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Abstract

The binding of photosensitizers to host molecules is discussed from the perspective of how the confinement in a molecular assembly
influences the sensitizer’s photophysical properties. In connection with photodynamic therapy (PDT) of cancer during which the administered
sensitizer necessarily interacts with the biological material the problem becomes of utmost importance. This review surveys changes of
photophysical behaviour of porphyrins, metalloporphyrins and other porphyrinoid sensitizers induced by their interaction with biopolymers
(proteins, nucleic acids), liposomes or synthetic sensitizer carriers (cyclodextrins, calixarenes). The structure, charge, and physicochemical
properties of the sensitizer predetermine the type of interaction with the surrounding microenvironment and are manifested by changes in
absorption, fluorescence, kinetics of deactivation of the excited states, and generation of singlet oxygen. As follows from the collected data,
binding of the sensitizer does not restrict formation of the excited states but influences the kinetics. Various consequences of binding on the
form and photophysical parameters of the sensitizers are discussed and general features of the mutual interaction are outlined.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Non-covalent binding; Porphyrin; Excited states; Singlet oxygen; Photosensitizer; Biopolymers

1. Introduction

Photosensitized reactions of molecular oxygen have
recently found far-reaching applications in biology and
medicine. Complete understanding of these reactions in
the complex biological environment became a topical in-
terdisciplinary problem that spans from photophysics over
photochemistry and photobiology to photomedicine[1–10].
The so-called photodynamic effect rests in the oxidative
damage of biological material by reactive forms of oxygen
generated by sensitized reactions. The photodynamically
active species is singlet oxygen1O2(1�g) generatedin situ
by energy transfer from an excited sensitizer to oxygen
molecule. Superoxide O2−, the product of electron transfer
[1,2] is also involved, to a lesser extent. The photodynamic
effect has been utilized, e.g., in photodynamic therapy
(PDT) of cancer or atherosclerosis, in inactivation of some
bacteria and viruses and in insecticides. The most inten-
sively studied area is the photodynamic therapy of tumors.
The treatment is based on administering the sensitizer usu-
ally by intravenous injections and, after a period necessary
for retention of the sensitizer in the tumor, irradiation of the
tumor by visible light. This way singlet oxygen and other
reactive particles are formed directly in a tumor and de-
stroy it from inside. Though numerous sensitizers produce
singlet oxygen, almost all sensitizers studied in this context
belong to the group of porphyrinoid ligands or their met-
allocomplexes. The collective term porphyrinoids denotes
porphyrins and structurally similar macrocyclic compounds
with four or more pyrrole rings.

The observed poor correlation between photophysical pa-
rameters of a sole sensitizer and its photodynamic efficacy
turned attention to the influence of the biological environ-
ment. To be photodynamically active, the sensitizer needs

to be closely associated with the target. Consequently, the
favourable pattern of localization depends on the nature of
the sensitizer (structural and physicochemical), nature of
the sensitizer carrier, and on complex environmental con-
ditions, which makes the final effect rather unpredictable.
In chemical terms the influence of the environment can be
attributed to non-covalent interactions of the sensitizer with
surrounding molecules. Several papers have been dedicated
to changes of photophysical parameters of sensitizers in
the presence of proteins, nucleic acids, and some other
molecules that may act as host molecules. It is worth noting
the impact non-covalent interaction exerts on such intrinsic
properties of the sensitizer molecule, as the photophysical
quantities[3–6]. Vice versa, the change of photophysical
properties can be a useful tool for getting information on the
topology of binding sites and on the nature of interactions
by which they were evoked. Our review of this developing
area of chemistry is not intended to be exhaustive. Instead,
it is intended to serve as a report highlighting photophysi-
cal characteristics of non-covalently bound sensitizers and
the ways how knowledge of these characteristics can help
in the prediction of photodynamic action caused by novel
photosensitizers.

The interaction often affects the molecular form of the
sensitizer, in most cases the equilibrium between monomeric
and aggregated species. According to the charge and
steric arrangement of either of the interacting components,
the interaction can promote monomerization or support
self-assembling into organized, often chiral, aggregates.
Binding-induced aggregation is not a desirable process since
photodynamic efficiency decreases as a result of the poor or
absent sensitizing ability of dimers and higher aggregates
[6,11]. In many respects, photodynamic effect bears upon
self-assembling, formation of supramolecular structures and



K. Lang et al. / Coordination Chemistry Reviews 248 (2004) 321–350 323

molecular recognition and it may be inspiring to treat the
problem from this point of view. Furthermore, time-resolved
methods may fill in for the lack of information about the
time course of processes.

The organization of the present review is as follows.
The theoretical background of sensitization, singlet oxygen
formation and specific requirements on suitable sensitiz-
ers are summarized in Sections 1.1. and 1.2. InSection 2
we review the photophysical properties of singlet oxygen
producing porphyrinoid sensitizers1 bound to well-defined
molecules of biological importance. The photophysical
characteristics including fluorescence quantum yields (Φf ),
quantum yields of the triplet states (ΦT), quantum yields
of the singlet oxygen formation (Φ�), fluorescence (τf )
and triplet (τT) lifetimes and rate constants of the triplet
states quenching by oxygen (kq) are summarized in Ta-
bles throughout the text. Figures documenting the described
effects are taken from the authors’ experiments. To the
best of our knowledge, no attempt has been made at a di-
rect comparison of the effect of binding on photophysical
properties of porphyrinoid sensitizers. We believe that it
can contribute to understanding and prediction of sensitizer
behavior in the presence of biologically active compounds.
Careful assessment of the binding effects and compari-
son of biopolymers and potential host molecules, such as
cyclodextrins and calixarenes on the molecular level is a ra-
tional way to understand photosensitized processes in com-
plicated biological environments. The future development
of the topic is outlined inSection 3.

1.1. Photosensitized reactions of molecular oxygen

1.1.1. Energy and electron transfer
The oxygen molecule exhibits a series of absorption bands

in the ultraviolet, visible and infrared. Although the direct
photoexcitation of molecular oxygen[12] or oxygen–organic
molecule charge transfer complexes[13] to produce sin-
glet oxygen is possible, this method is not of much inter-
est for preparative applications due to small yields of1O2.
An indirect path of excitation, the photosensitized reaction
(Scheme 1A), is therefore the core of photo-initiated reac-
tions involving oxygen. Photosensitized oxygen reactions
are classified as Type I and Type II according to the nature
of a quencher[14] (Scheme 1B). Quenching of the excited
sensitizer by molecular oxygen (Type II reactions) proceeds
as energy transfer yielding singlet oxygen1O2 or as elec-
tron transfer yielding superoxide anion radical O2

−. Energy
transfer from the excited triplet state of the sensitizer to the
ground state (triplet) oxygen is a spin allowed process, cou-
pled with spin inversion of oxygen to two forms of singlet
oxygen1O2(1�g) and1O2(1�g) (Scheme 2)

3Sens∗ + 3O2 → 1Sens+ 1O2 (1)

1 Unless otherwise stated, the term sensitizer is synonymous with
porphyrinoid compounds, both free ligands and metallocomplexes.

1Sens

1Sens*

hν ichνf

isc

hνp isc

3Sens*

1O2

O2
-

Type II

Radical Q Type Ioxygenated
products

oxygenated
products

Q - quencher (substrate or solvent molecule)

3Sens*

.

O2

(A)

(B) Q

Q
O2

ic     internal conversion
isc   intersystem crossing

Scheme 1. Photosensitized singlet oxygen production (A) and reactions
(B).

Occupation of the highest antibonding orbitals 2pπ∗ in the
ground state and excited states is demonstrated inScheme 2.

Electron transfer to oxygen generates doublet particles, a
sensitizer cation radical and superoxide O2

−

3Sens∗+3O2→3(2Sens+ · · · 2O2
−) ↔ 2Sens++2O2

− (2)

Quenching by substrate or solvent molecules yields the cor-
responding radicals (Type I reactions). The reactions produc-
ing O2

− in the primary step (Eq. (2)) are of Type II—oxygen
reactions[14,15], though they were originally described as
Type I—radical reactions[9,16].

The excited singlet states S1 of most sensitizers are too
short-lived to be effectively quenched by oxygen and yield
1O2. Nonetheless, singlet oxygen1O2(1�g) can be gener-
ated provided that the energy difference�E (S1–T1) of the
sensitizer exceeds 94.1 kJ mol−1. Singlet oxygen is generally
accepted as a decisive species in the photodynamic action.

isc

isc

1O2(1Σg)

hνf

1923 nm
ic

hνp

1269 nm

hνp

765 nm

1O2(1∆g)

3O2(3Σg)

2 pπ*

Scheme 2. Transitions between electronic states of oxygen in a solution.
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Table 1
Properties of two lowest electronic states of singlet oxygen (full spectroscopic representation)

1O2 (a1�g) 1O2 (b1�g
+)

Energy (kJ mol−1) 94.1 156.9

Transitions in 1O2(a1�g)→ 3O2(X3�g
−) 1O2(b1�g

+)→3O2(X3�g
−) 1O2 (b1�g

+) → 1O2 (a1�g)
solution (nm) 1269–1282a 765a 1914–1936a

τr (gas)e 64.6 mina, 64 minb 11.8 sa, 10 sb 6.7 minb

τr (solution)e 0.25–10 sa 1 sa 0.33–1.4 msa

τ� (H2O)f 3.8�sc, 3.1–4.2�sd 8.2 psa

τ� (D2O)f 62�sc, 55–68�sd 42 psa

a [21].
b [26].
c [27].
d [28].
e Radiative lifetime.
f Natural lifetime.

The less frequently generated O2
− is the parent species of

OH• radicals formedvia dismutation of O2−/HO2
• and the

catalyzed Haber–Weiss reaction. As recent studies indicate,
radical reactions of Type I and thermal processes connected
with radiationless transitions of the excited sensitizer may
also contribute to the final photodynamic effect[11,17,18].

In the absence of oxygen or any chemical reaction, the
lifetime τ of an excited sensitizer is related to the rate con-
stant of the monomolecular deactivation processes by

τT = 1

kT
decay

= 1

kphosphorescence+ kT
isc

(3)

for the triplet states, and

τS = 1

kS
decay

= 1

kfluorescence+ kic + kS
isc

(4)

for the singlet states (Scheme 1). In the presence of oxygen,
the observed quenching rate of the triplet sensitizer is given
by

kobs = kT
decay+ kq[O2] (5)

where kq is the rate constant characterizing bimolecular
quenching by oxygen and is expressed as the sum of oxygen
dependent rate constants namely of energy transfer, electron
transfer and enhanced intersystem crossing. Since diffusion
controlledkq is of the order of 109–1010 M−1 s−1, the deter-
mination of the correct value ofkT

decayis extremely sensitive
to traces of oxygen.

The quantum yield of singlet oxygen formationΦ� de-
pends on the quantum yield of the triplet statesΦT according
to

Φ� = ΦTS� Sq (6)

whereS� is the fraction of triplet molecules quenched by
oxygen and yielding1O2 and is given by

S� = ket

kq
(7)

where ket is the rate constant of energy transfer leading
to the formation of1O2(1�g) and/or1O2(1�g) (Scheme 2,

Table 1), andSq is the fraction of oxygen dependent triplet
deactivations

Sq = kq
[O2]

kq[O2] + kT
decay

(8)

The denominator represents all pathways of triplet deacti-
vations. IfkT

decay
 kq[O2], thenSq ∼= 1 and forΦ� holds
the simplified equation[11,19]

Φ� = ΦTS� (9)

1.1.2. Singlet oxygen
In the context of photodynamic processes, the more stable

1O2(1�g) form has been considered and monitored so far,
and is referred to simply as “singlet oxygen”. The growing
interest in the formation and deactivation of1O2(1�g) in a
solution is motivated by an effort to acquire important in-
formation about the mechanism of photosensitized oxygen
reactions and about solvent effects on forbidden radiative
transitions[20,21]. Studies on1O2(1�g) have been fostered
by the development of sophisticated time-resolved spectro-
scopic methods[21–24].

Quenching of the sensitizers in the triplet states by oxy-
gen in some organic solvents was shown to directly pro-
duce1O2(1�g) and1O2(1�g) in the primary step of energy
transfer [25].2 The obvious stipulation is that theT1 en-
ergies of the sensitizer must exceed the energy difference
157 kJ mol−1 between1O2(1�g) and ground state oxygen.
The branching ratios1�/1� depend on the nature of the
sensitizer and the solvent and for the reported systems var-
ied between 1.7 and 0.4. Apparently, a considerable fraction
of 1O2(1�g) is generated in solution.

The energy level diagram and transitions between elec-
tronic states of oxygen are shown inScheme 2. The com-
peting processes of radiative and non-radiative decay of
1O2(1�g) and1O2(1�g) are solvent dependent because sol-
vent perturbations enhance the probability of spin forbidden

2 Formation of1O2 (1�g) by oxygen quenching of the sensitizers in
the excited singlet states has not been experimentally confirmed.
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Scheme 3. Reactions of singlet oxygen.

transitions1�g → 3�g and 1�g → 3�g. The rate con-
stants of radiative decay of1O2(1�g) and1O2(1�g) in a so-
lution are significantly lower than are those of non-radiative
processes. Hence, it is the non-radiative decay that prevails
in solutions. With respect to deactivation, the spin allowed
path 1O2(1�g) → 1O2(1�g) is dominant with almost unit
efficiency. The viability of the path is supported by the fact
that a lesser amount of energy�E = 62.8 kJ mol−1 needs
to be dissipated. It follows that1O2(1�g) originates from
oxygen quenching of triplet sensitizer through two reaction
paths—one direct, the other indirect via1O2(1�g) [21,25].
Speculation that1O2(1�g) can participate in photosensitized
oxidation have not been confirmed[25]. This justifies the
general belief that1O2(1�g) is the decisive oxidation agent
in photodynamic processes. The relevance of1O2(1�g) for
photodynamic processes rests in the fact that it can be a pre-
cursor of1O2(1�g) since practically all1O2(1�g) decays to
1O2(1�g) [25]. Some of the characteristics of both forms of
1O2 are summarized inTable 1.

Singlet oxygen can be consumed in two competing
ways: (i) physical quenching of1O2 by a quencher that be-
comes electronically excited (bimolecular) or deactivation
proceeding by vibrational excitation of solvent molecules
(monomolecular). (ii) Oxidation of a molecule by1O2
(chemical reaction). Quenching and oxidation of substrates
in the ground singlet state are spin allowed reactions. The
mechanism of singlet oxygen reactions—solvent deacti-
vation and reactions with quenchers and substrates—are
visualized inScheme 3.

The fraction of1O2 molecules that react with the substrate
S to oxidized substrate Sox is

fr = kr[S]

kr[S] + kd + kp[Q]
(10)

wherekr is the rate constant of oxidation reaction,kp the
rate constant of physical quenching by a quencherQ, andkd
the rate constant of deactivation in the absence of S and Q.
If no quencher is present, the quantum yield of the oxidized
substrateΦr is given by

Φr = Φ�fr = Φ�

kr[S]

kr[S] + kd
(11)

Clearly, whenkr[S] � kd, the above equation simplifies
to Φr = Φ�; in this case entire1O2 produced is con-

sumed in a reaction with the substrate (saturation effect)
[29].

Due to the high reactivity of1O2 with substrates, the
chemistry of 1O2 is very rich [19,29–31]. Still, the re-
actions have certain selective features. Typical reactions
involving C=C bonds, isolated or conjugated, are oxida-
tions of olefins (ene-type reactions, [2+2] cycloadditions),
1,3-dienes ([4+2] cycloadditions), aromatic compounds
and heterocycles. The intermediates are peroxo species,
such as perepoxides, dioxethanes and endoperoxides. Thio-
compounds are oxidized to sulfoxides, and phosphines to
phosphine oxides[29]. In the context of this review singlet
oxygen reactions with constituents of proteins, lipids and
DNA are relevant.

Amino acids (amino acid residues in proteins). Among es-
sential amino acids the most prone to oxidation with1O2 are
cysteine, methionine, histidine, and tryptophan[26,29,32].
Due to their reactivity, these amino acids are the primary
target of an oxidative attack on proteins. The reaction mech-
anisms are rather complex and as a rule lead to a number of
final products. Cysteine and methionine are oxidized mainly
to sulfoxides, histidine yields a thermally unstable endoper-
oxide, tryptophan reacts by a complicated mechanism to give
N-formylkynurenine.

Lipids. Unsaturated lipids typically undergo ene-type reac-
tions [33].

1O2+
O-OH (12)

DNA. Of the four nucleobases guanine is the most suscepti-
ble to oxidation by1O2. The reaction mechanism has been
extensively studied in connection with oxidative cleavage of
DNA [34–36]. The first step is a [4+2] cycloaddition to the
C-4 and C-8 carbons of the purine ring leading to an unstable
endoperoxide. The subsequent complicated sequence of re-
actions and the final products depend on whether the guanine
moiety is bound in an oligonucleotide or a double-stranded
DNA [37].

Generally, the reactions of1O2 are sensitive to steric fac-
tors. A novel approach pays special attention to the effects
of the environment namely to the ability of supramolecu-
lar structures to control conformation of the built-in sub-
strates and/or sensitizers. This approach is expected to yield
relevant information on reactions proceeding in biological
systems on the cellular level. The supramolecular structures
can be composed of micelles, cyclodextrins, zeolites, cal-
ixarenes, etc. Recently, the effects of micelles, cyclodextrins
or synthetic membranes as host structures on singlet oxygen
reactions were reviewed[31].

1.2. Sensitizers

Numerous sensitizers produce singlet oxygen and can
be considered suitable for PDT, nevertheless, the majority
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of sensitizers investigated in this context were compounds
with a porphyrinoid structure[7–10,33]. The reason for this
preference is the extensive knowledge of their chemistry
together with the inherent similarity to natural porphyrins
frequently occurring in living matter. Of non-porphyrinoid
sensitizers eosine, acridine, rose bengal, methylene blue,
perylenequinones, triarylmethane dyes, etc. have been taken
into consideration. The effort to correlate the structure of
the sensitizer to intermolecular non-covalent interactions
produced a categorical requirement to use well-defined indi-
vidual sensitizers. Mixtures of derivatives, species differing
in the number of substituents or even different regioisomers,
interacting differently with biomolecules in the tissue, often
yield misleading results on structure–activity relationships
[7,33].

Sensitizers suitable for PDT have to meet a number of
specific requirements:

• Maximum absorption in the region 600–800 nm[7,33,38].
The incident intensity of light—irradiance—is reduced by
absorption by chromophores in tissue or by scattering. The
efficiency of scattering increases as the wavelength is de-
creased. On the other side, absorption by water molecules
increases at wavelengths above 800 nm. Consequently, the
window for optimum penetration lies between 600 and
800 nm, i.e. in the region of red light. The characteristic
quantity is the penetration depthδ defined as the depth
in which the irradiance is reduced to 1/e of the initial
value. Typical values ofδ vary between 1 and 3 mm, but
apparently the photodynamic effect reaches beyond this
limit. The upper limit of the wavelength to produce1O2 is
given by the energy necessary for the1O2 formation (λ <

1269 nm,�E > 94.1 kJ mol−1 for a one-photon process).
• Minimum absorption in the region 400–600 nm[11,39,40].

Sensitizers absorbing in this region, i.e. in the maximum
of the spectroscopic distribution of daylight, enhance
photosensitivity of the skin, which is a complicating side
effect of photodynamic treatment. Photosensitization of
skin has been the major drawback of first generation
sensitizers based on hematoporphyrin derivatives.

• High quantum yields of1O2. The quantum yieldsΦ� vary
in the range 0.3–0.8 for most sensitizers. The significance
of Φ� should not be overestimated, since the amount of
1O2 produced depends strongly on other factors, namely
on interaction of the sensitizer with surrounding biopoly-
mers, aggregation of the sensitizer, oxygen depletion and
side reactions. The demand of highΦ� includes the pre-
requisite of adequately highΦT, the triplet state energy
sufficient for the1O2 formation and relatively long life-
time of the triplet statesτT.

• Photostability. A sensitizer should be stable against pho-
todegradation and against oxidation by1O2 or other
reactive oxygen species generatedin situ. Photobleach-
ing of sensitizers in biological systems is a complex
process, not necessarily oxygen dependent. Photobleach-
ing plays an important role in decreasing skin sen-

sitization and the specificity of phototreatment[7,8,
40,41].

• Non-toxicity and phototoxicity. Low “dark” toxicity (e.g.
nephrotoxicity, neurotoxicity) is desirable so as to avoid
unnecessary strain on the organism prior to irradiation.
The overall destructive photodynamic effect of the sen-
sitizer on biological materialin vitro or in vivo is called
phototoxicity.

• Specific retention in the malignant tissue. The specific re-
tention of a sensitizer in the malignant tissue is a con-
sequence of different kinetics of sensitizer removal from
the malignant and healthy tissue. The removal from the
healthy tissue is faster. The concentration difference is ad-
justed within several hours after sensitizer administration
and depends on the nature of the sensitizer. Effectual re-
moval of the sensitizer from the healthy tissue precludes
its photodynamic damage[4].

• Single substance. The use of a single, well-defined
substance is necessary for reliable evaluation of the
sensitizer–biopolymer interaction[7,33].

• Fluorescence. Fluorescence of the sensitizer enables de-
tection of the sensitizer distributionin vivo. To retain both
functions of the sensitizer, namely fluorescence and1O2
production, the ratioΦf /Φisc should be optimised[11].

• Solubility. Sufficient solubility of the sensitizer in aqueous
media is important for direct intravenous application and
transport to the intended target location. Hydrophobic,
insoluble sensitizers can be transported by water-soluble
carriers[17,31,42]. The role of possible carriers will be
discussed inSection 2.

It is not the intention of this review to provide an ex-
haustive description of the numerous porphyrinoid sensi-
tizers applicable in PDT. Several excellent reviews exist
[7–10,33,43–46]. Basic skeletons are presented inScheme 4.
Structures1–4 were originally natural products, whose syn-
thetic analogues are used as a rule. Synthetic porphyrins1
are often substituted in themeso-positions. Chlorin2 and
bacteriochlorin3 are partly hydrogenated porphyrins; hy-
drogenation shifts the absorption bands to the more ad-
vantageous region above 600 nm. Purpurins4 are degrada-
tion products of chlorophylls. Compounds5–12 are purely
synthetic and have no counterpart in nature. Porphyrazine
or tetraazaporphyrin5 is the basic skeleton of the exten-
sively used phthalocyanines6 and naphthalocyanines7 [47].
Among novel types of porphyrinoid compounds8–12 are
new sensitizers, some of which are very promising for PDT.
Porphycenes8 are isomeric porphyrins with differing length
of the pyrrole–pyrrole bridges[48,49]. Expanded porphyrins
9 are characterized by an increased number of atoms sepa-
rating the pyrrole rings. The most important expanded por-
phyrins are sapphyrins10 and texaphyrins11 [9,43,50]. A
trend opposite to expansion of the macrocycle follow sub-
phthalocyanines12 with three diiminoisoindole rings bound
to a central boron atom[51]. Generally, porphyrinoid sen-
sitizers can be free ligands or metallocomplexes with Al,
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Scheme 4. Basic structures of porphyrinoid sensitizers.

Zn, Mg, Ga, Si, Ge, Sn, or lanthanides[9,33,43,48,49]cen-
tral ions. Meso-substituted porphyrins, chlorins and some
expanded porphyrins are usually applied as free ligands
(non-metallated). On the other hand, phthalocyanines and
naphthalocyanines are always metallated since the free lig-
and is less chemically stable[7]. Complexes with transition
metals are poor sensitizers because of their short triplet life-
times ranging from picoseconds to nanoseconds.

The following paragraphs review the principal types of
sensitizer arranged according to the charge of the periph-
eral groups. The charge, its sign and distribution, and hy-
drophilicity or hydrophobicity of the sensitizer predestine
the mode of interaction with biomolecules and/or carriers
and, consequently, photophysical properties, the fate, and
effectiveness of the sensitizer in a biological system. The
tetrapyrrolic sensitizers, anionic or cationic, with three or
four charged substituents are hydrophilic (polar). Monosub-
stituted and disubstituted sensitizers behave as amphiphilic
molecules (vide infra). Symmetric disubstitued sensitizers
have more hydrophilic character than the asymmetric[8,33].

Of the anionic sensitizers sulfonated or carboxylated
metallophthalocyanines andmeso-tetraphenylporphyrins
have been most frequently investigated.In vitro andin vivo
studies have been carried out in order to map a correla-

tion between sulfonation degree and photodynamic activity
[4,7,8,11,33,52]. Anionic sensitizers interact with proteins
possessing positively charged side chains—protonated
amino nitrogen atoms. Highly basic proteins can compen-
sate repulsion between the negatively charged sensitizer
molecules and promote aggregation of the sensitizer[53].
The observation that the cationic sensitizer TMPyP interca-
lates into DNA at the G–C base pairs[54] and the capacity
to penetrate into the nucleus[55] gave impetus to extensive
studies of novel cationic sensitizers. The positive charge is
usually localized on the protonated pyrrole nitrogen atoms
(e.g. sapphyrins) and the quaternized pyridinium or ammo-
nium nitrogen. The cationic sensitizers are less numerous
than the anionic. Besides the most widely used TMPyP
[55] cationic tetratolylporphyrins[56,57], pyridinopor-
phyrazines[47,58], and pyridinium or trimethylammonium
phthalocyanines[59,60] have also been investigated.

The class of hydrophobic sensitizers involves a number of
uncharged species among which phthalocyanines and naph-
thalocyanines prevail over porphyrins and porphycenes.
The advantage of hydrophobic sensitizers in PDT lies in
their affinity to lipid membranes. Axial ligands, such as
cholesterol coordinated to central ions of phthalocyanines
and naphthalocyanines or apolar peripheral substituents
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(carotenoid chain, butoxy groups) can be used to enhance
the hydrophobicity/lipophilicity of the sensitizer and hence
its uptake by the cells. Due to the insolubility of the hy-
drophobic sensitizers, a suitable carrier (lipid emulsion,
liposomes, micelles, cyclodextrins) is to be used for their
administration[6,7].

The amphiphilic sensitizers possess separated hydrophilic
and hydrophobic regions that can independently interact
with other adjacent molecules[7]. The amphiphilic sensi-
tizers are photodynamically more active than symmetric
hydrophilic or hydrophobic sensitizers[8]. The activity
is not necessarily correlated with photophysical proper-
ties of the isolated molecule in solution. Systematic stud-
ies of variously sulfonated Al phthalocyanines AlPcSn

and tetraphenylporphyrins (1≤ n ≤ 4, n is the number
of the sulfonato groups) as model sensitizers have un-
ambiguously shown maximal activity of unsymmetrical
disulfonated compounds. Important amphiphilic sensitiz-
ers, confirming good prospects for this class in PDT, are
5,10,15,20-tetrakis(m-hydroxyphenyl)chlorin (THPC) and
benzoporphyrin derivatives (verteporphin)[7,9,33].

The approximately planar porphyrinoid sensitizers tend to
form stacked dimers and higher aggregates in polar solvents,
held together by�–� interactions of the aromatic rings and
by hydrophobic interactions. As it is known from experi-
mental observation, aggregated sensitizers produce very lit-
tle 1O2 and have low, if any, photodynamic activity[6,11].
Dis-aggregation as a consequence of interaction between
the sensitizer and biopolymers (proteins, DNA) will be dis-
cussed in the following sections.

2. Non-covalent interactions

In this section, we present brief introduction to the types
of non-covalent interactions that are responsible for molec-
ular assembling. By non-covalent interactions are under-
stood weak binding forces, by whose action assemblies of
molecules arise, but not new molecules, as with a chemical
reaction. Interactions govern the structure and stability of as-
semblies, and play a decisive role in molecular recognition.

The common features of non-covalent interactions are
the distinctly lower bond energies than those of the covalent
bonds. Whereas typical�H values of a simple covalent
bond range from 150 to 500 kJ mol−1, �H of non-covalent
interactions is as a rule<100 kJ mol−1, the weakest be-
ing of the order of units kJ mol−1. Usually, molecular
association is made possible not by a single weak inter-
action but through the simultaneous cooperation of sev-
eral weak interactions. The interactions form two distinct
groups—hydrophobic interactions and electronic interac-
tions. The latter group involves hydrogen bonds, Coulombic
interactions,� interactions, charge-transfer interactions, and
dispersion forces. Characteristic properties of interactions
most important for the formation of assemblies are[61,62]:
(i) Directionality—orientation of the bond in the space or

towards a certain atom or group affects specificity of the
interaction. (ii) Range of the intermolecular forces—is pro-
portional to 1/rm, wherer is the distance andm the integer
1 ≤ m ≤ 6. (iii) Strength of the bond.

Hydrogen bond(typically O–H· · · O) is the most com-
mon type of interaction and can be described as interac-
tion between a proton donating group, such as OH, NH,
CH and a proton acceptor (F, O, N, Cl, Br, I)[62,63]. The
strength of the bond depends on the electronegativities of
both atoms bridged by the proton. The bonding enthalpies,
usually in the range of 12–120 kJ mol−1, reflect the diversity
of this type of interaction. Hydrogen bonding is strictly di-
rectional and selective, which means, that it has a determina-
tive structural effect. Hydrogen bonding occurs in aqueous
and non-aqueous media.

Coulombic (electrostatic) interactionsare caused by at-
traction or repulsion between static molecular charges, ions,
permanent dipoles or quadrupoles in any combination of
the pair. Electrostatic interactions in principle also include
hydrogen bonding that may be considered a special case
of electrostatic attraction. The interaction is directional and
short range. An example of electrostatic interaction is bind-
ing of anionic dyes to albumin[64,65].

Interactions involvingπ electronsrepresent an impor-
tant group of non-covalent interactions, essentially differ-
ent from electrostatic interaction. The� interactions include
�–� interactions, cation–� interactions and CH–� interac-
tions. The interaction of the� clouds can be either attractive
or repulsive, according to the mutual orientation of the aro-
matic rings. Whereas the direct face-to-face orientation is
repulsive, the edge-to-face, T-shaped or stacked (shifted) ar-
rangements are attractive. The last mentioned arrangement
has an important organising effect on vertical building of
helical structures in biopolymers[66]. The�–� interactions
are less directional and weaker than hydrogen bonding, and
distinctly long range[67]. The cation–� interaction is a rel-
atively strong, short-distance interaction between an organic
or inorganic (e.g. alkali metal) cation and a molecule con-
taining�-bonds, not necessarily aromatic, with a substantial
electrostatic contribution. It is acting especially in aqueous
media and by means of binding solvated cations it can com-
pete with hydrophobic interactions between aromatic rings
[68]. The CH–� is a very weak interaction with the bond
enthalpy�H ≥ 4 kJ mol−1. The importance of such weak
interactions lies in the multiplication effect of numerous CH
groups of large organic molecules, able to interact with the
aromatic� system. The CH–� interactions participate, for
instance, in complexation of aromatic compounds within the
cavity of cyclodextrins[61,62].

Dispersion interactions, sometimes denoted as London or
van der Waals forces, are of quantum origin and arise from
interaction between fluctuating electron cloud of a molecule
and temporary dipoles induced in the environment. Disper-
sion forces have typically low directionality and decrease
with 1/r6. Due to these properties they have predominantly a
stabilizing effect on molecular assemblies and biopolymers,
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whereas the structure is directed by electrostatic or by�–�
interactions[67,69].

Hydrophobic interactionsdiffer from other non-covalent
interactions by their non-electronic nature and absence of
directionality and specificity. Hydrophobic interactions are
caused by the tendency of hydrophobic regions to minimize
the area of contact with a polar solvent by association of
non-polar regions of two molecules and are primarily con-
nected with aqueous media. The interaction is associated
with a small enthalpy change (�H = 0.8–2 kJ mol−1), so
that it is driven by entropy effects. Hydrophobic forces are
responsible for, e.g., the tertiary structures of proteins, asso-
ciation of non-polar molecules with proteins and formation
of inclusion complexes[61,62,67].

In addition to non-covalent interactionscoordination
bonds can also play an important role in molecular as-
sembling and recognition. Planar metalloporphyrins with
accessible axial ligands can act as templates and by coordi-
nation of molecules exert a directional effect on building of
supramolecular structures[70]. Typical examples are zinc
porphyrins[71,72].

2.1. Interaction with biopolymers

Porphyrinoid sensitizers form a number of complexes
with biopolymers non-covalently bound by forces of elec-
tronic and hydrophobic nature. The non-covalent complex-
ation changes, among others, the photophysical properties
because the sensitizer molecule feels a different environ-
ment, usually less polar than in aqueous media, and because
its internal movements are restricted. In addition, solvation
dynamics in many supramolecular assemblies is slower
than that in bulk water by two to four orders of magnitude
indicating that the highly constrained water molecules can
control reactivity and dynamics of supramolecular systems
[73]. The assessment of the effects evoked by complex-
ation with proteins, nucleic acids, liposomes or carriers,
such as cyclodextrins or calixarenes can open new ways to
improvement of solubility, enhancement of chemical or
photochemical stability, and increase of the efficiency of
photosensitization. In biological systems the efficiency of the
photodynamic process depends on the sensitizer localization
in cells and subcellular compartments. Photophysical prop-
erties of the monomeric or aggregated form of the bound sen-
sitizers are important. Maximal effect is attained when the
sensitizer is monomeric and becomes closely associated with
the molecule that is intended as the target of the oxidative at-
tack. Close association is necessary due to the short diffusion
path of1O2 and other cytotoxic species during their life span.

The following paragraphs pertain to photophysical prop-
erties of porphyrinoid sensitizers non-covalently bound to
well-defined molecules of biological importance namely
proteins and nucleic acids. Photophysical properties—fluor-
escence, triplet state quantum yields and lifetimes, singlet
oxygen formation—are essential for subsequent reactions
of electronically excited sensitizers with target molecules

(Type I reactions) or with dissolved oxygen (Type II reac-
tions) (Scheme 1). Photosensitized oxidations are mostly
mediated by the first triplet states (Scheme 1) because the
triplet states live much longer than do corresponding singlet
states. For this reason the triplet lifetimes,ΦT andΦ� will
be emphasized in particular. Data collected for different
types of non-covalent complexes with target molecules can
bring new information on the porphyrinoid binding sites
and on photosensitization effects in biological systems. It
would be desirable to establish a correlation between the
binding mode and change induced in the photophysical
properties. The molecular structures of currently studied
sensitizers together with corresponding abbreviations used
throughout this review are presented inScheme 5.

2.1.1. Nucleic acids
Water-soluble porphyrin sensitizers3 bound to nucleic

acids have been an object of numerous studies in connec-
tion with their antiviral activity [74], high photocleavage
efficiency [36], nuclease activity[75], specific detection
of DNA structures[76] and delivery vehicles for antisense
oligodeoxynucleotides[77].

Three binding modes have been distinguished for the in-
teraction of cationic porphyrins with DNA: (i) intercalation,
(ii) outside groove binding, and (iii) outside binding with
porphyrin self-stacking[54,78–81]. The last mode leads
to the formation of organized porphyrin structures on the
DNA exterior. Porphyrin derivatives, depending on their
structure, central metal and axial ligands prefer not only a
particular binding mode, but also certain DNA sequences.
The binding modes and sequence preferences have been
investigated using a wide variety of techniques, such as
X-ray crystallography, UV-Vis, CD, fluorescence, NMR
spectroscopy and resonance light-scattering experiments.
It was found, for example, that cationic TMPyP and its
metallocomplexes (e.g. CuII , PdII , PtII ) possess appropri-
ate properties as positive charge, size and planar geom-
etry favorable for intercalation between guanine/cytosine
base pairs (GC) of double-stranded DNA. More steri-
cally demanding porphyrins—TMPyP metallocomplexes
(ZnTMPyP, MnTMPyP or CoTMPyP) with axial ligands,
or porphyrins with bulkymeso-substituents (e.g. tetratolyl-
porphyrin derivatives)[56,57,82]—are bound to the DNA
surface with a preference for adenine/thymine base pair
(AT) rich sequences. Recently, it was shown that one of
the most important factors directing the binding mode is
the local rigidity of the DNA duplex[81,83]. Therefore,
nucleic acids that include at least 50% GC base pairs can
support intercalative binding with or without contiguous
GC base pairs in the sequence because a robust framework
of hydrogen bonding stabilizes the intercalated adduct and
inhibits structural distortions that support external binding.

3 Only the photophysical properties of porphyrins bound to nucleic
acids are described in literature.
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Scheme 5. Molecular structures of some sensitizers including abbreviations used throughout the text.

The formation of reversible exciplexes with nucleic acids
[84] and reported photocleavage efficiency[36] depend on
the photophysical characteristics of the bound porphyrins
[56,57,82,85–88]. The importance of the porphyrin charge
is evident from comparison of cationic TMPyP and anionic
TPPS. Because electrostatic repulsion between the sulfates
of TPPS and the backbone phosphates does not allow bind-
ing to the duplex the triplet and excited singlet states of
TPPS are not affected at all[89]. On the contrary, the pho-
tophysics of TMPyP bound to DNA differs considerably.

This section pursues photophysical characteristics of por-
phyrins that are either intercalated or bound externally as
monomers on nucleic acids (Tables 2 and 3). To specify the
photophysical characteristics in individual binding modes,
steady-state and time-resolved spectroscopic studies have to

be carried out at low porphyrin concentrations. If the por-
phyrin is predominantly monomeric in solution, and if the
porphyrin/DNA molar concentration ratios (DNA concen-
tration given in base pairs) are less than 0.05 (ionic strength
<0.1), the equilibrium concentration of unbound porphyrin
is minimized because porphyrin either intercalates between
base pairs or binds to the DNA exterior. Self-stacking on
the DNA backbone is suppressed. But if porphyrin is more
hydrophobic or a solution has higher ionic strength, then
porphyrin aggregates formed directly in the solution deposit
readily on the surface of nucleic acids without changing their
structure and size[57].

Porphyrin self-stacking or porphyrin aggregation on the
nucleic acid exterior, described above as the third binding
mode, leads to the fast dissipation of absorbed energy me-
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Table 2
The photophysical characteristics of porphyrins bound to nucleic acids in aqueous solution: fluorescence quantum yields (Φf ), fluorescence lifetimes (τf ),
triplet lifetimes in deoxygenated aqueous solutions (τT), triplet lifetimes in air-saturated aqueous solutions (τ) (2.8 × 10−4 mol dm−3 O2 at 25◦C under
normal atmospheric pressure), and rate constants of the triplet states quenching by oxygen (kq)

Complex Φf τf (ns) τT (�s) τ (�s) kq × 10−9 (M−1 s−1) Mode

TMPyP 0.044c 4.6c, 5.29h 4.9k 150b, 170c 160k 2i , 1.9b 1.8k 1.86i , 1.9b 2.0k –
TMPyP/dAMPh – 11.3 – – – –
TMPyP/dTMPh – 10.3 – – – –
TMPyP/dCMPh – 7.8 – – – –
TMPyP/dGMPh – 0.69, 3.0 – – – –
TMPyP/[poly(dG-dC)]2 0.027c 2.5c, 7.0c 1700b, 1300c 30.0i , 23.7b 0.12i , 0.15b A
TMPyP/[poly(dA-dT)]2 0.085c 12.0c 800b, 1600c 5.5i , 20.5i 4.6b, 18.8b 0.68i , 0.18i 0.78b, 0.19b B
TMPyP/DNAa 0.041c 2.5c, 11.0c 1.7g, 10g 600d, 470c 4.5i , 18.0i 3.0d, 18.1d,

25.7d
0.83i , 0.20i 1.2d, 0.20d,
0.14d

A, B

TMPyP/[d(TACGTA)]2f 0.029 3.2, 8.0 – 7.0, 29.0 0.5, 0.12 A, B
TMPyP/[d(TAGCTA)]2f 0.021 2.7, 10.4 – 6.0, 26.5 0.6, 0.14 A, B
ZnTMPyPg – 1.3 – – – –
ZnTMPyP/DNAg – 1.8 – – – B
PdTMPyP(2)e – – 105 2.2 1.6 –
PdTMPyP(2)/DNAa,e – – 125 8.0 0.4 B
PdTMPyP(2)/[poly(dG-dC)]2e – – – 8.1 0.4 B
PdTMPyP(3)e – – 100 3.0 1.2 –
PdTMPyP(3)/DNAa,e – – 360 63.1 0.06 A
PdTMPyP(3)/[poly(dG-dC)]2e – – – 47.2 0.08 A
PdTMPyP(4)e – – 115 1.6 2.2 –
PdTMPyP(4)/DNAa,e – – 350 36.2 0.1 A
PdTMPyP(4)/[poly(dG-dC)]2e – – – 48.0 0.07 A
TMPTPj 0.051 – – 1.7 2.1 –
TMPTP/d(C8)j 0.047 – – – – –
TMPTP/d(G8)d(C8)j – – – 10.3 0.35 B
TMPTP/d(G16)d(C16)j 0.046 – – 14.7 0.24 B
TMPTP/d(T8)j 0.044 – – 13.2 0.27 –
TMPTP/d(A8)d(T8)j 0.047 – – 12.7 0.28 B
TMPTP/d(A16)d(T16)j – – – 13.5 0.26 B
TMPTP/DNAa,j 0.036 – – 13.9 0.26 B

The dominant binding modes reported for summarized complexes are intercalation (A) or outside groove binding (B).
a Calf thymusDNA, double-stranded, phosphate buffer, pH∼ 7.
b [82].
c [85].
d [89].
e [88].
f [86].
g [92], chicken blood erythrocytes DNA, phosphate buffer pH 7.
h [95].
i [87].
j [57].
k [94].

diated by exciton coupling between the stacked porphyrin
units. This mode considerably reduces fluorescence life-
times and quantum yields, and suppresses formation of the
porphyrin triplet states and of1O2 [56,57,82,90]. From the
standpoint of the formation of1O2, only monomeric species
and possibly planar end-to-end aggregates are endowed
with significant photosensitizing ability[6]. Because many
cationic porphyrins tend to aggregate in aqueous solu-
tions, most literature data deal with the photophysics of
TMPyP and its metalloderivatives, which stay predomi-
nantly monomeric. Also TMPTP appears to be a suitable
sensitizer as reported recently[57].

Localization of N-methylpyridinium porphyrins within
the duplex of DNA, [poly(dG-dC)]2 or [poly(dA-dT)]2, i.e.

intercalation between GC base pairs or external groove bind-
ing, has a remarkable impact on its electronic absorption
spectrum especially in the Soret region (ca. 400–450 nm).
This band corresponds to excitation to the S2 states with a
high transition moment. Large red shifts of the porphyrin
Soret maximum (≥15 nm) and a substantial hypochromicity
of the Soret band (≥35%) of intercalated porphyrin com-
plexes are due to close� stacking between the porphyrin
molecule and GC base pairs that are the binding site of a
high local rigidity [79] (Fig. 1c). The sequences rich in AT
base pairs are relatively flexible because they have only
two hydrogen bonds between bases. This allows only a lim-
ited amount of� stacking between the porphyrin molecule
and one or more bases and, hence, better accessibility of
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Table 3
Quantum yields of the triplet states (ΦT), quantum yields of the singlet
oxygen formation (Φ�) and the fraction of the triplet states quenched by
oxygen (S�) of porphyrins bound to nucleic acids in D2O

Porphyrin ΦT Φ� S� Mode

TMPyP 0.85b 0.9c, 0.74g 1.0c –
TMPyP/[poly(dG-dC)]2 0.44b 0.47c 1.0c A
TMPyP/[poly(dA-dT)]2 0.95b 0.71c 0.75c B
TMPyP/DNAa 0.77b 0.57c 0.74c A, B
TMPyP/[d(TACGTA)]2 0.47d – – A, B
TMPyP/[d(TAGCTA)]2 0.54d – – A, B
PdTMPyP(2,3,4) 1.00e 0.80f – –
PdTMPyP(2,3,4)/DNA – 0.80f – A, B

The dominant binding modes are intercalation (A) or outside groove
binding (B).

a Calf thymusDNA, double-stranded.
b [85].
c [87].
d [86].
e [97].
f [88].
g [98], H2O as a solvent.

Fig. 1. Absorption spectra of 3.3�M TMPyP in phosphate buffer (a),
externally bound TMPyP on [poly(dA-dT)]2 (b) and intercalated TMPyP
in [poly(dG-dC)]2 (c). Air-saturated 20 mM phosphate buffer, 100 mM
NaCl, pH 6.9, porphyrin/DNA (in base pairs) molar concentration ratio
is 1:20.

bound porphyrin to other molecules in the environment.
As a result, externally bound porphyrins exhibit only small
red shifts of the Soret maximum (≤8 nm) and a small
hypochromicity (≤10%) [79] (Fig. 1b, Fig. 2c). The same
hypochromicity/sequence relation was observed for the
triplet–triplet absorption spectra of TMPyP[87]. However,
the absorption band is broadened up to 500 nm and is not
shifted (Fig. 3d and e) [82,87,89].

2.1.1.1. Fluorescence.The correlation between binding
modes of cationic porphyrins and their fluorescence prop-
erties has been investigated in detail[83,85–87,91,92].
The fluorescence emission band of TMPyP in aqueous
solutions is broad (Section 2.3., Fig. 8a) with a low reso-
lution of the Q(0,0) and Q(0,1) transitions. The featureless
emission spectrum and a considerably low fluorescence
lifetime of 5 ns (cf. with a typical value of 10–12 ns for

Fig. 2. Absorption and fluorescence emission spectra of 2.7�M TMPTP
(a, b) in comparison with the spectra of the 1:1 adduct TMPTP/d(A8)d(T8)
(c, d). 20 mM phosphate buffer, pH 7.0, 100 mM NaCl, 47�M d(A8)d(T8).
Fluorescence spectra (b, d) were recorded using optically matched solu-
tions at the excitation wavelength of 518 nm.

Fig. 3. Normalized quenching traces of the triplet states of TMPyP by
oxygen. Free TMPyP recorded at 470 nm (a); intercalated TMPyP to
[poly(dG-dC)]2 recorded at 444 nm (b); and externally bound TMPyP to
[poly(dA-dT)]2 recorded at 470 nm (c). Inset: Difference absorption spec-
tra of the triplet states of free TMPyP (d) and of TMPyP externally bound
to [poly(dA-dT)]2 (e). Air-saturated 20 mM phosphate buffer, 100 mM
NaCl, pH 6.9, porphyrin/DNA (in base pairs) molar concentration ratio
is 1:20,λexc = 413 nm.

metal-free porphyrins) is due to coupling the first excited
state S1 with a nearby charge transfer state CTin (Table
2). Coupling in which an electron is transferred from the
porphyrin core to an electron-accepting pyridinium group
is facilitated in high polarity solvents and by a high de-
gree of rotational freedom of these groups[93]. Upon
binding of TMPyP to nucleic acids the original featureless
emission spectrum is transformed into two distinct bands
[83,86,91,92]. This splitting of the bands indicates that
the electronic S1–CTin mixing within the bound excited
molecule is less effective owing to a low polarity envi-
ronment and confinement of TMPyP within binding sites
thus hindering free rotation of theN-methylpyridinium
groups. The change does not depend on the DNA sequence.
Such fluorescence emission spectra are also typical for the
TMPyP–cyclodextrin complex[94] (Section 2.3., Fig. 8b),
TMPyP in methanol and other monomeric porphyrins[93]
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in which internal electron transfer does not occur or is
suppressed.

In contrast to the features of the emission spectra, the
fluorescence quantum yieldsΦf of TMPyP vary signifi-
cantly with the base content, i.e. with the binding mode.
Upon external binding to [poly(dA-dT)]2 the quantum
yield Φf is greatly enhanced. It can be ascribed to changes
of the local environment and limitation of the porphyrin
accessibility to water molecules due to the matrix effect.
The time-resolved fluorescence measurement provides addi-
tional information that the porphyrin environment is rather
uniform even though the molecules are randomly distributed
on the duplex exterior. This interpretation follows from the
analysis of the fluorescence decay that is well fitted by
a single lifetime of 12 ns, which is typical for porphyrin
monomers[82,93]. In contrast, intercalation of TMPyP
into [poly(dG-dC)]2 causes a marked decrease ofΦf and
the fluorescence decay curves are best described with a
bi-exponential fitI(t) = A1 exp(−t/τf1) + A2 exp(−t/τf2).
The short-lived component has a lifetime of about 2 ns. This
result suggests that due to intercalative binding at GC-rich
regions fluorescence quenching is accompanied by the ap-
pearance of the short-lived fluorescence component. As the
described effects of porphyrin interactions are cumulative,
the influence of individual bases cannot be directly speci-
fied. For this reason it has been demonstrated that TMPyP
forms 1:1 complexes with single nucleotides dAMP, dTMP
and dCMP. This complexes have split fluorescence emission
bands, enhancedΦf when compared to that of free TMPyP
and the fluorescence lifetimes are increased from 5.29 to
11.3, 10.3, and 7.8 ns, respectively[95]. Similar fluores-
cence characteristics were discussed above for externally
bound TMPyP on [poly(dA-dT)]2. However, fluorescence
emission of the TMPyP-dGMP complex is remarkably low
and is best characterized by the excited singlet state life-
times of 0.69 ns (a Lorentzian distribution) and 3.0 ns (a
discrete component). The quenching between guanine and
the excited singlet state of TMPyP has been shown to be
reductive with the forward electron transfer rate of the order
of 109 s−1. Similarly, the fluorescence changes associated
with intercalation of TMPyP at GC regions have been shown
to be due to thermodynamically favored electron transfer
from guanine residues to the excited singlet state of TMPyP
[85,86,91]. This efficient quenching process can also ac-
count for the low value ofΦT (see below). As demonstrated
by experiments withcalf thymusDNA, the value ofΦf is
betweenΦf ’s of TMPyP bound with [poly(dA-dT)]2 and
[poly(dG-dC)]2, and fluorescence profile has two lifetimes
of 2.5 ns and 11.0 ns. These results can be explained by
two different localizations of the TMPyP molecules within
the DNA duplex; intercalated molecules with the lifetime
of 2.5 ns and externally bound with 11.0 ns. Similarly, the
short fluorescence lifetime of about 3 ns of TMPyP bound to
[d(TACGTA)]2 or [d(TAGCTA)]2 is due to electron transfer
between guanine residues and TMPyP intercalated between
5′CG3′ or 5′GC3′ sequences[86]. The longer living compo-

nent (8.0 or 10.4 ns) is probably given by contribution from
both intercalated and externally bound TMPyP molecules.
External binding of TMPyP to synthetic DNA hairpins has
similar effects as described above, i.e. longer fluorescence
lifetime of 8.6 ns, more intensive and sharpened emission
spectra[83]. Reductive quenching of intercalated TMPyP
by adjacent guanine residues depends on the base content
of hairpin stems and it is a less favorable process as indi-
cated by the less affected excited singlet state lifetimes of
4.2 and 5.8 ns.

Porphyrin TMPTP is bound exclusively on the exterior
of nucleic acids because bulky peripheral substituents pre-
vent intercalation between base pairs[57]. The fluorescence
spectra of TMPTP consist of two bands that are red-shifted
upon binding to single- or double-stranded oligonucleotides
including calf thymusDNA (Fig. 2). The resolution of the
Q(0,0) and Q(0,1) bands becomes more apparent and shows
similarity to those of the emission spectra in less polar
solvents. The fluorescence yields are slightly decreased
and do not show any dependence on the base content of
single- or double-stranded oligonucleotides. When all three
methyl groups of the phosphonium substituents were re-
placed by more lipophilic phenyls to form BPPTP and
TPPTP, the majority of the porphyrin molecules was spread
on [poly(dA-dT)]2 and [poly(dG-dC)]2 exterior as extended
assemblies[82]. The fluorescence lifetime of the assemblies
is not affected by the type of polynucleotide and is∼4 and
∼2 ns for BPPTP and TPPTP, respectively. The fluores-
cence lifetime of bound monomers is about 15 and 12 ns
for BPPTP and TPPTP, respectively, again not showing any
sequence dependence.

Also the luminescence intensity of CuTMPyP occur-
ring from the2,4π–π∗ states depends on the binding mode
[80,96]. While in aqueous solutions no detectable emis-
sion of CuTMPyP is found, in the presence of DNA a
broad emission band is observed, centered at about 770 nm.
Externally bound CuTMPyP has very little luminescence
emission because an axially coordinated solvent or a nearby
molecule on the duplex exterior can cause strong lumines-
cence quenching. In contrast, the relatively large quantum
yields up to about 10−4 with the emission lifetime of 22 ns
were found for intercalated CuTMPyP between GC base
pairs. The reason is that the porphyrin axial position is
protected from attack by external molecules.

2.1.1.2. Triplet states. The formation and decay of the
porphyrin triplet states can be recorded within the broad
triplet–triplet absorption band in deoxygenated solutions
(Fig. 3d and e). The triplet states decay by first-order kinet-
ics. The available experimental data summarized inTable 2
show that intercalative binding between GC pairs typical
for TMPyP, PdTMPyP(3) and PdTMPyP(4) causes con-
siderable extension of the triplet lifetimes. Compared to
intercalated PdTMPyP(3) and PdTMPyP(4), the lifetime of
3PdTMPyP(2) is affected minimally as this compound can-
not intercalate due to its rigidity. The external binding of



334 K. Lang et al. / Coordination Chemistry Reviews 248 (2004) 321–350

TMPyP with [poly(dA-dT)]2 causes extension of the triplet
lifetimes, the two different reported lifetimes[82,85], how-
ever, do not allow a precise assessment of the influence of the
sequence of bases. The discrepancy in the experimental data
probably consists in difficulty to completely remove oxygen
from solutions. The triplet lifetime prolongation is caused
by combination of several factors including confinement of
the excited molecule within the solvent shell and changes
in the solvent solvent–solute interactions due to reduced
exposure of the excited molecules to solvent molecules.

The changes ofΦT when binding to nucleic acids can be
correlated with the formation of the excited singlet states
(i.e. withΦf ) (Table 3). The values of 0.44 and 0.95 were at-
tributed to intercalated TMPyP in GC regions and to TMPyP
located in external AT binding sites, respectively[85]. In
the presence of nucleic acids containing GC-rich regions
TMPyP intercalates andΦT decreases owing to thermody-
namically favored electron transfer from G to the excited
singlet state of TMPyP (see above)[85,95]. The interme-
diate value ofΦT recorded forcalf thymusDNA is due to
mixing of both available binding modes.

2.1.1.3. Formation of1O2. The triplet states of porphyrins
are quenched by molecular oxygen (Eq. (1)) with a bi-
molecular rate constantkq of the order of 109 M−1 s−1. In
air-saturated aqueous solutions the kinetics of quenching are
first-order (mono-exponential) and the lifetime of the triplet
state is about 2�s (Fig. 3a). The binding of porphyrins to
nucleic acids causes a marked decrease up to 30 times inkq
depending on the nature of interacting components, in other
words it causes an increase of the triplet state lifetimes. The
kinetics of oxygen quenching become at least bi-exponential,
which indicates the partition of porphyrin molecules among
several distinct regions with differing oxygen accessibility.
In the simplest case, the rate constant of the faster process
is coincident with thekq value of quenching of free (un-
bound) porphyrin in a solution and the slower process is at-
tributed to quenching of bound porphyrin. The decay trace
is then biphasic and the rate constants do not change with
porphyrin/base pair molar concentration ratios, but the con-
tribution of the respective components varies according to
the equilibrium molar ratio of free/bound porphyrin in the
ground state.

The triplet states of intercalated TMPyP (Fig. 3b),
PdTMPyP(3) and PdTMPyP(4) are quenched mono-
exponentially and their lifetimes are much longer (up to
ca. 60�s in air-saturated solutions) than those of free and
externally bound porphyrins due to protection of porphyrin
molecules from oxygen by the nucleic acid duplex. Oxygen
accessibility to intercalated TMPyP does not depend on
5′CG3′ and 5′GC3′ sequences, which follows from com-
parison of the effects exerted by hexamers [d(TACGTA)]2
and [d(TAGCTA)]2. The resulting rate constantskq are
1.3 × 108 M−1 s−1, which correspond with the lifetimes of
about 30�s in air-saturated solutions. Since the lifetime of
TMPyP externally bound on hexamers is only about 7�s,

the TMPyP molecules are apparently more accessible to
oxygen, but still the lifetime is much higher than 2�s found
for free TMPyP. Similarly, externally bound porphyrins
PdTMPyP(2) and TMPTP have triplet lifetimes of 8–14�s,
i.e. more than four times higher than the free ones.

In all cases discussed above oxygen quenching of the
triplet states is mono-exponential provided that only one
binding mode is involved and concentration of free por-
phyrin is negligible. But, external binding of TMPyP to
[poly(dA-dT)]2 leads to bi-exponential kinetics with life-
times of about 5 and 20�s (Fig. 3c). This result is not consis-
tent with fluorescence characteristics discussed above from
which it follows that the porphyrin environment should be
rather uniform. Kruket al. have suggested that the appear-
ance of two lifetimes is due to two populations of externally
bound TMPyP differing in oxygen accessibility: TMPyP lo-
cated in the major groove (face-on binding mode) is more
accessible to oxygen than in the minor groove (edge-on bind-
ing mode) of the duplex[87]. With respect to binding of
TMPyP tocalf thymusDNA, two separate lifetimes 4.5�s
and 18.0�s similar to those of3TMPyP on [poly(dA-dT)]2
were reported while the lifetime of intercalated3TMPyP
was not recognized because of its low contribution[87].
We have reinvestigated oxygen quenching of3TMPyP/calf
thymusDNA by laser flash photolysis and found that the
contribution of the respective components depended on a
recording wavelength[89]. The recovery of the ground state
recorded at the absorption maximum of intercalated TMPyP
(445 nm) is dominated by a lifetime of 25.7�s, i.e. the life-
time of intercalated TMPyP. We infer that the detailed ki-
netic analysis of oxygen quenching of3TMPyP can be used
for recognition of respective binding modes. Biphasic ki-
netics attributed to two binding sites on the duplex exterior
was observed only for TMPyP while the triplet states of
PdTMPyP(2) and TMPTP indicate a uniform environment.

As pointed out earlier,1O2 is formed by quenching of the
triplet states of both free and bound porphyrin monomers by
dissolved oxygen regardless of the binding mode (Eq. (1),
Scheme 1). The lifetime of1O2 in D2O solutions is in the
range 55–65�s and the quenching rate constant of1O2 by
nucleic acids themselves is low. Because the rise of the local
concentration of1O2 is governed by the rate of triplet state
quenching by oxygen and because collisional quenching of
the triplet states of bound porphyrins is much slower than
that of the free one, a much slower rate of the formation of
1O2 can be expected. From this it follows that the rate of the
1O2 formation produced by excited bound porphyrins and
the rate of the decay of1O2 become comparable[57,87,88].
However, it does not necessarily mean that the total amount
of 1O2 produced is affected. For example, PdTMPyP(2),
PdTMPyP(3) and PdTMPyP(4) in air-saturated D2O exhibit
comparableΦ� ≈ 0.80 regardless of the absence or pres-
ence of nucleic acids (Table 3) [88].

TheΦT andΦ� values of free TMPyP are equal and in-
dicate that the triplet states are quenched by oxygen with
100% efficiency[87] (Table 3). This efficiency remains un-
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changed for intercalated TMPyP in [poly(dG-dC)]2 because
bothΦT andΦ� are 0.44 and 0.47, respectively, givingS�

for this binding mode of 1.0 (Eqs. (6) and (7)). For binding
TMPyP on [poly(dA-dT)]2 andcalf thymusDNA, the sub-
stantial differences betweenΦT andΦ� give overall oxy-
gen quenching efficiency of the triplet statesS� of 0.75 and
0.74, respectively.

In conclusion, to analyze the effect of nucleic acids on
Φ� of porphyrin sensitizers several opposite effects must
be considered: (i) the increase of the lifetime of the triplet
states upon binding; (ii) competitive processes which con-
siderably decrease the quantum yieldsΦT and consequently
Φ�; (iii) molecular form of the bound porphyrin since fast
non-radiative transitions occur within bound assemblies;
(iv) structural control of porphyrin sensitizers concerning
the mode of binding to nucleic acids. In some reported
cases the most important feature characterizing the effi-
ciency of1O2 production, i.e.Φ�, remains unchanged even
though the kinetics of1O2 formation slow down consider-
ably. However, additional competitive processes can reduce
the production of1O2 as observed for intercalated TMPyP.
It is evident that the photophysical characteristics of por-
phyrin molecules as well as intermolecular interactions of
the excited states with oxygen or other possible quenchers
can produce new information on the microenvironment in
which the porphyrin molecules are located.

2.1.2. Proteins
The non-covalent interactions between sensitizers, namely

porphyrins or phthalocyanines, and proteins are essential for
understanding the mechanism and efficiency of photoreac-
tions on molecular and cellular level. The serum proteins, i.e.
albumin, high-density lipoproteins and low-density lipopro-
teins[99], and antibodies can be used as natural carriers of
the sensitizers, participating in transport to the tumor sites
and in uptake into the cells. For these reasons most of the
effort was devoted to characterize the binding process of
synthetic porphyrins and phthalocyanines to serum proteins
[11,53,64,65,100–112].

Proteins have single or multiple binding sites for por-
phyrins and phthalocyanines, including independent coop-
erative modes[101–106]. Binding influences distribution,
metabolism and the molecular form of the sensitizers, e.g.
their protonation, aggregation/dis-aggregation behavior and
the concentration of the free molecules. Binding can alter
their photophysical and photochemical properties. Hence, it
is important to investigate how and to which extent it influ-
ences the photosensitized reactions. Conversely, porphyrins
upon binding can induce structural modifications in the
proteins[100–102]. In this section we will analyze typical
changes of photophysical characteristics of the sensitizers
when bound to proteins. The protein will be considered
an inert matrix directing the photophysics of the bound
molecules.

The electronic absorption spectra of porphyrins bound to
proteins exhibit significant changes when compared with the

Fig. 4. Absorption spectra of 1.8�M TPPS (a) and TPPS bound to
BSA (b) in 7 mM phosphate buffer, pH 7.20, porphyrin/BSA= 0.16.
Absorption spectra of TPPS in the presence of histone (solid lines);
porphyrin/histone= 0.16, 0.32, 0.64, 0.78, 1.27 and 1.90 (c–h) in 7 mM
phosphate buffer pH 5.70.

corresponding monomer in an aqueous solution. The spec-
troscopic effects are due to changes in solvent–solute inter-
actions as the polarity of the protein environment is lower
than that of water. Binding is indicated by a red shift of the
Soret band usually concomitant with some hypochromic-
ity. A representative example is presented inFig. 4a
and b, showing that the Soret band of TPPS is shifted by 8 nm
[53]. The visible Q bands are also shifted to longer wave-
lengths, e.g., from 633 to 646 nm. These binding-induced
spectroscopic changes are often used for quantifying the
affinity of the monomeric sensitizer to the respective bind-
ing sites of proteins characterized by a binding constant.
Fluorescence properties are likewise very sensitive to the
sensitizer environment and are particularly suitable for
studying the binding event. The steady-state fluorescence
spectra are red-shifted and two distinct peaks Q(0,0) and
Q(0,1) are sharpened (Fig. 5). In addition, the overlap be-
tween the emission spectrum of the protein aromatic amino
acid residues and the absorption spectrum of protein-bound

Fig. 5. Fluorescence spectra of TPPS (1�M) in the absence (a) and
presence of 10−4 M BSA (b). The samples had the same absorbance at
the excitation wavelength of 516 (a) and 519 nm (b). 20 mM phosphate
buffer, pH 7.0.
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porphyrins favors fluorescence energy transfer to bound
porphyrin [104–106,112]. Estimation of the energy trans-
fer efficiency from proteins to bound porphyrins allows a
detailed characterization of the protein binding sites.

2.1.2.1. Molecular form. Many porphyrins and phthalo-
cyanines have a tendency to aggregate in aqueous solutions
especially of high ionic strength. The addition of an ex-
cess of protein into such solutions usually breaks aggre-
gates to monomers followed by the binding of the monomer
[64,65,104,107,108]. The binding of monomers can be ver-
ified by UV-Vis and fluorescence spectroscopies because
the spectroscopic features do not depend on the form of
the sensitizer in solution. At porphyrin/protein molar ratios
>1, TPPS aggregates whereas cationic TMPyP does not ag-
gregate at all[107,108]. As a special case, we have pre-
viously reported aggregation of two sensitizers, TPPS and
AlPcS, induced by binding to strongly basic nucleoprotein
histone at low sensitizer/histone ratios of about 0.1[53].
When bound to albumins at the same ratios no aggrega-
tion occurs. The typical spectroscopic features of TPPS ag-
gregated on histone are broadening of the Soret band, a
new band at about 405 nm and considerable hypochromic-
ity (Fig. 4c–h). Evidently, shielding the negative sulfonate
groups on the porphyrin periphery by the positive histone
charges promotes aggregation through�–� interactions of
the porphyrin units. Consequently, the fluorescence quantum
yield of histone-bound TPPS (and similarlyΦT andΦ� as
will be discussed below) decreases from the solution value
of 0.060–0.035. Decrease of fluorescence is due to compet-
itive radiationless processes (i.e. increase of efficiency of
internal conversion) within bound aggregates, while an en-
hancement of intersystem crossing can be excluded since,
in fact, ΦT decreases.

Binding to the protein matrix also influences the
acido-basic equilibrium of the sensitizer and hence aggrega-
tion of protonated porphyrin forms[53,105]. At lower pHs,
two pyrrole nitrogen atoms ofmeso-tetraphenyl porphyrins
having pKa of 4.8 (e.g., TPPS) are protonated to the corre-
sponding dianion (H22+TPPS). When protein is added to
H2

2+TPPS, only TPPS is bound to protein indicating that
the dianion is fully deprotonated before binding occurs. Ev-
idently, electrostatic forces prevent the binding of porphyrin
zwitterions with the cationic center and negatively charged
periphery. The binding to the protein matrix also affects
protonation of the porphyrin pyrrole nitrogen atoms in the
triplet state[32,112]. Protonation of3TPPP or3TPPS to
3H2

2+TPPP or3H2
2+TPPS is indicated by the appearance

of a new intermediate at 500–510 nm in transient absorp-
tion spectra observed by means of laser flash photolysis.
In contrast, protonation of the triplet states is completely
suppressed in the presence of BSA. The bound excited
molecules are separated from the bulk and the diffusion of
H+ from the bulk and/or from protonated amino acids in
close proximity is hindered. Inhibition of protonation of the
ground and triplet states of bound porphyrins confirms that

Fig. 6. Time-resolved fluorescence emission of TPPS (a) and TPPS bound
to BSA (b); molar concentration ratio TPPS/BSA= 0.01, 20 mM phos-
phate buffer, pH 7.0,λexc = 390 nm,λobs = 650 nm. Decay curves are
well described by a single exponential giving the lifetime of 9.6 (a) and
12.6 ns (b).

porphyrins are placed in an environment with low content
of water molecules.

2.1.2.2. Fluorescence.Binding of porphyrins and phthalo-
cyanines to proteins increases the lifetime of the excited
singlet states[11,105,106,109,110,112,113]. The decay of
fluorescence is characterized by a single long-lived fluo-
rescence component (Fig. 6) [105,112] or displays com-
plex kinetics that can be fitted by two or three exponential
functions[11,106,109,110]. This could indicate that the re-
spective fluorophores are located in different compartments
within the protein matrix; in other words, it suggests the ex-
istence of several populations of the bound sensitizers. The
analysis of decay kinetics yields fluorescence lifetimes and
contributions of individual populations to the overall kinet-
ics (Table 4). The two populations of lipoprotein-bound HP
were correlated with the binding capacity of lipoproteins
and with the efficiency of fluorescence energy transfer from
the tryptophan residues of the protein to the porphyrin moi-
ety [106]. Several populations were also reported for sul-
fonated aluminium phthalocyanines AlPcSn (n = 1, 2, 3,4)
on HSA[11,109,110]. The fluorescence quantum yieldsΦf
of AlPcS2 and AlPcS3 are 0.40 irrespective whether bound
to HSA or free in water, whileΦf of bound AlPcS1 is con-
siderably reduced. The analysis of the fluorescence decay
led to the identification of three limiting environments: (i)
excited AlPcSn molecules are in free contact with water
(τ = 5.0 ns); (ii) water molecules are excluded or preferen-
tially solvate the constituents of protein (τ = 6.7 ns); (iii)
locations where additional quenching or interfacial effects
occur (τ = 0.4–1.2 ns). Contributions of the respective com-
ponents depend on the number of sulfonate groups and can
be correlated with the hydrophilicity of the molecules in-
creasing from AlPcS1 to AlPcS4. Consequently, the most
hydrophobic AlPcS1 partitions between the aqueous and
protein phases (predominates i and iii), less hydrophobic
AlPcS2 and AlPcS3 are bound at the protein surface and
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Table 4
The photophysical characteristics of porphyrins bound to proteins in aqueous solution

Sensitizer Φf τf (ns) τT (�s) τ (�s) kq × 10−9 (M−1 s−1)

ZnTDCSPPa – 0.220 1650 7.4 0.48
ZnTDCSPP/HSAa – 0.220 3300 19.4, 71 0.18, 0.05
HP/VLDLb – 5.6, 17.9 31, 204 3.2, 8.5 1.0, 0.4
HP/LDL – 2.1b, 12.5b 68b, 435b, 200i 2.8b, 5.3b, 1.2i 1.2b, 0.5b

PP/LDLi – – 200 2 1.8
TPPS 0.10c, 0.06h 0.096j 9.8c, 9.6d, 8.3j 510g, 410j , 320k 2.0g, 2.0k, 2.3k 1.8g, 1.6j , 1.9k, 1.7k

TPPS/HSA 0.10c, 0.06j 12.9c – 3.0j , 24.0j 1.40j , 0.17j

TPPS/BSA – 12.6d 2400g, 3200k 7.6g, 18.0k, 23.0k, 66.0k 0.47g, 0.21k, 0.31k,
0.055k, 0.009k

TPPS/histoneg 0.035 – 1000 9.2 0.39
TPPS/�LGc 0.11 12.8 – – –
TPPPd 0.064 9.1 300 2.4 1.5
TPPP/BSAd 0.052 12.1 – 13.8 0.26
SnTPPSj 0.001 – 420 1.9 1.9
SnTPPS/HSAj – – – 6.4 0.65
TMPyP 0.044l 4.6l , 5.29m 85k, 23k 150n, 170l 2.0k, 2.0o, 1.9n 1.9k, 1.8k, 1.86o, 1.9n

TMPyP/BSAk – – 240, 110 3.4, 5.2, 330 1.1, 0.7, 0.093
AlPcS1

e 0.31 4.9 390 – –
AlPcS1/HSAe 0.25 1.1, 4.7, 7.4 760 – –
AlPcS2

e 0.40 5.0 500 – –
AlPcS2/HSAe 0.40 1.2, 5.0, 6.4 1100 – –
AlPcS2/LDLe – – 1000 – –
AlPcS3 0.40e, 0.47j 5.0e, 5.5j 520e, 270j 1.7j 2.1j

AlPcS3/HAS 0.40e 0.3e, 5.0e, 6.4e 850e 2.4j 1.7j

AlPcS4
e – 5.0 560 – –

AlPcS4/HSAe – 5.0, 6.8 750 – –
AlPcSf – – 440 2.1 1.7
AlPcS/BSAf – – 1160 18.8 0.19
ZnPcSf – – 165 1.9 1.9
ZnPcS/BSAf – – 300 16.2 0.22
ZnPcS3

j 0.35 2.8 205 1.6 2.2
ZnPcS3/HSAj 0.35 – – 3.0, 18.0 1.40, 0.23
PcS/BSAf – – – 35.7 0.10

Symbols as inTable 2.
a [103], H2O, pH 7.0.
b [106], phosphate buffer, pH 7.4.
c [105], H2O, pH 7.
d [112], phosphate buffer, pH 7.0.
e [11,109,110], phosphate buffered saline, pH 7.4.
f [65], phosphate buffer, pH 7.1.
g [32,53], phosphate buffer, pH 7.2,τT of TPPS was measured at pH 10.0.
h [120].
i [111], phosphate buffered saline, pH 7.
j [64], neutral D2O, τ of bound sensitizers in H2O.
k [108], depending on pH: pH 4.0, 5.0 and 8.5.
l [85], phosphate buffer, pH 6.8.
m [95], phosphate buffer, pH 7.1.
n [82], phosphate buffer, pH 7.0.
o [87], D2O phosphate buffer, pD 7.0.

within hydrophobic sites protected from water (predomi-
nates i and ii), and hydrophilic AlPcS4 is attached to the
protein surface (process i). Regarding bound AlPcS1, the
dominant contribution of the shortest lifetime process and
the smallestΦf suggest that an additional quenching process
is due to exciton interaction between closely spaced bound
phthalocyanine units.

A very short intrinsic lifetime of the sensitizer monomer
does not provide any additional information on the character
of the binding sites. For example, the fluorescence lifetime

of 220 ± 30 ps of ZnTDCSPP is unaffected by binding
[103].

2.1.2.3. Triplet states. The triplet–triplet absorption bands
of protein-bound porphyrins are broad and resemble those
of free porphyrins[53]. But the lifetimes of the triplet states,
recorded in the absence of oxygen, are much longer than
the corresponding lifetimes of the free molecules in solu-
tion [11,53,65,106,109,110]. The reason is that the sensitiz-
ers are bound within the environment in which the rate of
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solvent-enhanced deactivation of the triplet state is signif-
icantly lower than the rate in an aqueous solution. For ex-
ample, the triplet state lifetimes of TPPS and AlPcS bound
to BSA increase from 510 and 440 to 2400�s [32,53] and
1160�s[65], respectively (Table 4). The protein-bound sen-
sitizers possess a single triplet lifetime with the exception
of HP [106], where two lifetime components are explained
by location of HP in two different environments within the
lipoprotein matrix. The lifetimes up to several milliseconds
may enable additional photochemical processes with com-
ponents of the protein matrix.

The kinetics of quenching the triplet states by dissolved
oxygen (Eq. (1)) can also be multi-phasic and best fitted
by several exponential terms. The multi-phasic kinetics can
be attributed to a combination of three effects: the equilib-
rium between free/bound porphyrin, several populations of
protein-bound porphyrin molecules differing in oxygen ac-
cessibility and dynamic changes in equilibrium conforma-
tions of protein causing distinct positions of the sensitizer
with regard to the aqueous phase. The fraction of free sen-
sitizer depends on the concentration of protein and can be
minimized by high molar excess of protein. Generally, there
is at least one population of the triplet states, well shielded
from oxygen, that is quenched by oxygen with a rate constant
of about one order of magnitude lower (kq ∼ 108 M−1 s−1)
than that of free porphyrin (kq ∼ 109 M−1 s−1) (Table 4).
For instance, one population of3ZnTDCSPP and3TPPS is
buried deep in the protein matrix with an even lower oxygen
accessibility because the triplet states are quenched withkq

of 5.0×107 and 9×106 M−1 s−1, respectively[103,108]. On
the other hand, if the sensitizer is located close to the inter-
face with a solvent and readily accessible to oxygen, the rate
kq remains nearly unchanged with the value of the order of
109 M−1 s−1 [64,106]. However, there is some uncertainty at
this point because it can be difficult to differentiate between
interface bound and free sensitizers. It has been reported that
binding AlPcS3 has little effect onkq since the values of
bound and free AlPcS3 are 1.7×109 and 2.1×109 M−1 s−1,
respectively[64]. On the other hand, the corresponding rate
constant of AlPcS (sulfonation degree 2.2) was reported to
decrease about ten times to 1.9 × 108 M−1 s−1 [65]. In this
study the kinetics of oxygen quenching were analyzed us-
ing a model, in which the “slow” process was attributed to
bound AlPcS and the “fast” process to free AlPcS, allow-
ing the calculation of respective equilibrium molar fractions
for a given molar ratio of both components. Because for the
analogous pair ZnPcS3 and ZnPcS (sulfonation degree 2.5)
were reported almost identical values for the bound forms,
namely 2.3× 108 [64] and 2.2× 108 M−1 s−1 [65], the dis-
crepancy between quenching of AlPcS3 and AlPcS cannot
be due to the differences in the sulfonation degree. More
probably, D2O used in[64] shifts the equilibrium towards
free AlPcS3 or the exchange between free and bound AlPcS3
is faster and occurs within the lifetime of the triplet states.

The photophysical characteristics summarized inTables 4
and 5document that binding of the sensitizers does not in-

Table 5
Quantum yields of the triplet states (ΦT) and of the singlet oxygen
formation (Φ�) of protein-bound porphyrins

Sensitizer ΦT Φ�

ZnTDCSPPa 0.96 0.74
ZnTDCSPP/HSAa – 0.76
TPPS 0.76b, 0.79f 0.57d, 0.64f

TPPS/histonec ≤0.2 <0.1
TPPS/HSAf 0.66 0.66
SnTPPSf 1.0 0.77
SnTPPS/HSAf 1.0 0.81
AlPcS1

e 0.21 –
AlPcS1/HSAe 0.10 –
AlPcS2

e 0.17 –
AlPcS2/HSAe 0.18 –
AlPcS3 0.17e, 0.46f 0. 34f

AlPcS3/HAS 0.18e, 0.43f 0.32f

ZnPcS3
f 0.51 0.36

ZnPcS3/HSAf 0.62 0.51

a [103], H2O, pH 7.0.
b [121], phosphate buffer, pH 7.4.
c [53], phosphate buffer, pH 7.2.
d [122], average literature value.
e [11,109,110], phosphate buffered saline, pH 7.4.
f [64], neutral D2O.

hibit excitation to the triplet states, although the binding does
affect the rate constantkq and hence the triplet lifetimes in
the presence of oxygen. As a result, the longer lifetime (cf.
2.1 and 18.8�s for free and bound AlPcS in air-saturated
phosphate buffer[65]) implies a relatively slow growing-in
of the1O2 concentration according toEq. (1). The reported
values ofΦT do not change upon binding indicating that
the bound sensitizers retain their1O2 producing capacity
(Table 5). In the case of AlPcS1 the value ofΦT decreases
in accord with the prevailing short-lived fluorescence com-
ponent, signalizing another quenching mechanism different
from that producing1O2 [11,109]. The considerable de-
crease ofΦT from 0.76 to≤0.2 for histone-bound TPPS is
apparently caused by binding-induced aggregation of TPPS
[53].

Not many results on1O2 formation sensitized by protein-
bound porphyrins or phthalocyanines have been published so
far. From the values ofΦ� listed inTable 5, it is apparent that
the non-covalently bound sensitizers remain good producers
of 1O2. In this context very little attention has been devoted
to the photophysics of sensitizers non-covalently interacting
with protein constituents—amino acids residues. The stack-
ing interactions between the aromatic side-chains of amino
acids and water-soluble metalloporphyrins[114,115] or
porphyrins[32,115]have been reported previously. Hence,
additional highly competitive processes as photoinduced
electron transfer from the tyrosine or tryptophan moiety to
several porphyrins excited to the triplet states[116,117]can
affect the overall photophysics of the sensitizers. As far as
we know the organization and distribution of the excited
sensitizer within the protein matrix can affect the efficiency
of the sensitizing process due to sensitizer aggregation or to
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its localization in proximity to readily oxidizable amino acid
residues (e.g. Trp, His, Met, Cys) consuming1O2. Thus,
HSA itself removes1O2 from the sensitizing system with
the bimolecular rate constant of (5±3) × 108 M−1 s−1 [64].

The available data show that the sole binding of the
sensitizer does not affect the generation of1O2 provided
that the sensitizer does not aggregate or is not bound
close to protein constituents that quench the excited states
(electron/energy transfer processes)[53,64,103](Table 5).
Furthermore, non-covalent labeling of proteins with por-
phyrins or phthalocyanines can provide a tool for selective
denaturation[118] and for probing the topology of the
binding sites, conformation changes, subunit interactions,
characteristics of binding, and exposure of local sites to sol-
vent molecules. The binding-induced spectroscopic changes
could even indicate the presence of different proteins[119].

2.2. Liposomes

The photophysical properties of porphyrinoid sensitizers
in microheterogeneous systems, such as liposomes, micelles,
emulsions and colloids are of current interest[5,6,123,124].
The photophysical properties and production of1O2 are
sensitive to the interfacial characteristics of specific mi-
crodomains that host the sensitizer. The assessment of these
photophysical and photochemical parameters can be used
to probe the surroundings of the sensitizer and its localiza-
tion. Liposomes are often used as simple models for mim-
icking cellular membranes and as carriers for transport of
hydrophobic sensitizers to cells.

Liposomes are microscopic spherical or ellipsoidal vesi-
cles, single or multi-compartmental, that are formed when
amphiphilic lipids containing two hydrocarbon chains and a
polar group (e.g. phospholipids) are hydrated. When mixed
with water the amphiphilic lipids are aligned side by side to
form a bilayer membrane, which inside a vesicle encloses a
pool of water (Scheme 6). The properties of vesicles are de-
termined by their composition, the number of compartments
(uni- or multilamellar, uni- or multivesicular), size (small
≤100 nm, large 100–500 nm, and giant >1�m in diameter)
and phase transition temperature (below this temperature
a bilayer is more regular and loses its fluidity)[125]. Li-
posomes most frequently studied are phospholipids DPPC,
DMPC, DOPC, POPC, DOPS and EPC.

The binding of the sensitizers originates from a combi-
nation of hydrophobic and electronic interactions and the
distribution in these environments is influenced by the hy-
drophobic/hydrophilic character of the surrounding medium
and by the presence of electrostatically charged interfaces.
The sensitizers can be incorporated into a lipid bilayer or
encapsulated into a water pool (Scheme 6).

Three main effects of liposomes on the sensitizers were
described: (i)Monomerization effect. Monomerization of
aggregated hydrophobic sensitizers occurs as a result of
localization of the sensitizer molecules within hydropho-
bic bilayers[126–128]. (ii) Concentration effect. The local

concentration of the sensitizer inside a vesicle is larger, by
several orders of magnitude, than in a solvent. High local
concentrations can lead to structurally controlled aggre-
gation process in liposome bilayers, i.e. the effect inverse
to (i) [129]. (iii) Viscosity effect. After incorporation to a
liposome bilayer, the sensitizer is located in a structured
microenvironment. Increased microviscosity slows down
internal movements of the embedded molecule and all
collisional processes of excited states by restricting their
diffusion motion[128].

The balance between the hydrophobicity/hydrophilicity
of the sensitizer and lipid bilayers influences the distribu-
tion of the sensitizer over different regions of the liposo-
mal structure. Hydrophobic sensitizers penetrate into a li-
pidic bilayer. Hydrophilic sensitizers are usually located on
the surface of liposomes or in an endoliposomal aqueous
compartment near the polar heads, weakly interacting with
the hydrophobic region of liposome[126]. The hydrophobic
parts of amphiphilic sensitizers are situated in a microenvi-
ronment of low polarity (a lipidic bilayer) while the charged
peripheral substituents are oriented towards the polar heads
of lipid molecules[130].

2.2.1. Absorption and fluorescence
After incorporation of the sensitizers into liposomes the

corresponding absorption and fluorescence emission bands
are usually red shifted, and fluorescence intensity and fluo-
rescence anisotropy are increased[6,131–137]. These spec-
troscopic changes provide a tool for the investigation of the
sensitizer uptake and distribution in liposomes. Typically,
HP and DP exhibit a red shift of the absorption and emis-
sion maxima of about 10–20 nm after incorporation into the
liposome matrix[134]. Such large red shifts in absorption
spectra are often ascribed to monomerization of aggregated

Scheme 6. Cross section of the unilamellar liposome with the incorporated
(bilayer) and encapsulated (water pool) sensitizer molecule.
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sensitizers. In contrast, polar UP is monomeric in aqueous
media and shows only minor spectroscopic changes. This
indicates that UP is predominantly confined in the endolipo-
somal aqueous compartment because its microenvironment
is not changed after interaction with DPPC liposomes[131].

Incorporation of the porphyrin sensitizer into a lipid
bilayer affects the conformational dynamics of the
molecule in the ground (S0) and excited singlet (S1) states.
These changes influence the Stokes shift, i.e. the energy dif-
ference between absorption and emission bands from lowest
vibration levels of the S0 and S1 states. Ordered lipid bi-
layers have a strong influence onmeso-tetraarylporphyrins
because the decrease of the dihedral angle between the
planes of the porphyrin unit andmeso-phenyl occurring in
the S1 state allows greater conjugation of� orbitals [138].
Thus, TPPB exhibits a marked decrease of the Stokes shift
after incorporation into DPPC liposomes, while with TTP
the shift remains almost unchanged. The reason is that the
bulky 3,5-di-tert-butylphenyl groups of TPPB restrict the
rotation of the phenyls around the C–C linkage in bilayers.

Furthermore, the placement of the sensitizer in a liposome
bilayer is indicated by fluorescence anisotropy[131]. The
anisotropy values reveal the degree of a restriction of rota-
tional freedom of the imbedded molecules in the anisotropic
membrane environment[6,126,136]. The anisotropy is sensi-
tive to the phase transition temperature of liposomes. Hence,
the temperature dependent anisotropy can be used to probe
the physical properties of various domains of vesicles.

2.2.2. Excited states
In a series of liposome-bound porphyrins going from tetra-

cationic TMPyP to monocationic MPyP the values ofΦf
increase from 0.044 to 0.077[126]. The order of increas-
ing hydrophobicity TMPyP< TrMPyP< BMPyP< MPyP
then follows. The most hydrophobic MPyP has the sameΦf
in liposomes and in non-polar CHCl3, i.e. 0.077 and 0.075,
respectively. The least hydrophobic TMPyP has the sameΦf
of 0.044 in water as in liposomes. The results suggest that the
distribution in liposomes depends on porphyrin hydropho-
bicity: MPyP and BMPyP can penetrate into the lipidic
phase while TMPyP is located near the polar heads of the
lipidic molecules and feels the aqueous pool rather than the
hydrophobic environment. Similarly, carboxylic porphyrins,
HP and DP, show increasedΦf when passing from an aque-
ous solution to liposomes[6,134,139]. The fluorescence en-
hancement was also reported for Photofrin II and HPD in the
presence of liposomes attributed to increased surrounding
microviscosity that weakens non-radiative processes such
as physical quenching by solvent molecules[128,137]. Ph-
thalocyaninescis-AlPcS2 [140] and MgPcB4 [141] behave
similarly to MPyP having the sameΦf in liposomes and
CHCl3. The decrease ofΦf from 0.48 to 0.23 by increasing
concentration of AlPcS2 in DPPC is due to the concentra-
tion effect.

In the absence of oxygen the triplet state lifetime of
cis-AlPcS2 in the structured microenvironment provided by

liposomes increases from 550 to 1200�s because the higher
microviscosity slows down collisional deactivation of the
triplet states by restricting their diffusion[140]. The triplet
states of HP also decay by first-order kinetics, however, a
direct interaction between3HP and the phosphatidylcholine
molecule of liposome occurs[142]. In DMPC liposomes
the decay of3MPyP, unlike3TMPyP, is complex and can
be analyzed with two discrete lifetimes of 24 and 133�s in
H2O, and 16 and 102�s in D2O [126]. Similarly to the ma-
trix effect of nucleic acids or proteins, such complex decay
can be rationalized by different localizations of MPyP dif-
fering in imbedded depth in a bilayer. Because of a random
distribution of the sensitizer molecules within a liposome
bilayer, rather than two specific lifetimes a distribution of
lifetimes would better characterize the overall process. The
triplet states of TMPyP decay mono-exponentially with life-
times of 108�s in H2O and 173�s in D2O. This substan-
tial isotopic effect, not observed with MPyP, confirms local-
ization of TMPyP in an environment accessible for solvent
molecules.

In the presence of oxygen the triplet state deactivation
is determined by oxygen quenching, which is controlled by
diffusion of oxygen from the bulk to a vesicle membrane.
In most cases the triplet states are quenched by first-order
kinetics in air-equilibrated liposomal solutions[143]. The
quenching rates significantly increase around the liposome
phase transition temperature because the excited molecules
experience an environment with a three to four times in-
creased diffusion coefficient of O2 [143].

The effect of liposomes onΦT depends on the sensi-
tizer behavior in aqueous solutions. Both MPyP and TMPyP
haveΦT of about 0.7 in DMPC liposomes, similar to the
value of TMPyP in homogeneous aqueous solutions[126].
Interestingly, in liposomes no isotopic effect of D2O is ob-
served. AlPcS2 in H2O, methanol and DPPC liposomes has
ΦT of 0.17, 0.24 and 0.24, respectively[140]. An increas-
ing concentration ofcis-AlPcS2 in DPPC liposomes causes
quenching of the triplet states due to the concentration effect
(similar toΦf discussed above);ΦT can be as low as 0.04.
The increase ofΦT when compared to an aqueous solution
is usually connected with sensitizer monomerization. Hence
BC exhibits a fourfold enhancement when going from a neu-
tral phosphate buffer (ΦT = 0.095) to DMPC (ΦT = 0.4)
[144]. As DMPC shifts the monomer–dimer equilibrium of
BC to the monomer, the lowΦT in a phosphate buffer is as-
cribed to the fact that the triplet states are formed only by the
BC monomer. Although BC is monomeric in DMPC, nearly
half ΦT than in methanol indicates that microviscosity is an
important factor.

2.2.3. Formation of1O2
The major factors affecting quantum yields of the excited

states and consequently ofΦ� in organized liposomal media
are as follows[128]: (i) Viscosity. Increased microviscos-
ity causes an enhancement of the fluorescence intensity. (ii)
Intersystem crossing. The non-radiative relaxation channels
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are weakened by higher microviscosity. (iii)Monomeriza-
tion. Dimers or higher aggregates produce little or no1O2.
(iv) Concentration. The local concentration of the sensitizer
is different from the concentration in solution. (v)Compet-
ing reaction channels. Oxidation of oleic acid side chains
in EPC consuming1O2 is an example[145]. Therefore, it
is recommended to use phospholipids with an aliphatic hy-
drocarbon chain (e.g. DPPC), which endows liposomes with
photochemical inertness[131]. Some selected data onΦ�

are summarized inTable 6. The Φ� values in liposomes
are compared to those in water or organic solvent according
to hydrophilicity/hydrophobicity of the sensitizer. However,
because the production of1O2 by liposome-bound sensi-

Table 6
Quantum yields of the singlet oxygen formation (Φ�) of porphyrinoid sensitizers in liposomes

Sensitizer Phase d (nm) Φ� Method Reference

MpyP Chloroform – 0.78 TRIL [126]
MpyP D2O/DMPC 100 0.64 TRIL [126]
MpyP D2O/DPPC 50 0.38 TRIL [126]
BMPyP Chloroform – 0.75 TRIL [126]
BMPyP D2O/DMPC 100 0.57 TRIL [126]
BMPyP D2O/DPPC 50 0.40 TRIL [126]
TrMPyP Chloroform – 0.81 TRIL [126]
TrMPyP D2O/DMPC 100 0.91 TRIL [126]
TrMPyP D2O/DPPC 50 0.63 TRIL [126]
TMPyP D2O – 0.75 TRIL [126]
TMPyP D2O/DMPC 100 0.85 TRIL [126]
TMPyP D2O/DPPC 50 0.65 TRIL [126]
HPD PB (pH 7.4) – 0.06 RNO [127]
HPD PB (pH 7.4)/EPC – 0.87 RNO [127]
UP PB (pH 7.4) – 0.71 RNO [127]
UP PB (pH 7.4)/EPC – 0.92 RNO [127]
HP PB (pH 7.4) – 0.47 RNO [127]
HP PB (pH 7.4)/EPC – 0.77 RNO [127]
PdTPPa Toluene – 0.86 TRIL [148]
PdTPP D2O/DPPC – 0.16 TRIL [148]
PdTEPP Toluene – 0.86 TRIL [148]
PdTEPP D2O/DPPC – 0.09 TRIL [148]
PO D2O/DPPC 52 0.17–0.37 TRIL [146]
TPrPO Benzene – 0.37 TRIL [149]
TPrPO D2O/DPPC 52 0.37 TRIL [149]
TPrPO D2O/DPPC 52 0.22–0.37 TRIL [146]
ZnPc Benzene – 0.50 TRIL [150]
ZnPc TRIS (pH 7.4)/DPPC 52 0.7 DPBF [147]
ZnPc D2O/DPPC 52 0.47 TRIL [146]
ZnPc(OH)4 H2O/EPC – 0.005 DMA [151]
BC PB (pH 7.0) – 0.05 TRIL [144]
BC Methanol – 0.36 TRIL [144]
BC PB (pH 7.0)/DMPC 90 0.33 TRIL [144]
MgTBP Benzene – 0.34 DMA [152]
MgTBP Methanol – 0.126 DMA [152]
MgTBP H2O/EPC – 0.019 DMA [151]
ZnTBP Benzene – 0.497 DMA [152]
ZnTBP H2O/EPC – 0.023 DMA [151]
Photofrin II D2O – 0.16 O2 depletion [153]
Photofrin II H2O/EPC – 0.191 DMA [151]
Photofrin II PB/EPC – 0.87 RNO [127]

The diameterd of liposomes and the method ofΦ� determination are given where specified. Abbreviations: PB, phosphate buffer; TRIL, time-resolved
infrared luminescence; RNO, bleaching method usingp-nitroso-N,N′-dimethylaniline; DMA, fluorescence method using 9,10-dimethylanthracene; DPBF,
bleaching method using diphenylisobenzofuran.

a All meso-substituted Pd porphyrins in[148] behave as presented PdTPP and PdTEPP.

tizer is controlled by many factors, often acting against each
other, the overall effect of liposomes (i–v) onΦ� can hardly
be generalized. An unusual increase ofΦ� in the presence
of liposomes can be attributed to the monomerization effect
of the vesicles.Vice versa, a decrease ofΦ� can be ascribed
to aggregation occurring in liposomes due to the concentra-
tion effect.

The measurement ofΦ� itself can be problematic and
the results can depend on the method used. Indirect chem-
ical quenching methods in particular can produce mislead-
ing results due to: (i) Differing localization of the sensitizer
and target molecules (target localized in other vesicles, tar-
get localized outside the vesicles, both inside the same vesi-



342 K. Lang et al. / Coordination Chemistry Reviews 248 (2004) 321–350

cle but spatially separated,etc.) [5,128]. The rate constants
of oxidation of a quencher with1O2 are much smaller in
the presence of liposomes, especially when both the sensi-
tizer and quencher are incorporated in liposomes. (ii) Size
of liposomes because inter- and intravesicular distances can
be comparable or larger than the average diffusion path of
1O2 [5]. (iii) Consumption of1O2 by liposomes contain-
ing unsaturated fatty acids[145]. iv) Secondary reactions of
a quencher in bilayers (cf. ZnPc withΦ� of 0.47 and 0.7
determined using TRIL and quencher DPBF, respectively
[146,147]).

In conclusion, liposome-bound sensitizers produce effec-
tively 1O2. After 1O2 is produced it diffuses freely between
the lipidic and aqueous phases. In the absence of any
quenching process (low physical quenching, photochemical
inertness of liposomes, no singlet oxygen quenchers) the
equilibrium distribution of1O2 between the lipid bilayer
and aqueous phases is attained before1O2 decays. Small
unilamellar vesicles ensure that1O2 is mostly located in the
aqueous phase. Although the lifetime is different in both
phases, as the lipid volume represents only several percent
of the total volume, the lifetimes of1O2 are practically
independent of the localization and type (hydrophilic or
hydrophobic) of the sensitizer and correspond to those in
homogeneous aqueous solutions[126,146].

2.3. Container molecules

Container molecules represent a class of macrocyclic host
compounds having internal cavities capable of encapsula-
tion of small molecules[154–156]. They have openings
of various sizes that allow guest molecules to enter and
leave. It was also demonstrated that self-complementary
host molecules could dimerize to form spherical capsules
in which small molecules are locked. Porphyrinoid sensi-
tizers are evidently too large to be completely encapsulated
in the inner cavity. Instead, host–guest complexes can be
formed incorporating a part of the sensitizer (e.g. phenyls of
meso-substituted tetraphenylporphyrins) with the rest of the
porphyrin molecule protruding to the bulk. Another binding
mode is fixing the sensitizer at the host exterior.

Scheme 7. Schematic representation of CDs.

The hosts of sensitizers should control the binding event,
minimally affect the formation of1O2 and release guests
under defined conditions. From the variety of container
molecules only two macrocyclic hosts, cyclodextrins (CD)
and calix[n]arenes have been investigated so far as potential
carriers for porphyrin sensitizers. Here, we summarize the
photophysical properties of the porphyrin sensitizers bound
to CD and calix[n]arenes and compare the influence of both
hosts.

2.3.1. Cyclodextrins
The most common cyclodextrins consist of 6, 7 or

8 �-1,4-d-glucopyranose units arranged to a truncated
cone and denoted as�CD, �CD and �CD, respectively
(Scheme 7) [157–159]. The interior, lined with C–H groups
and glycosidic oxygen bridges, is hydrophobic in com-
parison with the exterior that is hydrophilic due to hy-
droxyl groups. Consequently, CDs are water-soluble, form
inclusion host–guest complexes with a variety of guest
molecules, and might influence their photophysical and
photochemical properties. The substances are bound in the
cavity by hydrophobic forces and hydrogen bonding. On ac-
count of the hydrophobic interior of CDs even hydrophobic
substances can be transferred into aqueous solutions. The
pharmaceutically useful CD derivatives can be classified as
hydrophilic, hydrophobic and ionic depending on the func-
tionalization of the hydroxyl groups. Cyclodextrins are fre-
quently used in pharmacology to improve the resistance of
pharmaceuticals to thermal and oxidative degradation, limit
side effects, increase solubility, and prevent aggregation
[159,160].

Surprisingly, only the photophysical properties of anionic
meso-tetraphenylporphyrins and cationic TMPyP bound to
CDs have been reported until now. It is evident that binding
of porphyrins can be sensitive to the nature and size of their
peripheral substituents, preferentially incorporated into the
cavity. The equilibrium between the sensitizer (Sens) and
CD proceeds in two steps:

Sens+ CD � Sens-CD (13)

Sens-CD+ CD � Sens-(CD)2 (14)



K. Lang et al. / Coordination Chemistry Reviews 248 (2004) 321–350 343

The fraction of the 1:1 and 1:2 host–guest complexes is con-
trolled by binding conditions. The binding constants depend
strongly on the cavity size and functionalizing CDs and are
in the range of 103–105 M−1 [161–163]. The binding modes
of anionic meso-tetraphenyl substituted porphyrins can be
classified into three types[161,163–165]:

(i) Inclusion through the secondary face. This is a typical
mode for�CD and functionalized�CDs and has the
strongest effect on binding, spectroscopic and photo-
physical quantities of monomeric porphyrins. For ex-
ample, the 4-sulfonatophenyl or 4-carboxyphenyl sub-
stituents penetrate deeply into the cavity with the sul-
fonic or carboxylic groups oriented towards the primary
hydroxyl groups.

(ii) Inclusion through the primary face. This mode is typical
for �CDs. The size of the secondary face is larger than
in �CDs and, therefore, the inclusion from the primary
face is more favorable.

(iii) Non-specific external binding. The mode comprises di-
rect contacts between the CDs exterior and porphyrin
monomer or aggregate and is the least noteworthy for
carrying sensitizers. Recent results suggest that cationic
TMPyP interacts in this way[166].

Binding influences the molecular form of porphyrins sim-
ilarly to the effects described inSections 2.1 and 2.2. Ag-
gregates are usually monomerized since the driving force
to form complexes exceeds the energy gain from stacking
the porphyrin units. The higher is the affinity of CDs ex-
pressed by the binding constant, the more pronounced is
monomerization. Furthermore, the pyrrole nitrogen atoms of
anionic meso-tetraphenylporphyrins are protonated at pHs
below pKa (about 4.8). Binding porphyrins to CDs pre-
vents the protonation of these nitrogen atoms and induces
dis-aggregation of J-aggregates[162]. Thus, the photophys-
ical properties of CD-bound porphyrins can be ascribed to
the bound monomeric species with part of the porphyrin
molecule confined in the CD cavity and separated from a
bulk solution.

Titration of a porphyrin solution with CDs leads to a red
shift of the Soret band indicating the presence of Sens-CD
and Sens-(CD)2 complexes in the equilibrium. The shift re-
flects the electronic perturbations arising from solvent effects
and from changes in the solvent–solute dipole interactions
caused by reduced exposure of the solute to water. Binding
is also indicated by a red shift of the fluorescence emission
bands copying the shift of the absorption spectra (Fig. 7).
The fluorescence quantum yields are only slightly affected
(Table 7). But, binding of TPPS or TPPC within�CD-dimers
decreases fluorescence intensities depending on the nature
of connecting flexible link between�CDs[167]. Unexpect-
edly, a strong effect on fluorescence emission spectra is ob-
served for cationic TMPyP in the presence of hpCDs[94].
The fluorescence emission band of free TMPyP is broad
(Fig. 8a) with low resolution of the Q(0,0) and Q(0,1) bands
(as discussed inSection 2.1.1.1). Interaction with hpCDs

Fig. 7. Fluorescence spectra of TPPS (1�M) in the absence (a) and
in the presence of 10−4 M hp�CD (b). Optically matched samples at
λexc = 416 nm in 20 mM phosphate buffer, pH 7.0.

Fig. 8. Steady-state fluorescence spectra of TMPyP (a) and of
its complexes with hp�CD (b), calix[4]arene-4-tetrasulfonate (c),
calix[6]arene-4-hexasulfonate (d), and calix[8]arene-4-octasulfonate (e).
All measurements were performed in 20 mM phosphate buffer, pH 7.0,
using optically matched solutions atλexc about 520 nm.

is accompanied by an increase of the fluorescence quan-
tum yield from 0.046 to 0.058 (Table 7) and by a dramatic
change of fluorescence emission spectra (Fig. 8b). These
changes were used to determine the complex stoichiometry
(1:1) and binding constant (5.4×103 M−1) (Fig. 9). The fluo-
rescence spectrum of the TMPyP–hp�CD complex consists
of two separate bands at 660 and 720 nm and resembles the
spectra of monomeric porphyrins[93,168]indicating that in-
tramolecular charge transfer within the porphyrin moiety re-
sponsible for the emission band broadening was eliminated.
A similar effect is observed for native CDs[166].

The reported photophysical properties of the porphyrin–
CD complexes are summarized inTable 7. Binding does
not changeΦT and the spectroscopic features of the
triplet–triplet spectra. Still, the lifetime of the triplet states of
the bound porphyrins in the absence of oxygen is consider-
ably extended. This lifetime increase can be attributed to the
combination of two factors: exclusion of water molecules
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Table 7
The photophysical characteristics of porphyrins bound to CDs in aqueous solution

Complex Φf τT (�s) τ (�s) kq × 10−9 (M−1s−1) ΦT Φ�

TPPS 0.06d 290a 2.0a 1.8a 0.76e, 0.79i 0.62f

TPPS/hp�CDa – 290 2.2 1.6 – –
TPPS/hp�CDa 0.05 2000 11.9 0.30 0.76 0.60
TPPS/hp�CDa – 2100 3.6 1.00 – –
PdTPPS 0 200b 2.0b 1.80b 0.63b, 0.63g 0.50b, 0.49g

PdTPPS/�CDb 0 200 2.0 1.80 0.62 0.50
PdTPPS/hp�CDb 0 200 2.8 1.30 0.64 0.50
PdTPPS/�CDb 0 220 3.7 0.96 0.78 0.50
PdTPPS/hp�CDb 0 490 10.2 0.35 0.79 0.60
PdTPPS/�CDb 0 230 3.9 0.91 0.74 0.50
PdTPPS/hp�CDb 0 230 6.0 0.60 0.73 0.50
ZnTPPS 0.04b 1100b 3.0b 1.20b 0.87b, 0.86g 0.74b, 0.74g

ZnTPPS/�CDb 0.04 1200 3.3 1.10 0.86 0.75
ZnTPPS/hp�CDb 0.04 1200 4.4 0.82 0.86 0.78
ZnTPPS/�CDb 0.04 1300 4.4 0.82 0.87 0.75
ZnTPPS/hp�CDb 0.04 3200 14.9 0.24 0.82 0.86
ZnTPPS/�CDb 0.04 3700 7.9 0.45 0.88 0.74
ZnTPPS/hp�CDb 0.05 2500 5.4 0.66 0.89 0.74
TPPCb 0.03 80 2.1 1.70 0.78 0.58
TPPC/�CDb 0.03 100 2.1 1.70 0.79 0.60
TPPC/hp�CDb 0.03 240 4.8 0.74 0.79 0.60
TPPC/�CDb 0.03 250 3.9 0.91 0.80 0.60
TPPC/hp�CDb 0.03 1300 13.2 0.27 0.85 0.70
TPPC/�CDb 0.03 100 3.8 0.95 0.79 0.64
TPPC/hp�CD b 0.03 380 4.6 0.77 0.77 0.70
TMPyP 0.046h 160c 1.8c 2.0c 0.89h –
TMPyP/hp�CDc 0.058 640 1.9 1.9 1.00 –

SeeTables 2–5for definition of symbols and more data on free TPPS and TMPyP.
a [162].
b [163].
c [94].
d [120].
e [121].
f [122].
g [177,178].
h Average value from[85,168].
i [64].

Fig. 9. Benesi–Hildebrand plot for binding of TMPyP by hp�CD. The
solid line is the least-squares fit to the experimental data giving the
binding constant of 5.4 × 103 M−1 in 20 mM phosphate buffer (pH 7.0)
at room temperature. Inset: job plot documenting the stoichiometry of the
complex to be 1:1.

from the solvation shell of porphyrins and reduction of
collisional quenching by solvent molecules from the bulk.
Such effects have already been reported for non-covalently
attached porphyrins to nucleic acids and proteins (see
Section 2.1). Binding also influences the bimolecular rate
constantkq characterizing quenching of the triplet states by
oxygen. Quenching by oxygen is a diffusion-controlled pro-
cess that is slowed down by incorporation of a part of the
porphyrin moiety into the cavity. Typical quenching curves
recorded in an air-saturated aqueous solution are presented
in Fig. 10 showing that the lifetime of the triplet states of
the complex increases several times. The complexes of an-
ionic porphyrins with hp�CD, hp�CD, and�CD exhibit the
most explicit decrease ofkq. But not even a great excess
of �CD or hp�CD (the binding constants of 103–104 M−1)
has any significant influence on the triplet lifetimes in the
presence or absence of oxygen. Upon binding of cationic
TMPyP with hp�CD the rate constantkq is not changed
since the binding constant is low and the external binding
mode shields3TMPyP from oxygen less than incorporation.
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Fig. 10. Traces of the triplet states3TPPC recorded at 444 nm in the
absence (a) and in the presence of 1× 10−3 M hp�CD (b). Air saturated
solutions, 2�M TPPC, 0.02 M phosphate buffer, pH 7.0.

Fig. 11. Formation and decay of1O2 produced by 2�M PdTPPS in the
absence (a) and in the presence of 1× 10−3 M hp�CD (b). Optically
matched solutions in 90% D2O at λexc = 408 nm, saturated by oxygen,
emission traces recorded at 1270 nm, 0.02 M phosphate buffer, pH 7.0.

As a result of the reduced rate constants kq, the build-up
of singlet oxygen concentration produced by the complex
is slower than that of free porphyrin (Fig. 11). The quan-
tum yieldsΦ�, however, are not affected at all (Table 7).
Thus, CDs appear to be indifferent molecules. This is in
accordance with the fact that CDs have a weak effect on the
steady-state concentration of produced1O2 because the up-
per limits of bimolecular deactivation constants of1O2 by
�CD and hp�CD are as low as 2×105 and 1×105 M−1 s−1,
respectively[169]. The high values ofΦ� of the CD com-
plexes indicate that anionic sensitizers TPPS, ZnTPPS,
PdTPPS and TPPC retain their sensitizing efficiency
[162,163]. For example, the TPPS inclusion complex was
found to be an efficient sensitizer with a photooxygenation
turnover number up to 30,000 and considerable resistance
to photobleaching[170]. By contrast, ZnTPPS is the only
reported sensitizer that is quickly photolysed when bound
to �CD since the triplet states of bound ZnTPPS participate
in competitive electron transfer processes[171,172].

We conclude that the strong non-covalent interaction be-
tween CDs and anionic tetraphenylporphyrin sensitizers af-
fects their spectroscopic and photophysical properties such

Scheme 8. Molecular structure of sulfonated calixarenes.

as the bathochromic shift of the Soret band and the lifetimes
of the triplet states in the absence or presence of oxygen.
However, the inclusion of the porphyrins in the cavity of
CDs does not affect the inherent photophysical properties,
i.e. the quantum yieldsΦf , ΦT andΦ�. We presume that, in
general, the singlet oxygen producing anionic tetraphenyl-
porphyrins do not lose their sensitizing properties after bind-
ing to CDs. Because of the shielding effect of CDs, the
bound sensitizers are protected from aggregation and bind-
ing to other components in a solution[162,170]. In addi-
tion, stable inclusion complexes with linked CD dimers can
prevent sensitizer transport by the lipoprotein pathway to
healthy tissue and reduce unwanted targeting apart from tu-
mors[173–175]. The in vitrophototoxicity of TPPS/hp�CD
and ZnTPPS/hp�CD complexes was verified recently[176].

2.3.2. Calix[n]arenes
Another class of compound capable of encapsulating

small molecules are the calix[n]arenes. Calix[n]arenes are
macrocyclic oligophenols linked by methylene bridges
(Scheme 8) [179]. Calixarenes adopt a cone conformation
both in solid state and in solution. Functionalization of
the upper and/or lower rim enables the preparation of con-
formationally well-defined, rigid or flexible skeletons that
may, according to their size and hydrophobicity, selectively
include various guest molecules. Weak forces, namely elec-
trostatic interactions,�–� and cation–� interactions play
a dominant role. Studies performed in water, where most
of the biological processes take place, are of particular
relevance.

Water-soluble sulfonatocalixarenes represent flexible and
specific hosts for charged or uncharged guests[180,181].
Not much information is available on non-covalently bound
porphyrin–calixarene systems in which the importance of
the hydrogen bonding[182] and electrostatic interactions
[94,183–185]was discovered.

We have described the formation of complexes between
cationic TMPyP and sulfonated calixarenes and found
that the binding constants and photophysical properties of
TMPyP depend on the size of the host[94]. Electrostatic
attraction between TMPyP and calixarenes accounts for
the high stability of the complexes. Sulfonated calixarenes
induce a red shift and a small hypochromicity of the
Soret band. The stoichiometry 1:1 for TMPyP-calix[4]arene-
4-tetrasulfonate is consistent with charge compensation (ion
pairing) of the sulfonate groups and the pyridinium groups
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Table 8
The photophysical characteristics of TMPyP bound to water-soluble
calix[n]arenes[94]

Host Φf τT

(�s)
τ

(�s)
kq × 10−9

(M−1 s−1)
ΦT

Calix[4]arene-4-tetrasulfonate 0.031 75 2.4 1.5 0.57
Calix[6]arene-4-hexasulfonate 0.008 16 2.2 1.6 0.18
Calix[8]arene-4-octasulfonate 0.001 31 2.6 1.4 0.03

SeeTables 2, 3 and 7for explanation of symbols and data on free TMPyP.

on the porphyrin. The hosts—calix[6]arene-4-hexasulfonate
and calix[8]arene-4-octasulfonate—are more flexible and,
by reason of the structural preorganization into two con-
trarily oriented cones, two binding sites for TMPyP are
disposable. The positive charges of TMPyP compensate
the negative charges on the calixarene rims giving the
stoichiometry two porphyrinsper molecule of calixarene.

As discussed inSection 2.1.1.1, the fluorescence emis-
sion band of TMPyP is broad (Fig. 8a) with low resolution
of the Q(0,0) and Q(0,1) bands caused by an internal pho-
toinduced process. In contrast to the effect described for
nucleic acids and CDs, the fluorescence emission spectra
of the calixarene complexes are non-structured and are
similar to those of the free TMPyP (Fig. 8c–e). Bind-
ing to calixarenes quenches fluorescence as indicated by
the values ofΦf in Table 8. The same conclusion fol-
lows from time-resolved fluorescence measurements using
single photon counting detection. The fluorescence life-
time of 4.9 ns for free TMPyP decreases to 3.6, 1.8 and
∼0.7 ns for complexes with calix[4]arene-4-tetrasulfonate,
calix[6]arene-4-hexasulfonate and calix[8]arene-4-octasul-
fonate, respectively. The greatest quenching effect was ob-
served for the complex with calix[8]arene-4-octasulfonate
whoseΦf decreases about 40 times.

The features of the triplet–triplet absorption spectra
of TMPyP are not changed upon complexation with cal-
ixarenes. The spectra exhibit a broad band with the maxi-
mum at 470–490 nm and a negative band caused by bleach-
ing the ground state porphyrin (Fig. 3d). Similar to Φf
the ΦT quantum yields of the calixarene complexes are
reduced (Table 8). For example the TMPyP complex with
calix[8]arene-4-octasulfonate affords a value ofΦT of 0.03,
which is only a fraction of the value measured for free
TMPyP (ΦT = 0.89). Binding is also accompanied by a
reduction in the triplet lifetimeτT (Fig. 12) and by a small
decrease ofkq (Table 8) when compared to free TMPyP
(Tables 2 and 4).

The Φf andΦT quantum yields decrease and their sum
is considerably lower than 1.0. This fact together with a re-
duction of the triplet lifetimes was ascribed to intramolecu-
lar photoinduced electron transfer between TMPyP and the
calixarene[94]. Obviously, the higher is the number of phe-
nol units in the calixarene host the more effective is the
quenching of the triplet states signifying that decrease ofΦT
would also diminishΦ�. Of the calixarenes studied, only
calix[4]arene-4-tetrasulfonate appears to be a potential host

Fig. 12. Decay of the triplet states of TMPyP (a) and of the 1:1 com-
plex with calix[4]arene-4-tetrasulfonate (b). The sample in oxygen-free
20 mM phosphate buffer (pH, 7.0) was excited at 420 nm and the traces
were observed at 470 nm. The smooth line is a least-squares fit to the
monoexponential function.

for cationic porphyrins because moderate quenching of the
triplet states is compensated by the high stability of the com-
plex. These results suggest a promising application of new
functionalized calixarenes as sensitizer carriers.

3. Conclusions and outlook

In this review, we have concentrated on porphyrinoid
sensitizers the changes of whose photophysical proper-
ties have been a consequence of non-covalent interaction
with other molecules-biopolymers or abiotic container
molecules. From the data summarized throughout the text
it can be concluded that the non-covalent interaction of
the sensitizers does not restrict the formation of the ex-
cited singlet states, triplet states and hence the formation
of 1O2 which plays the dominant role in photodynamic
processes. Of the photophysical quantities the binding in-
fluences spectroscopic properties and kinetic parameters,
namely the lifetimes of the excited states and rate constants
of collisional quenching. Inherent quantities—Φf , ΦT, Φ�

quantum yields—remain mostly unchanged. It is not easy
to put forward a general scheme because the overall effect
of the photodynamic processes is affected by a combination
of numerous, often oppositely acting factors as aggregation,
monomerization, compartmentalization, and restriction of
internal movements. Moreover, the oxygen independent
Type I reactions of the excited states can also contribute
to the final photodynamic effect. Taking into consideration
all the complexity of the process we have tried to identify
the elementary effects of molecules that are constituents
of biological systems. A significant condition for the bind-
ing is preorganization of the binding sites and/or host
molecules, i.e. a conformation change to fit the structure
of the interacting guest molecule—the sensitizer. Here, the
extent of sensitizer encapsulation, and solvent effects are
important namely in assessment of thermodynamics of the



K. Lang et al. / Coordination Chemistry Reviews 248 (2004) 321–350 347

non-covalent interaction (overall free energy of binding,
enthalpic and entropic effects)[67,186].

Evidently, the assembling of sensitizers with other
molecules is related to molecular recognition. By molecular
recognition is generally understood the ability of selec-
tive interaction between certain types of molecules in a
mixture of various molecules (discrimination between one
and another molecule) and formation of a supramolecular
assembly[186]. In this context a sensitizer can be viewed
as a chromophoric guest. The formation of supramolecular
assemblies is relatively simple to achieve and the yields fre-
quently exceed those obtained for the synthesis of analogous
covalently bound conjugates since non-covalent interactions
involve either entropically or enthalpically driven organiza-
tion of individual components[187]. The essence of recog-
nition is a non-covalent interaction between molecules since
a number of various weak attractive and repulsive forces en-
ables versatility and fine-tuning of properties. The binding
can occur provided that the molecules fulfil certain comple-
mentarity demands: (i) Geometric complementarity (steric,
structural) depending on the size and shape of substituents
and cavities (sometimes oversimplified to the lock-and-key
concept). (ii) Electronic complementarity comprising all
kinds of electronic attraction or repulsion such as Coulom-
bic forces, dipole and multipole interactions, hydrogen
bridges or dispersion forces. (iii) Interaction of hydrophobic
regions exposed to solvents. (iv) Substitution of labile axial
coordination sites of metallocomplexes. Although coordi-
nation bonding is not a non-covalent interaction, it plays an
important role in recognition and templating as exemplified
by the role of zinc porphyrins or DNA metallointercalators
[72,188,189]. The non-covalent interactions comprise not
only the host and guest molecules but also the molecules of
the solvent[73,187]. Among the perspectives that such as-
semblies offer are custom designed modifications of photo-
sensitizing properties, photochemical stability and binding
to specifically directed carriers. There is no principal dif-
ference in the influence of abiotic carriers or biopolymers
on the interacting sensitizer though biopolymers are much
larger molecules with a great variety of binding sites.

In the search for rational understanding of recognition
relatively little attention has been dedicated to the kinet-
ics of the partial processes, the basis of kinetic selectivity.
The kinetics involve preorganization of hosts (rigidityver-
susflexibility), solvent restructuring (solvationversusdes-
olvation, solvent cage changes), and consecutive reactions
of supramolecular assemblies (host–guest complex). To dis-
entangle the subtle interplay of kinetic and thermodynamic
effects will be a challenging task[186,190].

The obvious application of the reviewed data is in the
study of potential carriers and of the mechanism of pho-
todynamic effect in living matter. Similar to slowing down
the kinetics of heterogeneous electron transfer reactions af-
ter encapsulation[191], the relatively slow kinetics of some
photophysical processes can considerably influence the re-
sulting action. Research addressing binding of a sensitizer to

a carrier, which is directed to particular receptors in a tumor
tissue, i.e. the generation of singlet oxygen in a specified
location—are already underway. With the outlook toin vivo
studies, a number of experiments on the sensitizer triplet
states and production of1O2 was made with cells, tissue
samples and microbes[11,192,193]. Even though it is diffi-
cult to confirm the assignment of the intermediates produced,
because of the relatively low sensitivity of time-resolved
methods, these studies offer a good possibility for deter-
mining photophysical properties of sensitizers directly in in-
tact tissues. Further development in experimental techniques
may bring new views on photodynamic action namely on
the specific behaviour of sensitizersin vivo. More quantita-
tive data correlating non-covalent interaction and photophys-
ical properties are desirable. Especially data acquired with
various porphyrinoid sensitizers are not yet at our disposal.
More empirical observations will be clarified on the basis of
effects established in simple models and a significant con-
tribution to better comprehension of photodynamic mecha-
nisms in biological systems can be expected from studies of
non-covalent binding effects.
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