance at 420 nm (see
Fig. 1) confirms presence of just one spectroscopic form of
HpD in acetone in whole studied concentration range. It is
also proved by fluorescence spectra. Nevertheless, to
explain the discrepancy between life-times of HpD triplets
of (0.35+0.01) us and singlet oxygen phosphorescence
rise-times of (0.28 +0.01) us, an existence of two distinct
forms of HpD has to be assumed. One of them, with life-
times equal to rise-time of singlet oxygen, transfers its
excitation energy to oxygen. The other one, spectrally
indistinguishable from the first one, cannot be quenched by
oxygen making the effective life-times of HpD longer.
Similar behavior was reported earlier for meso-tetraphe-
nylporphyrin in acetone [13].

Deviation from linear dependence (see Fig. 1) indicates
the aggregation of PpIX in acetone. Factor analysis results
suggest a presence of at least two spectral components.
The aggregation is also supported by bathochromic shifts
observed in fluorescence spectra. The increase of PpIX
triplet life-times with concentration corresponds to increas-
ing ratio of aggregates to monomeric forms. This behavior
is in a very good agreement with that observed
in aggregating meso-tetra(4-sulfonatophenyl)porphyrin in
buffers [14]. However, the difference between the saturated
life-times of PpIX of (0.22+0.02) us and the rise-times
of '0, of (0.2440.02) ps cannot be explained in the frame
of only two components: monomers and aggregates.
Suggested explanation is based on dividing of the
aggregated molecules into two sets: envelope and core
ones. Only those in the envelope can effectively transfer
excited energy to oxygen and their phosphorescence life-
times are equal to the singlet oxygen rise-times. The core
molecules, inaccessible to oxygen quenching cause the
shorter effective life-times of PpIX aggregates.

Deviations from Stern-Volmer equation can be due
to quenching of singlet oxygen predominantly by
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Fig. 5. Singlet oxygen rate constant dependence on PpIX concentration.

PpIX monomers. This results in faster quenching constants
in the low concentration region of Fig. 5, where monomeric
form prevails. As with increasing concentration of PpIX
portion of the monomers decreases, decreases also the
quenching constant.

6. Conclusion

Infrared time and spectral resolved phosphorescence of
protoporphyrin IX and hematoporphyrin derivatives were
measured together with by them photogenerated singlet
oxygen in wide range of photosensitizer concentration. The
obtained photosensitizer triplet life-times were compared to
singlet oxygen phosphorescence rise-times. The differences
and concentration trends were discussed and explained in the
frame of aggregation. Hematoporphyrin derivatives, where
are no spectral features of aggregation, behave qualitatively
the same as non-aggregating meso-tetraphenylporphyrin. On
the contrary, protoporphyrin IX exhibits an aggregation
similar to aggregating meso-tetra(4-sulfonatophenyl)por-
phyrin. Chemically similar porphyrin-like molecules, hema-
toporphyrin derivatives and protoporphyrin IX, exhibit

striking difference in photosensitizer properties due to their
different aggregation.
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Abstract

Meso-tetra(4-sulphonatophenyl)porphin (TPPS,) is commonly used as a photosensitiser in photodynamic therapy. In
this contribution, we have studied the dependence of singlet oxygen photogeneration by TPPS, in buffer on
concentration and pH. From the obtained two-dimensional matrix of data (phosphorescence intensity as a function of
time and wavelength) we determined lifetimes of the photosensitiser triplet state together with those belonging to both
the rise and decay of the singlet oxygen emission. Excitation quenching was studied and discussed within a wide range

of concentrations.
© 2004 Elsevier B.V. All rights reserved.

PACS: 32.50.+d; 33.50.Dq; 33.50.Hv

Keywords: TPPSy; Singlet oxygen; Phosphorescence; PDT

1. Introduction

Photodynamic therapy (PDT) is an emerging
method of treatment of cancer as well as of some
chronic diseases, such as atherosclerosis, rheuma-
toid and inflammatory arthritis, or psoriasis. It
exploits the unique ability of photosensitisers to
accumulate selectively in the affected tissue due
to their selective up-take and delayed elimination
relative to the normal tissue. The photosensitiser
is excited by absorption of light and subseq-
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uently may undergo inter-system crossing to
its triplet state. As the lifetime of the photosensi-
tiser triplet state is rather long, it can be quen-
ched by oxygen via triplet-triplet (T-T) re-
action, producing oxygen in its singlet excited
state. This highly reactive moiety oxidizes neigh-
boring molecules causing necrosis of the diseased
tissue.

Meso-tetra(4-sulphonatophenyl)porphine
(TPPS,) is a water-soluble porphyrin derivative,
used in the Czech Republic for treatment of some
types of tumors [1].

This contribution presents new TPPS; and
singlet-oxygen phosphorescence spectral and ki-
netic data, especially pH and concentration
effects.

0022-2313/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
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2. Experimental

TPPS, was purchased from Frontier Scientific
Porphyrin Products. Three stock solutions of
200 pmol 1! TPPS; in 10 mmol 1! phosphate
buffers of pH 7.4,6.5, and 5.5, corresponding to
pH of blood, cancer tissue, and skin, respectively,
were prepared. Further dilution of the stock
solutions in respective buffers provided a set of
photosensitiser concentrations ranging from 5 to
200 pmol 17! for each pH.

Both time- and spectral-resolved phosphores-
cence of the photosensitiser and singlet oxygen
were measured simultaneously. Detailed descrip-
tion of the experimental setup was given in our
previous publication [2]. Briefly, the samples were
excited through the optically polished bottom of a
standard 1 x 1 cm fluorescence cuvette by laser
pulses at 420 nm with energy of =30 puJ. The
infrared emission was detected by an IR sensitive
photomultiplier together with a photoncounter/
multiscaler with 5 ns per channel. Phosphores-
cence of TPPS, and singlet oxygen in each sample
was measured under three different oxygen con-
centrations: without oxygen (purged for 1 h by N,
gas), air saturated, and oxygen saturated (purged
for 1 h by O, gas).

3. Results

TPPS, phosphorescence exhibits its maximum
around 820 nm independent of concentration or
pH. Its shape is the same in solution saturated by
air or oxygen. In the case of N,-purged solutions,
the position of the main band remains the same
and, in addition, a shoulder with maximum
around 1060 nm appears. The quantum efficiency
of photosensitiser phosphorescence increases with
a decrease of oxygen concentration.

The lifetime of TPPS4 phosphorescence strongly
depends on oxygen concentration. Moreover, it
depends also on concentration of the photosensi-
tiser. In air saturated samples, the lifetime slowly
increases from 1.8+0.2ps at 5pumoll™' to a
saturated value of 3.0+0.2 us at the highest
concentrations (Fig. 1). The lifetimes obtained at
each concentration are, within an experimental
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Fig. 1. Lifetimes of TPPS; phosphorescence in air—open
symbols and Oj-saturated samples for pH 5.5 (squares), 6.5
(circles), and 7.4 (diamonds).

error, the same for all three values of pH. The
situation is qualitatively the same for oxygen
saturated samples, but values range from
0.37+0.07 us to 0.65+0.08 us (Fig. 1). In N,
saturated samples, the phosphorescence decays
exhibit two components. The lifetime of the
shorter one cannot be determined in our setup.
The lifetime of the longer one, which corresponds
to the decay of the 1060 nm phosphorescence
band, depends strongly on the efficiency of oxygen
removal by gaseous N, causing a big dispersion of
the obtained values. Nevertheless, the values
exhibit a slight decrease with increasing photo-
sensitiser concentration from approximately
250 us at 5 pmol I™' to 100 pus at 200 pmol 17!,
independent of pH.

The maximum of singlet-oxygen phosphores-
cence lies around 1280 nm. Its position and shape
depends neither on TPPS, and oxygen concentra-
tion nor on sample pH.

Both the rise and decay times of the singlet
oxygen phosphorescence were resolved in air- and
O,-saturated samples (Fig. 2), while in Nj-
saturated ones the low phosphorescence signal
made it impossible. Both lifetimes were indepen-
dent of TPPS, concentration and sample pH. The
rise and decay times in air-saturated samples
were 1.75+0.05 and 3.740.1 ps, respectively,
while in O,-saturated ones they were 0.41+0.02
and 3.5+0.1 us. Using oxygen concentrations
of 028 mmol 1! in air and 1.4 mmoll™! in
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Fig. 2. Singlet-oxygen phosphorescence kinetics together with
corresponding fits. Detection at 1282 nm, TPPS, concentration
20 umol 17!, samples saturated with air (solid line) and oxygen
(dashed line).

O,-saturated solutions [3], a rate-constant of
quenching TPPS; phosphorescence by oxygen
was found to be 16.940.8 x 108 1 mol™" s~ 1.

4. Discussion

The lifetime of TPPS, phosphorescence for the
lowest concentration of the photosensitiser corre-
sponds well to the rise-time of singlet oxygen. For
higher photosensitiser concentrations, the TPPS,
phosphorescence lifetime grows while the singlet-
oxygen rise time remains constant. This may be
caused by the appearance of another form of
TPPS,, probably aggregates, that are unable to
transfer energy to oxygen and thus exhibit a longer
phosphorescence lifetime. This behavior is com-
mon to all pH values and both air- and O;-
saturated samples.

The value of the bimolecular constant of
quenching TPPS; phosphorescence by oxygen of
16.940.8 x 108 I mol~' 57! is in good agreement
with values obtained from T-T absorption
(20+1) x 103 Imol™' s~! by Kubat et al. [4] and
18 x 108 I mol~! s~! by Mosinger et al. [5].

The lifetime of the long component of TPPS,
phosphorescence in Nj-saturated samples of
250 ps for low photosensitiser concentrations fits
well with 290 ps obtained by Mosinger et al. [3].
Decrease of this value with increasing photosensi-
tiser concentration is probably caused by shorter
excited-state lifetime of TPPS, aggregates.

The lifetime of singlet-oxygen phosphorescence
exhibits a slight decrease with increasing oxygen
concentration (from 3.7+0.1 ps in air-saturated
samples to 3.5+0.1 us in O,-saturated ones). This
is probably caused by quenching of singlet oxygen
by collisions with other oxygen molecules.

5. Conclusions

A systematic study of TPPS, and singlet-oxygen
phosphorescence did not reveal any influence of
buffer pH on the corresponding lifetimes within
the studied range (pH of blood, cancer tissue, and
skin). No concentration dependence was observed
in rise and decay times of singlet-oxygen emission.
On the other hand, the lifetimes of TPPS4
phosphorescence exhibit increase with increasing
concentration. These lifetimes are in a good
agreement with the rise times of singlet-oxygen
luminescence for the lowest concentrations. In-
creased oxygen concentration leads to faster
quenching of TPPS; triplets. A corresponding
quenching constant of 16.9+0.8 x 108 1 mol ! s~
was determined.
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Abstract

Time-resolved measurement of singlet oxygen infrared phosphorescence is a powerful tool for determination of
quantum yields and kinetics of its photosensitization. This technique was employed to investigate in detail the
previously observed effect of singlet oxygen quenching by oxygen. The question whether the singlet oxygen is quenched
by oxygen in ground or in excited state was addressed by study of two complementary dependencies of singlet oxygen
lifetimes: on dissolved oxygen concentration and on excitation intensity.

Oxygen concentration dependence study of meso-tetra(4-sulphonato)phenylporphyrin (TPPS;) phosphorescence
kinetics showed linearity of the dependence of TPPS, triplet state rate-constant. Corresponding bimolecular quenching
constant of (1.5+0.1) x 10°1/mol's was obtained. On the other hand, rate constants of singlet oxygen depopulation
exhibit nonlinear dependence on oxygen concentration. Comparison of zero oxygen concentration-extrapolated value
of singlet oxygen lifetime of (6.5+0.4) us to (3.7+0.1) us observed under air-saturated conditions indicates importance
of the effect of quenching of singlet oxygen by oxygen. Upward-sloping dependencies of singlet oxygen depopulation
rate-constant on excitation intensity evidence that singlet oxygen is predominantly quenched by oxygen in excited
singlet state.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Singlet oxygen; Quenching by oxygen; Phosphorescence; TPPS,; TPP

1. Introduction psoriasis, age-related macular degeneration, or
arthritis). It is based on selective uptake of a

The photodynamic therapy (PDT) is a modern photosensitizing drug in the affected tissue, while
way of treatment of various diseases (e.g. cancer, its concentration in the healthy tissue remains very
low. Upon localized illumination, the emergent

mpon ding author. Tel.: +420221911421; triplet .states of the photosensitizers trans.fer.thei.r
fax: 4420221911249 excitation energy to molecular oxygen, bringing it
E-mail address: hala@karlov.mff.cuni.cz (J. Hala). to its excited singlet state. Several orders higher
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reactivity of the singlet oxygen (compared to its
ground triplet state) leads to a rapid oxidative
damage of the treated cells, causing either rapid
necrosis or delayed apoptosis of the diseased
tissue. To develop highly efficient treatment
methods, deep understanding of the processes of
singlet oxygen photosensitization and quenching is
crucial. In the last years, the development of near
infrared-sensitive photomultipliers and time-re-
solved photon counters has enabled direct ob-
servations of singlet oxygen population kinetics by
detecting its weak infrared phosphorescence
around 1280 nm.

In our previous experiments, the decrease of singlet
oxygen lifetime from (3.7+0.1) us to (3.5+0.1) ps was
observed in buffer solutions of meso-tetra(4-sulpho-
nato)phenyl-porphyrin (TPPS,4), when the concentra-
tion of dissolved oxygen in the sample was changed
from air-saturated value of 280pmoll™' to the
oxygen-saturated one (1400 pmoll™") [1]. The very
same effect has been observed in solutions of meso-
tetraphenyl-porphyrin (TPP, lipophillic analogue of
TPPS,;) in dimethyl-sulfoxide, where the singlet
oxygen lifetime changed from (1.8+0.5)ps in air-
saturated material (460 pmoll™'  oxygen) to
(12+0.1)us in oxygen-saturated one (2200 pmoll™"
oxygen) [2]. These observations led to conclusion that
singlet oxygen is quenched not only by molecules of
the solvent or the photosensitizer [1-6] but also by
another oxygen molecule.

Question arises, whether it is quenched predo-
minantly by oxygen in the ground state or by
another singlet oxygen. We have addressed this
problem by two different methods. In the first one,
the overall concentration of oxygen in the sample
was altered by purging of the solutions by either
gaseous nitrogen or oxygen. In the other one, the
excitation intensity was varied (e.g. increased),
which is reflected in initial concentration of the
photosensitizer triplet states and subsequent in-
crease of singlet oxygen concentration accompa-
nied by decrease of triplet oxygen.

2. Materials and methods
The oxygen concentration dependencies were

measured on 20pmoll™" solutions of TPPS, in
potassium phosphate buffer of pH = 7.4. The

excitation intensity dependencies were measured on
the same material as well as 100 umol 1~ solution of
TPP in acetone. Both photosensitizers were obtained
from Frontier Scientific Porphyrin Products, USA.
Oxygen concentrations in buffer solutions were
measured using Clark-type electrode Jenway 9010.
Their values ranged from 100 to 1400 pmol 1™,

The excitation pulses provided by excimer-
pumped dye laser of approx. 15ns at wavelengths
corresponding to the Soret and the redmost
absorption band of the photosensitizers were used.
Absorbed energies were determined using simple
two-channel method with two fast PIN photo-
diodes [2]. Their values ranged from 25 to 0.05 pJ;
for oxygen concentration dependencies, absorbed
energy of approx. 10 uJ was used.

Time- and spectral-resolved data of weak
infrared phosphorescence of photosensitizers and
singlet oxygen were measured using our home-
built set-up based on Hamamatsu R5509 photo-
multiplier [1].

3. Results and discussion

As expected, the lifetimes of TPPS, triplets
decrease with increasing total oxygen concentra-
tion. Corresponding rate-constants exhibit perfect
linear dependence on oxygen concentration (see
Fig. 1). This proves that the process of excitation
energy transfer from photosensitizers to oxygen
follows bimolecular mechanism even in the range
of much lower oxygen concentrations than that
was published in Ref. [7]. The value of the
respective bimolecular quenching constant was
determined as (1.540.1) x 10°/mols, which is in
a perfect agreement with our previously published
value of (1.7+0.8) x 10°1/mols [1] and 1.8 x 10°1/
mols obtained by Mosinger et al. [§], this time
with significantly higher precision. Rise-times of
singlet oxygen follow qualitatively the same
dependence with slightly lower values (and thus
bigger rate-constants, see Fig. 1), providing the
bimolecular quenching constant of
(1.4+0.1) x 10°1/mols.

Fig. 2 displays dependence of singlet oxygen
depopulation rate-constants on overall oxygen con-
centration. In contrast to the linear dependence of
rate-constants from Fig. 1, the obtained behavior is
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Fig. 1. Linear dependencies of both photosensitizer depopula-
tion (full circles, solid line) and singlet oxygen photogeneration
rate-constants (open circles, dashed line) on dissolved oxygen
concentration, TPPS, in buffer (pH = 7.4).
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Fig. 2. Nonlinear dependence of singlet oxygen depopulation
rate-constant on dissolved oxygen concentration in TPPS, in
buffer. Solid and dashed lines represent fits of quasilinear
regions of the dependence for low and high oxygen concentra-
tions, respectively.

more complex. The most surprising fact is the
pronounced increase of the singlet oxygen lifetimes
with decreasing dissolved oxygen concentration in
the region below 280 pumol 1~ of oxygen. Extrapola-
tion of this quasi-linear dependence to the zero
oxygen concentration yields rather high lifetime of
singlet oxygen in water of (6.5 0.4) us, which differs
significantly from the generally accepted value of
(3.90+0.04) us, which would be obtained if the
much less steep quasi-linear dependence between air-
and oxygen-saturated concentrations were extrapo-
lated. This dependence also shows that the process of

quenching of singlet oxygen by oxygen may play
much more important role than that was previously
expected. Owing to complicated behavior of the rate-
constants, it is not possible to distinguish whether
singlet or triplet oxygen dominates the quenching.
The dependence of singlet oxygen depopulation
rate-constants on absorbed energy in TPPS, in air-
saturated buffer is presented in Fig. 3. The rate-
constants remain constant, within our experimental
accuracy, in the region of absorbed energies higher
than approximately 3 uJ. On the other hand, the rate
constants decrease for lower absorbed energies.
Unfortunately, the very low signal of singlet oxygen
phosphorescence in water makes more detailed
investigation of this interesting phenomenon impos-
sible. Therefore, we have studied similar dependence
in TPP in air-saturated acetone (2400 pmoll™"
oxygen), where the singlet oxygen luminescence
signal as well as its concentration is substantially
higher, using the same blue excitation wavelength.
Fig. 4 documents that for the absorbed intensities
less than 3 pJ, the dependence is quasi-linear. The
deviation from quasi-linearity leading to a saturated
rate-constant value of approximately 21.5 x 1035~
is observed for higher absorbed energies. This effect
can be explained by an assumption that the triplet
concentration is not proportional to the measured
absorbed energy due to fraction of energy absorbed
via triplet—triplet transitions (around 440nm [9]),
which grows with increasing excitation intensity and
becomes significant when majority of photosensitizer
molecules is excited. Since there is no triplet—triplet
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Fig. 3. Absorbed energy dependence of singlet oxygen depopu-
lation rate-constant in TPPS, in buffer.
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Fig. 4. Absorbed energy dependence of singlet oxygen depopu-
lation rate-constant in TPP in acetone under blue excitation.

absorption in the red spectral region, no such effect
would be observed in the case of the red excitation.
Therefore, we have employed also excitation to the
weak redmost absorption band of TPP where
significantly lower absorbed energies with reasonable
excitation intensities can be obtained. The results are
shown in Fig. 5 where the linear increase of the rate
constants with increasing absorbed energy is clearly
visible.

As the overall concentration of dissolved oxygen
in the sample remains constant, the increase of
concentration of photogenerated singlet oxygen
with increasing absorbed energy has to be accom-
panied by decrease of the concentration of the
triplet oxygen. In this case, the upward slope of the
rate-constants dependence means that the con-
tribution of faster quenching due to higher singlet
oxygen concentration must be higher than the
contribution of slowing-down of the quenching
due to lower triplet oxygen concentration. There-
fore, the singlet oxygen must be predominantly
quenched by singlet oxygen. This fact is further
supported by the observed linearity of the rate-
constants dependence for low absorbed energies,
while the observed lifetimes of photosensitizer-
excited triplets were found to be constant
(~300ns, data not shown) within the whole range
of the excitation intensities. These results seem to
be in contrast with the latest accepted hypothesis
of predominant quenching of singlet oxygen by the
triplet one [6,10].
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Fig. 5. Absorbed energy dependence of singlet oxygen depopu-
lation rate-constant in TPP in acetone under red excitation
together with its linear fit.

4. Conclusions

Systematic oxygen concentration dependence
study of TPPS, phosphorescence kinetics showed
that the dependence of TPPS, triplet state rate-
constant on oxygen concentration is linear. It
proves bimolecular quenching mechanism with the
quenching constant of (1.5+0.1) x 10°1/mols.
Lifetimes of singlet oxygen exhibit descending
dependence on oxygen concentration. Zero oxygen
concentration extrapolated value of singlet oxygen
lifetime was found to be (6.5+0.4)us, showing
that quenching of singlet oxygen by oxygen plays
important role in singlet oxygen population
dynamics. The increasing dependence of singlet
oxygen depopulation rate-constant on excitation
intensity proves that singlet oxygen is predomi-
nantly quenched by oxygen in excited singlet state.
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meso-Tetra(4-sulfonatophenyl)porphyrin (TPPS,) is a water soluble photosensitizer, which is cur-
rently clinically tested as a PDT drug. In our contribution, we present IR spectral- and time-resolved
phosphorescence data reflecting the influence of human serum albumin (HSA) on singlet oxygen
photogeneration by TPPS,. IR emission of TPPS, was studied in samples containing various con-
centrations of HSA in phosphate buffer. The observed changes in spectral and temporal behaviour of
TPPS, and singlet oxygen phosphorescence caused by the addition of HSA are equivalent to the effect
of nitrogen purging of HSA-free solutions of TPPS,4. The main feature induced by addition of HSA
appears to be the occurrence of a long-lived (tens of microseconds) photosensitizer phosphorescence
at 900 nm besides ordinary short-lived (&2 us) one at 820 nm. It is accompanied by presence of a
long-lived component of singlet oxygen emission with lifetime roughly corresponding to that of the
long photosensitizer phosphorescence component. Moreover, the quantum yield of singlet oxygen
phosphorescence decreases with increasing HSA concentration, while total quantum yield of TPPS,
phosphorescence rises. These facts are explained by a shielding effect of HSA on bound molecules
of TPPS, against quenching by oxygen which is analogous to oxygen removal by nitrogen purging.

KEY WORDS: TPPS,; Singlet oxygen; Human serum albumin; Infrared phosphorescence; Photodynamic
therapy.

INTRODUCTION

Porphyrin dyes are used in medicine for tumour
detection and also for photodynamic therapy of cancer
(PDT). Deep understanding of mechanisms of interaction
between photosensitizers, proteins and oxygen is crucial
for further progress in PDT of tumours. meso-Tetra(4-
sulphonatophenyl)porphyrin (TPPS,) is one of the drugs
currently being tested for PDT. It is a water-soluble por-

! Charles University, Faculty of Mathematics and Physics, Department
of Chemical Physics and Optics, Ke Karlovu 3, 121 16, Praha 2, Czech
Republic.

2 To whom correspondence should be addressed. E-mail: miloslav.
korinek@seznam.cz

phyrin exhibiting high quantum yield of singlet oxygen
(10,), equal to 0.62 in water [1]. Its photosensitizing prop-
erties were thoroughly explored in solutions [2—4]. Up to
date, the investigation of TPPS, interaction with albumins
has been based mainly on photosensitizer time-resolved
triplet—triplet absorption [5-7].

Human serum albumin (HSA) is the most abundant
serum protein consisting of 585 amino acid residues with
molecular weight of approximately 66 kDa. HSA exhibits
high affinity towards wide diversity of ligands that can
be reversibly bound and thus distributed around human
body [8]. According to Bartosova [9], HSA possesses
one major binding site for TPPS, with binding constant
of 3 x 10° M~! and two to three sites of substan-
tially lower affinity. Relatively little is known about the

1053-0509/06/0500-0355/1 © 2006 Springer Science+Business Media, Inc.
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production of' O, by TPPS, in the presence of HSA as
well as about the chemical (photosensitized oxidation)
and physical quenching of' O, by HSA. The reaction con-
stant of (5 £ 3) x 108 M~! s~! for oxidation of HSA
by'O, was determined by Davila [5].

The aim of this contribution is to investigate the pro-
duction of'O, by TPPS, at various HSA concentrations
under aerobic and anaerobic conditions together with ef-
fects of' O, interaction with HSA using direct time- and
spectral-resolved measurements of both the photosensi-
tizer and' O, phosphorescence.

EXPERIMENTAL

Phosphate buffer (pH = 7.4, the pH value of human
blood) solutions of TPPS, (Frontier Scientific Porphyrin
Products) of concentration of 10 uM were used for all
measurements. This concentration ensures that TPPS, is
present in its monomeric form predominantly [10]. The
samples differed in HSA (Sigma Aldrich) concentration
(0, 1,5, 50 uM). The sample preparation was carried out
under dim light to avoid any photodegradation.

Absorption spectra were measured by Avantes
Avaspec-1024 spectrometer. Infrared sensitive emission
spectrometer equipped with Hamamatsu R5509 photo-
multiplier was used for measurements of TPPS,4 and sin-
glet oxygen emission between 750 and 1350 nm with 5 ns
time resolution. For detailed description of experimental
set-up see Ref. [3]. One millilitre of fresh material was
used for each phosphorescence measurement. Two thou-
sand of excitation laser pulses of approximately 10 ns and
17 pJ at 420 nm were applied to obtain each kinetics.
In HSA-photosensitized oxidation studies, 38 successive
kinetics were measured at fixed wavelengths of 862, 1022
and 1278 nm and further processed.

RESULTS AND DISCUSSION

Typical absorption spectra of TPPS, in buffer ex-
hibit Soret band maximum at 413 nm accompanied by
Qyx and Qy maxima at 516, 553, 580 and 633 nm. As the
concentration of HSA increases, the fraction of TPPS,
bound to HSA increases as well. This is accompanied
by bathochromic shifts of the respective absorption max-
ima to 421, 517, 553, 591 and 647 nm for 50 uM HSA.
These observed absorption band shifts are exactly the
same as those of TPPS;—HSA complexes published by
Andrade [10]. It is worth noting that even a very weak
measurement light in absorption spectrometer was suffi-
cient to induce photosensitized oxidation of HSA and thus

Korinek, Dédic, Molnar, and Hala

Table 1. Lifetimes (#1, #;) of Decays of Nitrogen-Purged TPPSy at
Various HSA Concentrations

HSA concentration («M) t (us) ty (us)
0 1.7 £ 0.1 405 £ 20
1 1.8 £03 430 £ 20
5 19 £ 04 640 + 50
50 1.9 £05 990 + 120

only N, purged samples can provide reliable absorption
spectra.

Photosensitizer Phosphorescence

Phosphorescence of TPPS, in the absence of HSA
was described in [3,4]. Under anaerobic conditions, the
TPPS,4 phosphorescence comprises of two distinct compo-
nents, each of them exhibiting monoexponential kinetics.
The short component with emission maximum at 820 nm
decays with lifetime of (1.7 £ 0.1) us. The maximum
of the long one is located at 900 nm and its lifetime is
(405 £ 20) pus for 10 uM TPPS,.

In the case of N, purged samples containing HSA,
the TPPS, phosphorescence spectra and kinetics consist
again of two components. The lifetime of the shorter one
remains constant for all HSA concentrations (Table 1).
Maximum of this component remains at the same wave-
length as in HSA-free sample. While the spectral posi-
tion of the long component maximum is constant in the
whole HSA concentration range, its lifetime rises with
increasing concentration of HSA from (405 + 20) us in
HSA-free sample to (990 £ 120) us in 50 uM HSA (see
Table 1). This phenomenon can be explained by HSA
preventing depopulation of the bound triplet TPPS,
molecules by water, analogically to what has been pub-
lished by Foley on phthalocyanine—HSA solutions [6].
The exchange between free and bound forms is substan-
tially faster than their respective triplet lifetimes and there-
fore only single lifetime #, increasing with HSA concen-
tration is observed.

TPPS,4 phosphorescence in the absence of HSA un-
der aerobic conditions exhibits strictly monoexponential
decay with lifetime of (1.9 £ 0.1) us, which is in a very
good agreement with earlier published (1.8 £+ 0.1) us
[3] and (1.9 £ 0.2) wus [4]. Second exponential phos-
phorescence component of much longer lifetime arises
after the addition of HSA. It is documented in Fig. 1,
which shows typical time- and spectral-resolved emission
of air saturated sample containing 5 ©M HSA. These two
components can be distinguished within entire spectral
region of 750-1240 nm. Figure 2 presents typical TPPS,
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Fig. 1. Three-dimensional plot of time- and spectral-resolved phospho-
rescence of TPPS4 (around 900 nm) and singlet oxygen (at 1280 nm)
under aerobic conditions with 5 uM HSA. Raw data are shown for the
sake of clarity.

phosphorescence decay at 1022 nm of 1 ©M HSA sample
together with its biexponential fit.

Lifetimes of the fast component were found around
2 ps independent of HSA concentration. On the other
hand, lifetimes of the slow component increase from
(15.0 £ 1.4) to (100 £ 90) wus with increasing HSA
concentration (see Table 2).

This lifetime increase is accompanied by the increase
of relative integral intensity of the slow component at
the expense of the fast one. Since the fraction of TPPS,
bound to the protein increases with increasing HSA con-
centration, the 2 ps component can be attributed to the
phosphorescence of the free TPPS4, while the other one
corresponds to phosphorescence of TPPS, bound to HSA.
The longer lifetime of bound TPPS, can be explained by

30+

data
biexponential fit

251 ||

20+

154

10+

counts per 0.25 us

time [us]

Fig. 2. Typical TPPS4 phosphorescence decay of 1 M HSA sample at
1022 nm together with its biexponential fit.

Table 2. The Lifetimes (71, #2) of Biexponential Decays and Integral
Intensities of the Short and Long Components (/, I2) of Air-Saturated
Samples at 1022 nm

HSA
concentration
(uM) t1 (us) tr (us) I (au) I (a.u.)
0 1.9 £ 0.1 — 0.21 £ 0.08 0
1 1.7 £ 03 150 £ 1.4 0.56 + 0.05 0.50 &+ 0.05
5 2.1 £05 251+ 34 035+ 0.06 1.29 + 0.07
50 24 £ 2 100 £ 90 0.3 £ 0.1 37 £33

Note. The zero exposition-extrapolated values are presented to diminish
the effect of photoinduced oxidation.

shielding of TPPS, by HSA against quenching by oxygen
in accordance with [7,11].

Moreover, the spectral behaviour of the long com-
ponent is exactly the same as that of N, purged samples,
which proves that shielding of TPPS, molecules by HSA
has very similar effect on TPPS, triplet properties as re-
moval of oxygen by N, purging.

Singlet Oxygen Phosphorescence

Immediately after the excitation pulse the phospho-
rescence of singlet oxygen rises and past reaching its max-
imum it decays. The rise is attributed to gradual population
of singlet oxygen via excitation energy transfer from the
photosensitizer triplets. The decline occurs due to deac-
tivation of singlet oxygen together with weakening of its
photogeneration.

In the absence of HSA, it is reflected in the formula
for singlet oxygen emission intensity:

Iso(t) = blexp(—t /tso) — exp(—t /t1)} (D

where tgo represents the lifetime of singlet oxygen in
the sample and #; corresponds to the lifetime of *TPPS,
[3 ]. In the presence of HSA, the situation becomes more
complicated. As is shown earlier, TPPS, phosphorescence
revealed existence of at least two distinct groups of photo-
sensitizer triplets, which were ascribed to free and bound
TPPS,4. Therefore, the singlet oxygen phosphorescence
intensity has to follow time evolution in the form of lin-
ear combination of at least two expressions of Eq. (1)
type with two different photosensitizer triplet lifetimes ¢,
and #,. Taking into account oxygen diffusion constant in
water of 2 x 107> cm? s~! [12], singlet oxygen travels
200 nm during its 4 us lifetime. Its path is therefore sub-
stantially longer than the size of HSA molecules as well
as the distance between them. Hence, it is reasonable to
assume that each! O, molecule interacts with both water
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Fig. 3. Singlet oxygen phosphorescence kinetics at 1278 nm at various HSA concentrations and their fits by
Eq. (2).

and HSA environment during its lifetime. This makes the
question whether singlet oxygen was produced by free
or bound TPPS; irrelevant and that is why the same ef-
fective value of tgo for both components in Eq. (2) was
used.

Iso(t) = d{exp(—t /tso) — exp(—t/t1)} + flexp(—1/1p)
—exp(—t/tso)} = Iz(t) + Iy(1) 2

Phosphorescence kinetics of singlet oxygen photo-
generated by TPPS, in samples of different HSA con-
centrations are shown in Fig. 3. Equation (2) provides
reliable fits of all singlet oxygen kinetics in the presence
of HSA. The obtained lifetimes #; remain constant within
our experimental accuracy in the whole HSA concentra-
tion range and fit well with the lifetime of TPPS, triplet in
HSA-free samples under aerobic conditions determined
from the photosensitizer phosphorescence. This further

justifies the identification of the first component in Eq.
(2) with singlet oxygen photogenerated by free TPPS,
molecules. In the case of #, lifetimes, the correspondence
with bound TPPS; triplet lifetimes is not so striking. Nev-
ertheless, they both exhibit identical increase with HSA
concentration.

The prolonging of effective lifetime of singlet oxy-
gen with HSA concentration can be interpreted in this
way: Water is well known for rapid quenching of sin-
glet oxygen [13]. On the other hand, singlet oxygen lives
much longer in majority of organic environments. Increas-
ing HSA concentration changes effective singlet oxygen
environment from water-like towards the more organic
one. The observed 'O, lifetime increase indicates that the
above-mentioned prolonging of 'O, lifetime prevails any
shortening of 'O, lifetime due to chemical quenching by
HSA.

Table 3. Lifetimes and Integral Intensities Obtained by Fitting ' O, Kinetics by Eq. (2)

HSA
concentration (M) t1 (us) t (us) tso (14S) S (nde )7 In()de
0 1.8 £ 0.5 — 3.6 £ 0.5 42 £+ 1.8 0
1 1.8 £ 0.2 24 + 4 42 + 0.3 52 +£03 1.0 £ 0.2
5 2.1 £ 0.5 31£3 8.8 +£ 2.0 32+ 04 2.6 +£ 0.5
50 2.5 £ 0.8 47 £ 19 124 £ 49 34 +£04 29 £ 0.5




The Influence of HSA on the Singlet Oxygen Photogeneration by TPPS, 359

H 862 nm
800 C 1022 nm
% X 1278 nm
600 - %‘% % §> % C}
Tawodt T L] T i s
= P l J J | J
200-0%1({< L
0ofo 02 04 06 08 10 12

exposition [J]

Fig. 4. The dependence of 7, determined from phosphorescence at 862,
1022 and 1278 nm on the exposition of 50 ©M HSA air-saturated sample.

Overall integral intensity of singlet oxygen phospho-
rescence (equal to the sum of respective integral intensi-
ties displayed in Table 3) remains constant for all studied
HSA concentrations. Since the effective lifetime of singlet
oxygen rises with HSA concentration, it means that the
quantum yield of 'O, production decreases.

Interaction of HSA with Singlet Oxygen

HSA is oxidized by singlet oxygen photogenerated
during phosphorescence measurements. Although the re-
action rate of this oxidation is rather small (5 £ 3) x
108 M~ s~ [3], resulting changes are reflected in the
growth of TPPS, phosphorescence lifetimes #,. To in-
vestigate this phenomenon, we have analysed 38 succes-
sively measured kinetics at 862, 1022 and 1278 nm. No
detectable changes were observed for 1 and 5 uM HSA
samples. On the other hand, significant increase of ¢, ap-
peared in 50 uM HSA (see Fig. 4). As the oxygen is
consumed during HSA oxidation by singlet oxygen, total
oxygen concentration in the sample decreases. It is re-
flected in the quintuple increase of #,. The dependences
presented in Fig. 4 represent quantification of HSA oxi-
dation by singlet oxygen.

CONCLUSIONS

TPPS4 phosphorescence lifetime under anaerobic
conditions rises with increasing concentration of HSA due
to HSA preventing water-induced depopulation of triplets
of the TPPS,4 molecules bound to the protein.

Under aerobic conditions, spectral and temporal
analysis of phosphorescence of triplet TPPS, as well as
that of singlet oxygen revealed an additional HSA shield-
ing of the protein-bound photosensitizer triplets from
quenching by oxygen. The presented data reflect also pho-
tosensitized oxidation of HSA.
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Abstract

In this contribution, excitation energy transfer from lipophilic photosensitizers incorporated into the liposomes to singlet oxygen was
investigated. Measurements were carried out on photosensitizers used in photodynamic therapy: haematoporphyrin derivatives and pro-
toporphyrin IX. Solutions of L-a-phosphatidylcholine large unilamellar vesicles of 100 nm diameter prepared by extrusion were used.
Kinetics of photosensitizer triplet states and singlet oxygen in the liposomes together with processes of excitation energy transfer were
examined by direct detection of their weak near-infrared phosphorescence (894 and 1278 nm, respectively) with time and spectral reso-
lution. The life-times of photosensitizer triplets and singlet oxygen in H,O and D,O solutions of liposomes were compared to those in
acetone and in lipids droplets. The higher complexity of the liposomal systems is reflected in the fact that the phosphorescence kinetics of

the photosensitizers do not follow monoexponential decay.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Haematoporphyrin derivatives; Protoporphyrin IX; Singlet oxygen; Photodynamic therapy; Liposomes

1. Introduction

Photodynamic therapy (PDT) is a promising way of
cancer treatment [1,2]. A light, a light-sensitive drug, pho-
tosensitizer (PS), and oxygen are combined to produce
highly reactive substances lethal to tumor cells. First, the
PS is administered into patient’s body. After a delay, when
PS is accumulated predominantly in tumor tissue, the
tumor is irradiated at appropriate wavelength. In conse-
quence, PS undergoes transition into the excited singlet
state, which easily converts to the triplet state. The ground
state of molecular oxygen is a triplet. On the other hand,
the first excited state of oxygen is a singlet. As the triplet
state of PS exhibits higher energy than the singlet state of
oxygen, energy transfer from PS to singlet oxygen occurs
easily. This way highly reactive singlet oxygen is produced,

* Corresponding author. Tel.: +420 221 911 307; fax: +420 221 911 249.
E-mail address: egi@matfyz.cz (A. Molnar).

0022-2860/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.molstruc.2006.12.019

which destroys biologically significant molecules, such as
proteins or lipids.

Derivatives of haematoporphyrin (HpD) were one of the
first photosensitisers used for PDT [3]. Acetylation and
reduction of hematoporphyrin produces a complex mixture
of HpD with strong photosensitizing properties. Photo-
frin®, which is a partially purified form of HpD, has
received approval for clinical use in the treatment of esoph-
ageal cancer [4,5].

Photoporphyrin IX is a metabolic product of J-amino-
levulinic acid (PDT drug Levulan® from DUSA) in human
body [6]. Fluorescent and photosensitizing properties of
PpIX accumulated after the exogenous administration of
J-aminolevulinic acid, can be used to visualize and destroy
malignant cells in the so-called photodynamic diagnosis
and photodynamic therapy of cancer. Many clinical
J-aminolevulinic acid-PDT applications to malignant and
non-malignant pathologies are currently in use [7].

Besides chemical methods [8], photoproduction of sin-
glet oxygen can be quantified also using spectroscopic
methods [9]. The main advantage of spectroscopic methods
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over the chemical ones is their ability to determine not only
singlet oxygen quantum yields but also describe and
explain excitation energy transfer between PS and oxygen.

Phosphorescence spectra and kinetics together with their
concentration dependencies of porphyrin-like PS HpD and
PpIX in acetone as well as that of singlet oxygen were mea-
sured [10]. Both HpD and PpIX cannot be dissolved in
water, which represent an environment suitable for PDT
applications. Therefore, systematic spectroscopic study of
PS HpD and PpIX in phosphatidylcholine liposomes in
H,O and D,O is presented.

Liposomes are known to enhance the clinical effects of
photosensitizers, to reduce their toxicity and to protect
them from metabolism and immune responses. In addition,
liposomes with specific characteristics can be used in order
to achieve a better target-directed drug delivery.

The aim of the present investigations was the time-re-
solved PS and 'O, phosphorescence detection and interpre-
tation of the energy transfer from PS to singlet oxygen
inside complex environments such as lipid membranes
using a very sensitive device with time and spectral
resolution.

2. Materials

Photosensitizers (HpD and PpIX) were obtained from
Frontier Scientific Porphyrin Products. Completely satu-
rated lipid L-a-phosphatidylcholine (Avanti Polar Lipids)
was used to eliminate possible chemical reaction of singlet
oxygen with double bonds of the lipid. Lipid together with
PS (approx. 10/1 w/w) were dissolved and thoroughly
mixed in chloroform to assure a homogeneous mixture.
Chloroform was then removed by evaporating with dry
nitrogen to yield a lipid film. Hydration of the dry lipid film
was accomplished simply by adding H,O (or D,O) to the
container and agitating. The products of hydration were
large, multilamellar vesicles, with each lipid bilayer sepa-
rated by a water layer. After the stable, hydrated multila-
mellar vesicle suspension was produced, the particles
were downsized by extrusion using Mini-extruder (Avanti
Polar Lipids). The extrusion through filters with 100 nm
pores improved the homogeneity of the size distribution
of the final suspension (in comparison to sonication). It
was done at a temperature ~75 °C, above the transition
temperature of the lipids (=50 °C). This way, samples of
HpD and PpIX incorporated in 100 nm liposomes in
H,0 and D,0O were prepared.

3. Methods

Very sensitive home-built set-up was used to measure
time and spectral resolved phosphorescence of singlet oxy-
gen [11]. The samples were excited at 420 nm by laser puls-
es (20 ns, ~40 pJ, 40 Hz repetition) provided by a dye laser
Lambda Physik FL 3001 (Stilbene 3 in methanol), pumped
by excimer laser Lambda Physik LPX 100. The laser beam
was focused to a fluorescence cuvette through its bottom.

The phosphorescence of singlet oxygen and PS was collect-
ed from 0.8 mm high sample spot by lens assembly through
a long-pass filter (Schott RG 7) and high luminosity mono-
chromator Jobin-Yvon H20 IR to the infrared sensitive
photomultiplier Hamamatsu R5509 (cooled to —80 °C by
liquid nitrogen). The photomultiplier output was fed
through the Becker—Hickl HF AC-26 dB preamplifier to
the Becker-Hickl MSA 200 photon counter/multiscaler
triggered by a fast PIN photodiode. Time-resolved mea-
surements of singlet oxygen at 1278 nm (together with
1242 and 1306 nm) were performed. Phosphorescence of
PS was measured at 894 nm. In addition, measurements
of phosphorescence from 750 to 1350 nm, with steps of
16 nm were carried out. All experiments were carried out
at room temperature (=20 °C), well under the transition
temperature of the used lipids.

4. Results

Fig. 1 presents phosphorescence spectra of HpD in lip-
osomes dissolved in H,O and D,O together with singlet
oxygen phosphorescence. For better comparison phospho-
rescence spectrum of HpD in acetone scaled to appropriate
range is also shown (data from [10]). There are no differ-
ences between shape of phosphorescence spectra of HpD
and PpIX in acetone and in liposomes. Phosphorescence
of PS exhibits its maxima around 830 nm while singlet oxy-
gen phosphorescence maximum is found around 1278 nm.
Fig. 1 makes it evident, that infrared 'O, phosphorescence
is very weak. Maximal intensity of 'O, phosphorescence
was approximately 100 times weaker than that of PS in ace-
tone. It is even more pronounced in liposomes, where this
ratio is around 1000.

Non-linear shape of the semi-logarithmic plots of phos-
phorescence decays of HpD in liposomes at 894 nm shown
in Fig. 2 indicates that the decays cannot be described by
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Fig. 1. Phosphorescence spectra of HpD in liposomes in H,O (dotted),
DO (dashed) and acetone (solid) together with singlet oxygen phospho-
rescence spectra. For sake of clarity, spectra of HpD in acetone were
normalised to phosphorescence intensities observed in H,O and D,O.
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Fig. 2. Phosphorescence kinetics of HpD in liposomes in H,O (open
circles) and D,O (full circles) at 894 nm, together with biexponential fits
and lines corresponding to the slopes of the components of both decays.

single exponentials in H,O nor in D,O. However, Fig. 2
documents that two-exponential decay with lifetime #; of
(0.42 4+ 0.05) ps and ¢, of (3.8 0.1) ps provides reliable
fits in H,O. In the case of D,O the shorter component
remained the same, while the longer one increased to the
value of (4.6 =0.1) ps. The lines corresponding to the
slopes of both decays are also added in Fig. 2 for the sake
of clarity. The ratio of phosphorescence intensity of the
shorter component to that of the longer one is approxi-
mately 1:4 for both solvents.

Similar trends were observed also in PpIX. The corre-
sponding data are summarised in Table 1.

As mentioned above, the singlet oxygen phosphores-
cence maximum is located around 1278 nm. Phosphores-
cence kinetics recorded at 1242 and 1306 nm (outside the
spectral band of singlet oxygen transition) showed
non-negligible tail of PS phosphorescence lying under
phosphorescence of singlet oxygen. Therefore, interpolated
luminescence kinetics at 1242 and 1306 nm was taken as
background of singlet oxygen phosphorescence. The data
corrected to this background were fitted by

[—1 L [e—lqt
ky — k3

_ oot
ks — ks e ]

I(t) = [e®! —e ] +

Table 1

Summarised phosphorescence life-times of PS in liposomes in different
environments together with the percentages of phosphorescence intensity
of shorter (longer) component to the total phosphorescence intensity

PS Liposome solvent 1 t
(ps) (%) (ps) (70)
HpD H,O 0.42 £0.05 22 384+0.1 78
D,O 0.43+£0.03 18 4.6 £0.1 82
PpIX H,O 0.28 +0.04 22 33+0.1 78
D,O 0.26 £ 0.03 18 4.1£0.1 82
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Fig. 3. Phosphorescence kinetics of singlet oxygen at 1278 nm generated
by HpD in H,O (open circles) and D,O (full circles), together with
corresponding fits.

Table 2
Table of life- and decay-times of singlet oxygen generated by HpD and
PpIX in differ environments

PS Liposome solvent ty (ps) > (us) t3 (us)

HpD H,O 0.78 +0.31 1.6 +0.8 8.0+0.7
D,O 0.63 £0.32 52+09 41 +2

PpIX H,0 0.46 £ 0.31 22+0.8 73+£0.6
D,O 0.75+0.21 38+ 1.0 37+1

where () is the intensity of phosphorescence in the time ¢
after excitation pulse, k| = % and k, = i are rate constants
of population of singlet oxygen, and k3 = % is rate constant
of depopulation of singlet oxygen. )

The #3 decay time of singlet oxygen generated by HpD in
H,0 is (8.0 £ 0.7) us. Singlet oxygen generated by PpIX in
H,O shows similar value of (7.3 £ 0.6) ps.

It is generally known, that lifetime of singlet oxygen in
D,O is many times longer compared to water. It is docu-
mented in Fig. 3 which shows phosphorescence kinetics
of singlet oxygen at 1278 nm generated by HpD in H,O
and D,O together with their fits. Decay time #; was
(41 £2) ps for HpD and (37 £ 1) ps for PpIX in D,O.
All the lifetimes of singlet oxygen phosphorescence gener-
ated by both PS in liposomes in H,O and D,O are summa-
rised in Table 2.

5. Discussion

It was published previously, that phosphorescence of
both HpD and PpIX in acetone solutions follows mono-
exponential decays [10]. On the contrary, bi-exponential
decays are required to successfully fit phosphorescence
of this pigments incorporated into liposomes. That sug-
gests a presence of two distinct groups of the PS. As both
studied PS are hydrophobic, their molecules are locked in
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the lipid bilayer. The shorter component was the very
same in both H>O and D,O. It suggests that this lifetime
can be ascribed to the group of pigments buried deep into
the lipid bilayer, where they are effectively shielded from
outer environment influence. On the other hand, the long-
er component depends on whether the liposomes are sur-
rounded by normal or heavy water. Therefore, the
corresponding pigments are probably situated near the
polar heads of the liposome. The shorter components of
both HpD and PpIX phosphorescence lifetimes in lipo-
somes in water are very close to the lifetimes of these
PS in acetone: (0.3540.03) pus and (0.22 +0.01) ps,
respectively [10].

Compared to the above-mentioned measurements of
singlet oxygen luminescence in acetonic solution of the
PS [10], the signal of singlet oxygen in the case of the
liposomes was very weak, causing low signal-to-noise
ratio. Moreover, it was superimposed on weak, but still
not negligible tail of phosphorescence of both PS, which
is in contrast to the results of Baier obtained on Photo-
frin [13].

Due to the presence of the two components of PS phos-
phorescence decay, the singlet oxygen should be photogen-
erated via two distinct pathways. On the other hand, due to
rather long diffusion length of singlet oxygen (/0.4 um), it
can easily escape the liposomes of 100 nm diameter and dif-
fusion between different compartments is possible. There-
fore, the decay of the singlet oxygen is mono-exponential
with effective lifetime with no relation to whether it was
photogenerated deep inside the bilayer or near the surface,
making two different singlet oxygen decay times
unnecessary.

Our data fit well with previously published results:

The slower rise time #, = (1.6 £ 0.8) ps for HpD is in a
very good agreement with (1.6 +0.5) ps for Photofrin in
aqueous suspensions of phosphatidylcholine published in
[13].

The decay times #3=(8.0+0.7) us for HpD and
t3=1(7.3£0.6) ps for PpIX are effective values between
decay time (3.7 £ 0.1) pus of 'O, in water [12] and 12,2 ps
in pure phosphatidylcholine [14]. Moreover, it is in a good
agreement with 753 = (9 =+ 2) ps for 'O, generated by Photo-
frin in lipid droplets in water [13].

6. Conclusion

The influence of incorporation of two porphyrin-like PS
into =100 nm unilamellar phosphatidylcholine liposomes
on their photosensitising properties was investigated by
means of direct detection of time and spectral resolved phos-
phorescence of the PS and singlet oxygen. PS phosphores-
cence in liposomes exhibits two components, the shorter
one caused by PS in the middle of lipid bilayer and the longer
one caused by PS near the surface of lipid bilayer, which is in
contact with water. Differences of longer lifetime of the PS
triplets near the surface of lipids bilayer between H,O and
DO environment suggest quenching of PS by the solvent.
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Abstract

The time- and spectrally-resolved phosphorescence measurements of protoporphyrin IX (PpIX), haematoporphyrin (HpD) and singlet
oxygen in liposomal samples under different oxygen concentrations were performed. We observed two different phosphorescence
lifetimes of two distinct groups of photosensitisers (PSs). The group with shorter lifetime is located deep inside the nonpolar lipid bilayer,
whereas the group with longer lifetime is exposed to H,O due to its localisation near the bilayer surface. When the oxygen concentration
in H,O is increased about five times, a significant change in the slower decay component of the group of PS near the surface was observed
from 3.8 to 1.3 pus (HpD) and from 3.3 to 1.2 pus (PpIX). On the other hand, the shorter phosphorescence components exhibit less-
pronounced changes in lifetimes from 0.42 to 0.39 us (HpD) and from 0.28 to 0.25 us (PpIX). The singlet oxygen decay time decreases
from 7.3 to 3.5 us (PpIX) and from 8.0 to 3.5 us (HpD) in H,O. The results are discussed in the frame of a model, where an increase of the
oxygen concentration in the aqueous medium is accompanied by only a slight increase of the oxygen concentration inside the lipid

bilayer.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Energy transfer; Phosphorescence; Singlet oxygen; Protoporphyrin IX; Haematoporphyrin; Liposomes

1. Introduction

In photodynamic therapy (PDT), light, light-sensitive
drug—photosensitiser (PS) and oxygen, are combined to
produce highly reactive substances lethal to tumour cells.
Derivatives of haematoporphyrin (HpD) were one of the
first PSs used for PDT [1]. Protoporphyrin IX (PpIX) is a
metabolic product of d-aminolevulinic acid in the human
body [2]. Fluorescent and photosensitising properties of
PpIX, accumulated after the exogenous administration of
J-aminolevulinic acid, can be used to visualise and destroy
malignant cells [3].

HpD and PpIX are hydrophobic PS. There are several
methods to transfer water-insoluble PS via the bloodstream
to a tumour. Among others, usage of liposomes as drug-
delivery systems seems to be very promising; they are easily
decomposable in the organism, nontoxic, and usable as a
controlled transport system [4].

*Corresponding author. Tel.: +42022191307; fax: +420221911249.
E-mail address: a.molnar@seznam.cz (A. Molnar).

0022-2313/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jlumin.2007.12.009

The aim of this contribution is to investigate oxygen
penetration into liposomes and to examine how the PSs
incorporated inside the lipid bilayer are exposed to the
environment of liposomes.

2. Materials and methods

HpD and PpIX were obtained from the Frontier
Scientific Porphyrin Products, completely saturated
L-a-phosphatidylcholine from the Avanti Polar Lipids.

Lipids together with PS were dissolved in chloroform.
The chloroform was subsequently evaporated to prepare a
dry PS-lipid film. Hydration of the film was accomplished
by adding H,O and agitating, providing multilamellar
vesicles. The vesicles were downsized by extrusion through
filters with 100 nm pores at a temperature of 75°C (well
above the transition temperature of the lipids). To achieve
oxygen-saturated conditions, the samples were purged with
oxygen for 1h.

The measurement of time- and spectrally-resolved
phosphorescence was performed on a very sensitive
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home-built set-up [5]. The samples were excited at 420 nm
by laser pulses (20ns, ~40 uJ, 40 Hz repetition) provided
by a dye laser Lambda Physik FL 3001 pumped by an
excimer laser Lambda Physik LPX 100. The phosphores-
cence of singlet oxygen and PS was collected from the
excitation spot through a lens assembly, a long-pass filter
(Schott RG 7) and a high-luminosity monochromator
Jobin—Yvon H20IR by an infrared-sensitive photomulti-
plier Hamamatsu R5509 (cooled to —80 °C). The photo-
multiplier output was fed through a Becker—Hickl HF AC-
26dB preamplifier to a Becker—Hickl MSA 200 photon
counter/multiscaler. Time-resolved measurements of sing-
let oxygen were performed at 1278 nm, and phosphores-
cence of the PS was measured at 894 nm. All experiments
were performed at 20 °C, under the transition temperature
of the lipids used.

3. Results and discussion

We have previously shown that the kinetics of the
phosphorescence of both investigated PSs exhibits bi-
exponential character in liposomes [6]. Increasing the
oxygen concentration does not change the bi-exponential
character of the decays. However, the lifetimes of both
components change. The kinetics of the HpD phosphor-
escence decays at 894 nm under both oxygen concentra-
tions are shown in Fig. 1. All the PS lifetimes in liposomal
samples saturated with oxygen are presented in Table 1.
For the sake of comparison, decay times of PS from
samples saturated with air were added (data from Ref. [6]).

As both HpD and PpIX are water-insoluble, it is
reasonable to assume that all the PSs are locked inside
the lipid bilayer, and singlet oxygen is generated in the
liposomes solely. In our previous publication [6], we have
ascribed the two observed lifetimes to two distinct groups
of PS: the group exhibiting the shorter lifetime is located
deep inside the nonpolar lipid bilayer, whereas the group

100 o

Counts

10 4

Time [us]

Fig. 1. Typical kinetics of the phosphorescence of HpD at 894 nm
together with the respective fits in air- (dashed) and oxygen-saturated
(solid) liposomal samples.

Table 1
Phosphorescence lifetimes of PS in liposomes under different oxygen
concentrations

PS Oxygen concentration t1 (us) t> (us)
(umol 171

PpIX 280 0.28+0.04 3.340.1
1400 0.25+0.08 1.2+0.5

HpD 280 0.42+0.05 3.840.1
1400 0.39+0.20 1.3+04

with longer lifetime is more exposed to the outer
environment due to its localisation near the bilayer surface.
The identification of the PS groups is further supported by
our new data. The influence of increase of oxygen
concentration on the group with longer lifetime is more
pronounced.

While the longer component exhibits a dramatic decrease
of the lifetime after purging with oxygen, the change of
the shorter one is only slight. This behaviour is based on
the fact that the change of oxygen concentration inside the
lipid bilayer is probably not proportional to the change of
concentration of oxygen in the outer medium. Significant
increase of oxygen concentration in water leads only to a
minor increase of oxygen concentration inside the lipid
membrane. Oxygen concentration in water increases after
purging the samples with oxygen about five times, causing
a significant change in the slower decay component of the
PS phosphorescence from 3.8 to 1.3 us (HpD) and from 3.3
to 1.2 ps (PpIX).

The kinetics of the singlet oxygen phosphorescence was
fitted by a model using double-exponential increase and
single-exponential decay:

12 Il
kz—k3 kl_k3

where I(¢) is the intensity of the phosphorescence at time ¢
after the excitation pulse, k; and k, are rate constants of
population of singlet oxygen: k1 = 1/#;, k» = 1/t, and kj is
the rate constant of singlet oxygen depopulation: k3 = 1/z3.
A double-exponential increase was used to describe the
photogeneration of singlet oxygen by the two different
groups of PS. Taking into account the diffusion length of
singlet oxygen of 0.2 um in water [7] and 0.4 um in pure
lipids [8] compared to the 0.1 um liposome diameter, singlet
oxygen can diffuse back and forth several times between
both phases during its lifetime. This justifies the approach
of only one effective singlet oxygen lifetime for the decay
part of the kinetics.

All the singlet oxygen rise- and decay-times in liposomal
samples saturated with oxygen are presented in Table 2.
For the sake of comparison, corresponding times from
samples saturated with air were added (data from Ref. [6]).

A very low signal-to-noise ratio and a strong scattered
excitation light make fitting of the data obtained for HpD
by the presented model with two rise-times unsuitable, as the

1(6) =

—k3l_ —kot —k}t_ —kyt
e e ] E e ],
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Table 2
Rise- and decay-times of singlet oxygen generated by HpD and PpIX
under different oxygen concentrations

PS Oxygen 11 (us) 1y (us) 13 (us)
concentration
(pmoll7h

PpIX 280 0464031 2.240.8 7.340.6
1400 0.254+0.26 1.14+0.6 3.540.3

HpD 280 0.7840.31 1.64+0.8 8.0+0.7
1400 0.044+0.21 0.54+0.3 3.540.3

20 A

10

Counts

Time [us]

Fig. 2. Singlet oxygen phosphorescence kinetics at 1278 nm generated by
HpD in air- (dashed) and oxygen-saturated (solid) liposomal samples
together with their respective fits.

shorter component provides an unreasonably short value
with an enormous error (#; = 0.04+0.21 ps, see Table 2).
The obtained value of £, = 0.540.3 us (see Table 2) therefore
represents an effective value of both the PS groups. Anyway,
this value lies between the lifetimes of the HpD phosphor-
escence under oxygen-saturated conditions (Table 1). On
the other hand, it is possible to obtain two values of
t1=0.25+0.26 us and 1, = 1.1+0.6 us (see Table 2) in the
case where singlet oxygen is generated by PpIX in oxygen-
saturated H,O. These values correspond well to the lifetimes
of the PpIX phosphorescence (compare Table 1).
Comparison of singlet oxygen phosphorescence kinetics
under air- and oxygen-saturated conditions is presented in
Fig. 2. The obtained effective singlet oxygen lifetimes of
8.0us for HpD and 7.3 us for PpIX (Table 2) in 100 nm
liposomes [6] lie between decay times in pure lipids 12.2 us
[9] and in water 3.7ps [10]. Under oxygen-saturated

conditions the singlet oxygen decay time of 3.54+0.3pus
for both HpD and PpIX (Table 2) fits well with the singlet
oxygen lifetime of 3.54+0.1 ps in oxygen-saturated sulpho-
nato-tetraphenyl-porphyrin aqueous solutions [10]. Expla-
nation lies in the fact that under oxygen saturation of the
liposomal solution, the concentration of oxygen inside the
lipid bilayer increases only slightly, while in water rises five
times and thus the contribution of the singlet oxygen
phosphorescence from the lipid bilayer to the overall
phosphorescence drops to almost insignificant portion
making the observed effective lifetime similar to that in
oxygen-saturated water without liposomes.

4. Summary

The time- and spectrally resolved phosphorescence
measurements of PpIX and HpD in liposomal samples
under different oxygen concentrations confirmed our
previously published model, based on two different PS
groups with two different lifetimes (localised in the middle
of the lipid bilayer and near to the liposome surface).

Lifetimes of singlet oxygen phosphorescence indicate
that increasing the oxygen concentration in a water
medium is accompanied by only a slight increase of its
concentration inside the lipid bilayer. Based on this effect,
the differences in behaviour of the effective lifetimes of
singlet oxygen phosphorescence under different oxygen
concentrations in H,O were explained.
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