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Abstract: Singlet oxygen (1 O2 ), the first excited state of molecular oxygen, plays many
important roles in nature and technology. The work is aimed at development of novel
methods for monitoring of 1 O2 in cells and other biological samples. Two main approaches were employed: direct detection of the very weak near-infrared phosphorescence of 1 O2 , and detection of Singlet Oxygen-Feedback Delayed Fluorescence
(SOFDF), which is the emission from the photosensitizer induced by energy transfer
from 1 O2 . The first part of the thesis introduces the basic concepts of photophysics
and photochemistry of 1 O2 : its generation, deactivation, applications, and overview of
detection methods. The second part presents the experimental results. Wide-field microspectroscopic detection of 1 O2 phosphorescence enabled us to acquire 1 O2 -based
images and near-infrared spectra from single cells incubated with photosensitizers.
However, the direct detection suffers from the inherently very low phosphorescence
quantum yield. It is shown that SOFDF may overcome this problem and become a
promising alternative tool for studies of 1 O2 and excited states of photosensitizers.
The work provides one of the very scarce systematic studies of SOFDF in biologically relevant samples, spanning from solutions of photosensitizers to time-resolved
microscopic detection of SOFDF from individual living cells.
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Abstrakt: Singletnı́ kyslı́k (1 O2 ), prvnı́ excitovaný stav molekulárnı́ho kyslı́ku, hraje
významnou roli v přı́rodnı́ch i technologických procesech. Práce se zaměřuje na vývoj
nových metod detekce 1 O2 v buňkách a biologických vzorcı́ch. Byly využity dva
hlavnı́ přı́stupy: Přı́má detekce velmi slabé infračervené fosforescence 1 O2 a detekce
singletnı́m kyslı́kem indukované zpožděné fluorescence (SOFDF), což je luminiscence
fotosensitizéru vybuzená přenosem energie z 1 O2 . Prvnı́ část práce představuje základnı́ koncepty fotofyziky a fotochemie 1 O2 : vznik, deaktivaci, aplikace a přehled
detekčnı́ch metod. Druhá část pojednává o experimentálnı́ch výsledcı́ch. Mikrospektroskopická detekce fosforescence 1 O2 nám umožnila zı́skat snı́mky 1 O2 a blı́zká infračervená spektra z jednotlivých buněk inkubovaných s fotosensitizéry. Přı́má detekce
však trpı́ velmi nı́zkými kvantovými výtěžky fosforescence. Je ukázáno, že detekce
založená na SOFDF může překonat tento problém a stát se slibnou alternativnı́ metodou pro studium 1 O2 a excitovaných stavů fotosensitizérů. Práce poskytuje jeden
z mála systematických výzkumů SOFDF v biologicky relevantnı́ch vzorcı́ch, počı́naje
roztoky fotosensitizérů a konče časově rozlišenou mikroskopickou detekcı́ SOFDF
z jednotlivých buněk.
Keywords: singletnı́ kyslı́k, fosforescence, zpožděná fluorescence, časově rozlišená detekce luminiscence, fotosensitizér
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Preface
Singlet oxygen, the first excited state of molecular oxygen, is a very interesting reactive species which has many important roles in nature, biotechnology, and medicine.
On one hand, singlet oxygen causes photodegradation of biomolecules and oxidative
aging in general. On the other hand, its cytotoxicity can be exploited in photodynamic
therapy of cancer, skin diseases, or microbial infections. Singlet oxygen is usually
produced in interaction of ground state oxygen with the light-excited states of organic
molecules by a mechanism known as photosensitization.
In order to understand, monitor, and control processes involving singlet oxygen,
it is necessary to possess effective tools for its detection. Various methods for detection of singlet oxygen have been developed, the majority of which uses principles of
optical and luminescence spectroscopy. The most unequivocal approach is the direct
detection of a very weak near-infrared phosphorescence around 1275 nm. However, the
very low intensity of the phosphorescence emission poses limitations to this method.
Much stronger signal is provided by fluorescence probes of singlet oxygen, but the
fundamental shortcoming of this indirect approach is that it cannot be used in a timeresolved experiment to yield singlet oxygen lifetimes. Therefore, there is still no ideal
and universal singlet oxygen detection method; instead, different detection methods
are suitable for different samples and purposes. An interesting emerging alternative
is based on “Singlet Oxygen Feedback Delayed Fluorescence” (SOFDF), which is an
approach that combines features of both direct and indirect detection.
The objective of the thesis was the development and application of spectroscopic
methods for detection of singlet oxygen in cells, biological samples, and model systems, especially aiming on microscopic detection. The research was focused mainly
on methods based on near-infrared phosphorescence and Singlet Oxygen Feedback
Delayed Fluorescence. I believe that the work will find applications particularly in
photodynamic therapy and related fields.
The first part of the text provides broader background and delivers some concepts
necessary for deeper understanding of the experimental work. The second part briefly
summarizes the accomplished experimental results and provides a perspective on the
entire work. The third part describes the construction of experimental setups and basic
principles of the experimental techniques. Finally, the reprints of all author’s publications are attached.
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1. Introduction
1.1

Energy Levels of Molecular Oxygen

Oxygen is ubiquitous and absolutely essential for life on earth. It is the key component of energy metabolism, respiration, and degradation of matter. Oxygen is a simple
molecule, which however possesses a very unique electronic structure. The knowledge of electronic structures of ground state and excited state oxygen is crucial for
understanding its diverse chemistry.
Molecular oxygen is a homodiatomic molecule with 16 electrons. Eight electrons
in atomic orbitals (configuration 1s2 2s2 2p4 ) of each oxygen atom combine into molecular orbitals giving rise to electronic configuration
(1σ)2 (1σ∗ )2 (2σ)2 (2σ∗ )2 (3σ)2 (1π)4 (1π∗ )2 ,
where antibonding orbitals are denoted by asterisk. 1 The occupancy of molecular orbitals is shown in figure 1.1. Due to the high symmetry of oxygen molecule, the two
highest occupied antibonding π−orbitals (π∗+ and π∗− ) are degenerate√and there are
two electrons to be placed into them. The orbitals π∗+ = (π∗x + iπ∗y )/ 2 and π∗− =
√
(π∗x − iπ∗y )/ 2 are complex linear combinations of πx and πy real orbitals, 1,2 and are
eigenfunctions of the L̂z operator with eigenvalues of +h̄ and −h̄, respectively. The
two electrons can be placed into the two degenerate orbitals π∗+ and π∗− in different
ways, giving rise to three energy states.
Ground state
According to the first of Hund’s rules, the most energetically favorable configuration
of the two electrons is the one with the maximum total spin angular momentum. Given
that electron has spin of 21 (in atomic units, where h̄ ≡ 1), the maximum total spin quantum number of the two electrons will be S = 1 when the spins are parallel. Then there
are 2S +1 = 3 possible spin quantum states corresponding to three different projections
of spin to the z-axis (+1, 0, −1), which are called triplet states:
χ+1 = |↑↑i

√
χ0 = (|↑↓i + |↓↑i) / 2
χ−1 = |↓↓i

(1.1)

In the triplet spin configuration, the spin function is symmetrical upon exchange of
electrons. According to Pauli’s principle, the spatial part of their wavefunction φ necessarily has to be antisymmetrical and the two electrons have to reside in different
orbitals

1
φ = √ π∗+ (1)π∗− (2) − π∗+ (1)π∗− (2) .
(1.2)
2
The Hund’s rules can be explained in terms of electronic repulsion and correlation of
electronic motion. Indeed, the antisymmetrical spatial wavefunction minimizes the
electronic repulsion, because there is zero probability to find the two electrons in the
same place.
5
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Figure 1.1: Occupancy of molecular orbitals in ground state and two first excited states
of molecular oxygen.
The ground state oxygen is therefore a biradical with two unpaired electrons (open
shell system) in triplet spin configuration and zero total orbital momentum around the
intermolecular axis. Oxygen is one of the very few molecules whose ground state is
triplet; the ground state of almost all other molecules is of singlet spin configuration.
The very favourable consequence of this discrepancy is that the oxidative degradation
by ground state oxygen is relatively slow. The unique ground state configuration also
gives rise to the paramagnetism of oxygen. The corresponding term symbol for the
ground state is 3 Σ−
g , where 2S + 1 = 3 denotes triplet, Σ stands for zero total orbital
momentum, g (gerade) denotes even parity upon inversion through the center of mass,
and (−) denotes antisymmetry upon reflection in the plane containing the two nuclei.
Excited states
In the two lowest excited states, the spins of the two electrons are antiparallel and their
spin-wavefunction is antisymmetrical
√
χ = (|↑↓i − |↓↑i) / 2
This spin-state has zero total spin quantum number S = 0 and therefore it is called
singlet (2S + 1 = 1).
In the lowest excited state, the total orbital momentum has to be maximized according to the second Hund’s rule, which corresponds to the situation where the two
electrons are placed into the same orbital, both either in π∗+ or both in π∗−
φ = π∗+ (1)π∗+ (2)

or

φ = π∗− (1)π∗− (2)

(1.3)

These configurations are degenerate and we will not distinguish between them. The
term symbol of the lowest excited state is 1 ∆g , where ∆ expresses that the total orbital
momentum quantum number is equal to 2. The 1 ∆g state has paired electrons and
6

therefore it is not a radical, unlike the ground state. The excitation energy of 1 ∆g is
E∆ = 94 kJ/mol = 0.98 eV = 7882 cm−1 = 1269 nm. The 1 ∆g is much more reactive
than the ground state O2 , since it has the same spin multiplicity as the ground states
of substrate molecules, and, moreover, it can provide activation energy to the reaction.
The special reactivity of 1 O2 is the main reason for the research interest in the field.
The optical transition to the ground state is strictly forbidden and therefore 1 ∆g emits
only a very weak phosphorescence in near-infrared (see section 1.2.3). Interestingly,
although 1 ∆g has no unpaired electrons, it is active in electron paramagnetic resonance
due to its nonzero orbital angular momentum (see section 1.5.4). 1 ∆g can be considered
a metastable excited state – the lifetimes in condensed phase usually fall to µs–ms
range, 3 but in dilluted gas the lifetime can reach up to 72 minutes. 4,5
The last possible configuration of electrons in the two degenerate π∗ -orbitals corresponds to the second excited state. Again, the spin configuration is singlet, therefore
antisymmetrical, and the spatial-part of the wavefunction is symmetrical. However,
one of the electrons resides in π∗+ orbital and the other in π∗− orbital, yielding wavefunction

1
(1.4)
Ψ = π∗+ (1)π∗− (2) + π∗+ (1)π∗− (2) (|↑↓i − |↓↑i)
2
The corresponding term symbol is 1 Σ+
g and the excitation energy EΣ = 157 kJ/mol =
−1
13 121 cm = 1.63 eV = 762 nm. The lifetime of 1 Σ+
g is short, often in subnanosecond
range in condensed phase,∗ since it undergoes a quick spin-allowed transition (mainly
nonradiative) to the lowest excited state 1 ∆g induced by collisions with solvent. 4,7–9
1
The energy of the 1 Σ+
g ↔ ∆g transition is ≈ 62 kJ/mol = 1920 nm and can be probed
by absorption measurements.
From a fundamental point of view, the introduced quantum states of molecular
oxygen provide an ideal system to study the phenomena underlying the Hund’s rules
1
1 +
and the energy differences between 3 Σ−
g , ∆g , and Σg nicely quantify the effect of
pairing and unpairing electrons in two degenerate orbitals. Moreover, the weak optical
transitions between these states provide excellent examples of selection rules. 10 The
quantum mechanics of the oxygen excited states is in more detail discussed in the
excellent review by Schweitzer and Schmidt 4 and other papers. 1,2
The lowest excited state 1 ∆g is much more relevant to many applications than the
1 Σ+ and it has been more intensely studied. Therefore, many works use the term singlet
g
oxygen and abbreviation 1 O2 as a synonym for 1 ∆g state. This convention will be kept
in the following text too.

1.2

Deactivation of Singlet Oxygen

As an excited state, singlet oxygen can exist only for a relatively short period of time.
1 O can be considered a metastable excited state, because it’s lifetime (τ ) is usually
2
∆
much longer than lifetimes of singlet excited states of other molecules, due to its different spin multiplicity from the ground state. The lifetime of 1 O2 severely depends on the
surrounding medium and can span from hundreds of nanoseconds in biological samples to tens of minutes in diluted gas phase. There are three basic processes leading to
deactivation of 1 O2 : chemical reactions, physical quenching, and radiative deactivation
∗ The

1
4
rate of 1 Σ+
g conversion into ∆g is strongly solvent dependent. In some solvents, e.g. in CCl4 ,
6
the lifetime of 1 Σ+
g can be as long as 130 ns.

7

by emission of photon. In a diluted gas, the radiative deactivation is the only possible decay channel, since the physical and chemical quenching require interactions of
1 O with other molecules. In condensed phase, all three mechanisms take part, but the
2
physical and chemical intermolecular quenching become dominant. During physical
quenching, energy is transferred, but the chemical entities remain the same, whereas in
chemical quenching 1 O2 reacts with other molecules giving rise to oxidation products.
Often, a given molecule can show both chemical and physical quenching mechanisms
simultaneously.
If τ∆ is the average lifetime of a 1 O2 molecule which undergoes only a particular
deactivation process, then the reciprocal of the lifetime corresponds to the deactivation rate of this process, kd = 1/τ∆ . These rates are conveniently used to describe
the efficiencies of individual deactivation processes. In case of collisional quenching
(chemical or physical), the quenching efficiency is expressed by a bimolecular rate kq
measured in units of M−1 s−1 . In liquids, every encounter of two molecules consists of
a set of repeated collisions due to the cage effect. 4 If the quenching is very effective,
then every such encounter of 1 O2 with the quencher results in 1 O2 deactivation and the
quenching rate is determined only by frequency of the encounters. Then we say that
the quenching is diffusion limited, where the diffusion limit kdiff represents the upper
limit for the bimolecular collisional quenching rate. The value of kdiff for quenching
of 1 O2 can be estimated by equation
kdiff =

4RT
η

(1.5)

where η is viscosity of the solvent and T thermodynamic temperature. The equation
yields kdiff ≈ 2.1 × 1010 M−1 s−1 for tetrahydrofuran, and kdiff ≈ 1.1 × 1010 M−1 s−1
for water. However, it has been noted that this equation may still underestimate kdiff
for small molecules such as oxygen. 11 The experimental value of diffusion-controlled
limit for rates of reactions with O2 was reported kdiff ≈ 3 × 1010 M−1 s−1 in common
organic solvents at room temperature. 4,12 These numbers are only approximative, but
they provide a useful reference values which the quenching rate constants can be compared to.
The bimolecular 1 O2 -quenching rates of thousands of molecules can be found in
the extensive compilation by Wilkinson 3 and some of them are shown in the table 1.1.
It has to be remembered that the reported bimolecular quenching rates depend strongly
on a number of parameters, such as nature of the solvent, viscosity, pH, protonation of
the quencher etc.

1.2.1

Reactivity of Singlet Oxygen

The chemistry of singlet oxygen significantly differs from that of the ground state
molecular oxygen. The special reactivity of 1 O2 towards various target molecules is the
main reason for the research interest in the field. The unusual electronic configuration
of the ground state oxygen prevents it from direct reactions with many other molecules,
whose ground state is closed-shell spin singlet. The reactivity of 1 O2 towards certain
molecules is orders of magnitude stronger. 1 O2 is strongly electrophilic with oxidation
potential approximately 1 V larger than that of the ground state oxygen. 24 As such it is
able to attack and rapidly oxidize the electron rich unsaturated carbon-carbon double
bonds, or nucleofils such as sulfides and amines, where the 1 O2 reacts at the lone
8

Table 1.1: Overall rate constants of 1 O2 quenching by various intracellular and biologically relevant molecules.
quenching rate
M−1 s−1

conditions

ref.

H2 O

4.5 × 103

—

3

β-carotene

10.9 × 109

THF

13,14

unsaturated fatty acids

∼ 105

CH3 CN

3

aminoacids

∼ 107

pH 7

15

guanosine

6.2 × 106

D2 O, pD 7.4

16

ascorbate

3.1 × 108

D2 O/acetonitrile

17,18

tocopherols

∼ 108

ethanol

19,20

billirubin

2.5–4 × 109

chloroform, D2 O

21,22

human serum albumin

2.6 × 108

PBS/D2 O, pD 7.8

22

NaN3

4.78 × 108

D2 O

3,23

DABCO

2.2 × 108

toluene

3

(Trp, Hys, Tyr, Cys, Met)

pair of heteroatoms. 24 The chemical reaction rates differ a lot for different molecules,
which shows that singlet oxygen has a clear preference for specific targets while it is
relatively harmless for the others. 10
The typical reactions with carbon-carbon double bonds are ene reaction, [2+2] cycloaddition, and [4+2] cycloaddition (see figure 1.2). In ene reaction, whose name
is derived from alkene, the oxidation reaction yields a hydroperoxide and the double
bond is shifted. In cycloaddition reactions, one double bond is lost and two π-electrons
become σ-electrons, yielding endoperoxides as oxidation products. The numbers in
square brackets stand for the lengths of the involved atomic chains, where oxygen is
considered to be a chain of length equaling 2. The [4+2] cycloaddition is a reaction
with conjugated dienes. An important sub-group are the reactions of 1 O2 with furans,
which can yield a variety of products and thus it is a promising tool in synthetic chemistry. 25
A biologically important example of reaction with carbon-carbon double bond is
the oxidation of unsaturated fatty acids and cholesterol, crucial constituents of cellular membranes. The oxidation products are lipid hydroperoxides, which are highly
reactive and can initiate a free radical chain reaction in presence of ferrous ion. As
an interesting illustration of lipid oxidation, it has been reported that 1 O2 can act as
an antivirotic agent against enveloped viruses, because the oxidation of unsaturated
phospholipids in the viral membrane leads to changes of its biophysical properties,
decreased membrane fluidity, and subsequent inability to acquire the extreme curvature necessary for virus-cell fusion. 26,27 The importance of reactions with unsaturated
lipids is even increased by the fact that many photosensitizers are lipophilic and accumulate in the membranes.
Apart from unsaturated lipids, singlet oxygen can readily react with variety of
9

Figure 1.2: Reactions of 1 O2 with a carbon-carbon double bond. Adapted from ref. 24
biomolecules. In accordance with the presented reaction pathways, 1 O2 can efficiently
oxidize aromatic aminoacids histidine, tryptophan, tyrosine, and sulfur-containing methionine and cystein with bimolecular reaction rates in the order of 107 M−1 s−1 . 15
Therefore, proteins are the major target for 1 O2 in living cells. 1 O2 also reacts with
nucleic acids, preferentially with guanosine, where the heterocyclic imidazole ring is
oxidized by [4+2] cycloaddition. 24 As an effective oxidant, 1 O2 can also undergo either
one- or two-electron reduction yielding superoxide anion or peroxide ion, respectively.
1 O can be efficiently reduced by ascorbate, a reducing antioxidant which is one of
2
the most potent chemical quenchers of 1 O2 with reaction rate of k = 3.1 × 108 M−1 s−1
in D2 O/acetonitrile. 17,18 1 O2 can readily react with the lone pair of heteroatoms in
amines, sulfides, organometalic complexes, and others.
Due to its reactivity, 1 O2 is classified as a reactive oxygen species (ROS), 28 together with a variety of other molecules, such as hydroperoxide H2 O2 and radicals
•–
•
•–
(e.g. superoxide O•–
2 , hydroxyl OH , and peroxyl ROO radicals). Among these, OH
is the most reactive and exhibits a very short lifetime in biological media. Superoxide
and hydroperoxide are less reactive and longer lived, but they still can be very harmful
and are therefore enzymatically removed by superoxide dismutase and catalase. There
is no enzyme known to deactivate 1 O2 (the lifetime of 1 O2 is short and a very large
concentration of the enzyme would be needed to induce any appreciable effect). The
ROS often interconvert one into another in biological systems. For example, peroxides produced in 1 O2 reactions often have relatively low dissociation energy and may
cleave in radicals, which can initiate radical chain reactions and yield a variety of final
products. 29

1.2.2

Physical Quenching

Three basic mechanisms of physical quenching due to intermolecular interactions are
recognized: electronic-to-vibrational energy transfer (e-v-ET), electronic energy transfer (EET), and charge-transfer-induced quenching (CTQ).
Electronic-to-vibrational energy transfer (e-v-ET):
The excitation energy of 1 O2 can be dissipated into vibrational modes of the solvent.
This occurs in all solvents, but the deactivation rates are strongly solvent-dependent.
10

It turns out that O-H bonds are among the best e-v energy sinks, with bimolecular quenching rate of ke-v (O-H) = 2290 M−1 s−1 . This is very small compared to,
for example, bimolecular quenching rates by carotenes (discussed further), but the
huge amount of solvent molecules makes the e-v mechanism very important. Due
to the presence of two O-H bonds, H2 O exhibits the shortest lifetime of 1 O2 ammong common solvents, τ∆ ≈ 4 µs, which corresponds to e-v-ET deactivation rate of
kd = 1/τ∆ = 0.25 × 106 s−1 .
The e-v quenching efficiency rapidly decreases with decreasing vibrational frequency. If H is replaced with the heavier deuterium, the vibration frequency of the
O-D bond is smaller and the e-v-ET is much less efficient, resulting in 1 O2 lifetime
of τ∆ = 68 µs in pure D2 O. 3,30 Deuteration of other solvents also leads to significant
prolongation of 1 O2 lifetime. The 1 O2 lifetime in pure organic solvents is usually tens
of microseconds, but perhalogenated solvents such as CCl4 or C6 F6 exhibit very inefficient e-v ET leading to 1 O2 lifetimes even in millisecond range. 31 Generally, the
deactivation rates due to e-v-ET fall approximately in the range ∼ 103 –106 s−1 . Lifetimes of 1 O2 and corresponding deactivation rates in selected pure solvents are shown
in table 1.3.
As mentioned earlier, H2 O is one of the best 1 O2 deactivators among common solvents. This is another example of exceptionality of water, which shows many extreme
properties, such as huge heat capacity, strange behavior related to thermal expansion,
and many others, which are essential for life on Earth. Efficient deactivation of 1 O2 in
water is indeed important for life, since it greatly reduces oxidative stress which would
otherwise be imposed on the organisms.

Table 1.2: Deactivation rates of 1 O2 for selected bond groupings. 32
OH
OD CH3 C−O C − Cl
deactivation rate [M−1 s−1 ]

2290

165

550

100

. 1 31

Table 1.3: Lifetimes and decay rates of 1 O2 in selected solvents according to. 3
τ∆ [µs]

k∆ [s−1 ]

H2 O

4

2.5 × 105

D2 O

68

1.5 × 104

ethanol

13

7.9 × 104

THF

21

4.8 × 104

toluene

29

3.4 × 104

acetone

51

2.0 × 104

C6 F6

25000

4.0 × 101

ref. 31

CCl4

87000

1.1 × 101

ref. 31
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Electronic Energy Transfer (EET):
In this process, the excitation energy of 1 O2 is transferred to the molecule of a quencher
which is brought to an electronic excited state. This requires that the energy of the
excited state of the quencher is not higher than the energy of 1 O2 . The efficiency of 1 O2
quenching in interaction with another molecule is again expressed by a bimolecular
quenching rate constant kq .
Among the most effective quenchers of 1 O2 in nature are carotenoids (e.g. βcarotene), organic dyes with a linear system of conjugated double bonds. Carotenoids
in singlet ground state interact with 1 O2 resulting in the excited triplet carotenoid and
triplet ground state oxygen
1

Car + 1 O∗2 → 3 Car∗ + 3 O2

(1.6)

The 3 Car∗ then harmlessly decays by energy dissipation. This process of physical
quenching by electron exchange energy transfer is the most important mechanism
of 1 O2 quenching by carotenoids. 14 Carotenoids are found in skin, eye-macula, or
photosynthetic apparatus, where they have an important protective role against singlet oxygen. 28,33–35 In photosynthesis, 1 O2 can be generated by energy transfer from
triplet states of chlorophylls as an unwanted by-product. The bimolecular rate of 1 O2
quenching by carotenoids is in the order of 1010 M−1 s−1 in solutions and it increases
with the number of conjugated double bonds (e.g., kq = (10.9 ± 0.5) × 109 M−1 s−1 for
β-carotene and kq ≈ 17 × 109 M−1 s−1 for lycopene in benzene). 13,14
Charge-transfer-induced quenching (CTQ)
CTQ is exhibited by molecules with triplet energy ET > E∆ = 94 kJ/mol and low oxidation potentials. The quencher and 1 O2 form an exciplex in singlet state, which is
stabilized by charge transfer from the quencher to the electrophilic oxygen, and usually
dissociates to the ground state quencher and ground state O2 without charge separation. 4
The CT-induced deactivation was found to be the major deactivation pathway for
broad variety of molecules, such as aliphatic and aromatic amines (e.g. diazabicyclo[2,2,2]octane – DABCO), where the lone electron pair is involved in the formation
of CT complex, azides (e.g. NaN3 ), various biomolecules (e.g. vitamin E, ascorbate,
guanosine), and others. Especially NaN3 and DABCO are often used in research experiments as powerful and specific 1 O2 quenchers to prove that a certain investigated
process is mediated/caused by 1 O2 . The 1 O2 quenching rates were reported to be
kq = 4.78 × 108 M−1 s−1 for NaN3 in D2 O 3,23 and kq = 2.2 × 108 M−1 s−1 for DABCO
in toluene. 3 NaN3 has been successfully used to quench 1 O2 in cells, where it is able to
penetrate through cellular membranes. 36,37 In our works, NaN3 has been usually used
to show that the observed luminescence is indeed due to singlet oxygen. 38–40 Nevertheless, in this kind of experiments, it is always a good manner to prove that the 1 O2
quencher does not quench the excited states of the photosensitizer. 38

1.2.3

Radiative Deactivation - Phosphorescence of Singlet Oxygen

The first excited state 1 ∆g exhibits a weak near-infrared (NIR) phosphorescence band
around 1275 nm. The wavelength of the emission maximum changes only very little
with solvent and it can be found in the range 1268–1280 nm. The shorter wavelengths
12

are found in gas phase, whereas the longer ones in aromatic solvents; a correlation of
wavelength shift with polarizability of the solvent was observed. 41,42 The phosphorescence band is rather narrow, usually with half-width around 100 cm−1 (16 nm) in most
solvents. 42 This principal emission of 1 ∆g corresponds to the transition between the
lowest vibrational levels of electronic states (i.e. 0-0 transition), while the 0-1 transition at 1588 nm is ≈ 60× weaker in liquids. 4 This is due to the fact that the bond
length in oxygen molecule is almost the same for the ground state and singlet excited
states, so the Franck-Condon factors decrease rapidly if the vibrational levels are not
equal. 4
Monitoring of phosphorescence is the most unambiguous method for detection of
1 O , and it is often called direct detection. The position of the emission band com2
monly does not interfere with luminescence of other molecules, and its relatively narrow shape makes the phosphorescence around 1275 nm a very specific footprint of
singlet oxygen. A great drawback is the very low radiative rate constant and phosphorescence quantum yield.
The optical transition from 1 ∆g to the ground state 3 Σ−
g is strictly spin-forbidden
and electric dipole-forbidden: the selection rules require ∆S = 0, the change of the
parity g↔u, and ∆Λ = 0, ±1). 5,10,42 The optical transition is allowed as a magnetic
dipole and electric quadrupole process, but these interactions between the molecule
and radiation field are very weak. 4,43† Hence, the optical transition is considered as
one of the most forbidden in nature 4,44 with oscillator strength ∼ 10−12 in gas phase
and ∼ 10−9 in liquids. 41,45
In gas phase at very low pressure, the phosphorescence emission is the only possible deactivation process, with the radiative rate constant (Einstein A-coefficient) of
kr = 2.3 × 10−4 s−1 , 5,46,47 as derived from a cavity ring-down spectroscopy experiment. 5 This corresponds to a natural lifetime of τ = 1/kr = 72 mins. In order to increase the probability of the transition, mixing of quantum states due to perturbations
has to occur.
In condensed phase, the intermolecular perturbations of the oxygen molecule remove partially the forbiddenness of the transition, which leads to much shorter natural lifetime and much larger radiative rate constant: e.g. kr = 1.5 s−1 in benzene 1,4
and kr = 0.11 s−1 in H2 O 48 (some publications state 0.2 s−1 ). 4,49 The value of kr is
strongly solvent-dependent, since it correlates with refractive index (or polarizability)
of the solvent, similarly to the beforementioned emission wavelength shift. Values
of kr can change by factor of 20 depending on the solvent. 4,48,50 As a matter of fact,
majority of the common solvents exhibit larger values of kr than water.
Although the radiative rate kr is increased substantially in condensed phase, the
nonradiative deactivation rate constant knr grows much more and it is very strongly
solvent dependent. Values of knr usually fall in the range 103 –107 s−1 (see section
1.2.3), which is several orders of magnitude larger than radiative rates. 3,30 The quantum yield of 1 O2 phosphorescence Φph can be calculated as Φph = kr /(kr + knr ). The
phosphorescence quantum yield is especially low in water-based biological systems
( Φph ≈ 4 × 10−7 in neat H2 O and even smaller in cells), since knr in water is large
(≈ 2.5 × 105 s−1 ) and the radiative rate kr is low (≈ 0.11 s−1 ) compared to other solvents. Within a cell, Φph can be several times larger in lipid-based compartments than
in the water-based ones due to differences in kr and knr . 51 Early studies on 1 O2 phos† It

has been shown that the dipolar interaction between the magnetic component of radiation field
and magnetic field from electronic orbital motion in oxygen is the most important. 43,44
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phorescence were usually conducted in organic solvents such as CCl4 or C6 F6 , where
the Φph is dramatically larger, above 10−2 , 52 mainly due to the decreased knr (see section 1.2.2). In many organic solvents, such as toluene, the values of Φph often fall in
the range 10−5 − 10−4 . 52
Although the observation of 1 O2 in biological systems is particularly challenging,
much progress has been made in optical technology and technology of infrared detectors in the recent years, which made it possible to study the action of 1 O2 directly in
living cells and in tissues during photodynamic therapy. 10,36,53–56 Anyway, in many
situations, it is still often necessary to circumvent the low Φph in order to be able to
observe 1 O2 . As mentioned earlier, a trick commonly used to increase the Φph in
water-based systems is the replacement of H2 O by D2 O, which leads to dramatic reduction of knr (lifetime grows from 3.5 µs in pure H2 O to 68 µs in D2 O) 3 and thus
enhancement of Φph . This isotopic exchange has been successfully used also in studies of living cells. It has been shown that D2 O did not induce cell death during the
time-frame of the experiment. 57,58 However, various cell functions can be altered by
D2 O, so these systems has to be considered only as models of the real living biological environment. Other possible approach to increase phosphorescence rate is through
enhanced spin-orbit coupling by proximity of a heavy atom, e.g. iodine or bromine.
Another strategy is based on the concept exploited in Surface Enhanced Raman
Scattering (SERS), which is a well-established method to increase the intensity of the
very weak Raman signal. 59,60 In SERS, the studied molecule of scatterer is deposited
on a nanostructured metal surface (e.g. silver, gold) which exhibits surface plasmon
resonance at the illumination wavelength. The coupling with the resonant plasmon
field leads to a dramatic increase of Raman signal by many orders of magnitude. A
similar approach has been tested for enhancement of luminescence. 61,62 The investigated molecule has to be placed in an appropriate distance, between ∼ 5–30 nm, 10,62
from a metallic nanoparticle or nanostructured surface. Too close proximity leads
rather to quenching and therefore it is needed to separate the molecule from the nanostructure by a spacer. Successful attempts of enhancement of 1 O2 phosphorescence
have been reported with silver island films 63 or golden nanodiscs/nanorods with plasmon resonance tuned at around 1275 nm (enhancement of radiative rate by factor of
3.5). 64,65 However, the authors hypothesize that enhancement factors of several hundreds may be achievable. 64 These enhancements are very substantial, but of course
cannot compete with those achieved in SERS. Golden nanoparticles are quite popular in medical research in recent years. Nanoplatforms based on golden nanoparticles
conjugated with photosensitizers have been proposed for the use in PDT, 66–69 so it is
possible to consider the plasmonic enhancement also in this context.

1.3
1.3.1

Generation of Singlet Oxygen
Photosensitization

The most important way of 1 O2 production in biology and technology is photosensitization (Figure 1.3), where a light-excited molecule transfers its excitation energy to the
ground state oxygen giving rise to 1 O2 . A photoactive molecule, photosensitizer (PS),
absorbs photon and is brought to one of its excited singlet states (Sn ), from where it
rapidly relaxes (∼ 10−12 s) by internal conversion to the first excited singlet state (S1 ).
The S1 state can be deactivated by i) emission of fluorescence photon, ii) internal con14

S1

T1
1O (1Δg)
2

abs.

S0

3O (3Σ-g)
2

PS

Figure 1.3: Jablonski diagram for the photosensitizing process.
version to the ground state S0 , or iii) intersystem crossing (ISC) to the triplet T1 state.
ISC can be very efficient and it is the major pathway of S1 state deactivation for many
photosensitizers. The lifetime of the S1 state of PS is usually in nanosecond or subnanosecond range, while the lifetime of T1 state is several orders of magnitude longer,
often in microsecond range. Therefore, there is enough time for other molecules to
diffuse and interact with the T1 PS in a collision.
The triplet state of PS can undergo two basic pathways. Type I reactions involve
hydrogen-abstraction or electron-transfer between the PS and substrate, which leads to
formation of free radicals. In Type II mechanism, the excitation energy of the triplet
state of PS is transferred to the ground state oxygen, yielding 1 O2 and ground state PS
(S0 )
T1 + 3 O2 → S0 + 1 O2 .
(1.7)
The bimolecular rates of PS triplet quenching by oxygen leading to 1 O2 formation are
approximately 109 –1010 M−1 s−1 in common solvents 4,6 (e.g. ≈ 2 × 109 M−1 s−1 in
water), and this process is often by far the most important channel of PS triplet deactivation. Therefore, the quantum yields of 1 O2 (Φ∆ ) can be very large, approaching
unity for certain porphyrins, aromatic ketones (e.g. phenalenone), fullerenes, and others. 13,70,71 The efficiency and the rate of the reaction is influenced by several factors,
such as PS triplet energy ET , oxidation potential, solvent polarity, and others. 4 The
energy of PS triplet ET has to be larger than E∆ = 94 kJ/mol, which is very common.
The excess energy ∆E = ET − E∆ is dissipated mainly into vibrational modes of the
PS. If ET > EΣ = 157 kJ/mol, then the higher singlet state 1 Σ+
g can be photosensitized,
1
which however rapidly and efficiently interconverts into ∆g .
Interestingly, oxygen quenches also the S1 states of PS very efficiently with rate
constants approaching diffusion-controlled limit. 72 The main pathway for this quenching is most probably the enhanced ISC, where T1 state PS and 1 O2 are formed in a
spin-allowed process 4
S1 + 3 O2 → T1 + 1 O2 .
(1.8)
In this case, the singlet-triplet energy gap ∆EST has to be larger than E∆ = 94 kJ/mol,
which is fulfilled, for example, for many polycyclic aromatic hydrocarbons, such as
rubrene, pyrene, or anthracence derivatives. As a consequence, the overall yields of
1 O in photosensitization can be larger than 1; specificaly, they may vary in the range
2
0–2. 73 However, the S1 quenching by oxygen in the interaction (1.8) competes with
fast intramolecular deactivation processes (fluorescence and nonradiative internal conversion) and therefore its efficiencies are substantially smaller than unity. For most
15

Figure 1.4: Structural formula and absorption spectrum of tetraphenylporphyrin in
dimethylformamide.
PSs, the reaction of oxygen with PS triplets according to (1.7) is the most important
pathway of 1 O2 generation.
There is a huge variety of molecules which are able to efficiently photosensitize
1 O , many of which are abundant in nature. Among these belong tetrapyrroles (por2
phyrins and their derivatives, chlorophylls, bacteriochlorins, phthalocyanines etc.),
aromatic hydrocarbons and ketones (anthracene derivatives, quinones, hypericin, etc.),
xanthene and thiazinium dyes (rose bengal, methylene blue, etc.), flavines, and many
others. For our work, porphyrin-like sensitizers are especially relevant. The basic
structure of porphyrins is formed by four pyrrole subunits interconnected by methine
bridges. This produces a large system of highly conjugated double bonds which is
responsible for the strong absorption bands in the visible spectral region. The figure
1.4 shows the absorption spectrum of a typical representative – tetraphenylporphine.
The strongest band around 420 nm corresponds to absorption to higher singlet states,
whereas the less intense bands in green and red, Q-bands, correspond to S1 and S2
state absorption and their vibrational overtones. The excited S1 state efficiently interconverts into the T1 state which is able to sensitize singlet oxygen. The properties
of the porphyrin sensitizers can be modulated by substituents, modifications of the
tetrapyrrole core, or by coordination of a metal ion into the center of the macrocycle.
The modifications of the macrocycle core leads to derivatives such as chlorins‡ , bacteriochlorins, phthalocyanines, porphycenes, etc., which have quite different properties
and absorption spectra with strong absorption bands in red. 74
The research of new photosensitizers is very active and new more efficient ones
are being developed for various applications, mainly photodynamic therapy (section
1.4.1). 75 In the field of photodynamic therapy, new PSs with better affinity and selectivity for tumor are sought, as well as PSs with enhanced absorption in the deep red portion of spectrum, which are the wavelengths that best penetrate into tissues. 76–79 Twophoton red and NIR absorbing dyes are also under investigation. 10 The development
‡ For

example, chlorophylls are chlorins with Mg2+ cation coordinated in the center of the macrocy-

cle.

16

of these dyes is challenging, since the two-photon absorbing cross-sections are normally very low. Moreover, two-photon absorption is generally facilitated in molecules
that undergo the intramolecular charge transfer in the excited state, which is usually
not conductive for formation of 1 O2 by energy transfer from the PS. 29 The community has also put an effort into development of genetically-encoded protein-encased
photosensitizers. The protein pocket around the PS dye ensures stable environment
and photophysical properties independent of the placement in the cell. Variants of the
very popular Green Fluorescent Proteins (GFP) have been shown to produce 1 O2 to
some extent, although with low efficiencies. 80,81 New protein designs using flavine
mononucleotide as the encased photosensitizer have been recently developed showing much larger 1 O2 quantum yields. 82,83 Interestingly, also inorganic nanostructures
such as carbon quantum dots, porous silicon, silicon nanocrystals, and black phosphorus have been shown to sensitize 1 O2 very efficiently, 73,84,85 which can be beneficial
to medical and technological applications. Among the big advantages of nanoparticles as PSs is their spectral tunability, photostability, and possibility to attach various
functional groups. 68

1.3.2

Kinetics of 1O2 Luminescence During Photosensitization

If the photosensitizing process is induced by a short laser pulse, then the momentary
time-dependent concentration of 1 O2 after the excitation pulse can be measured by
means of time-resolved luminescence spectroscopy, providing important information
about formation and deactivation of 1 O2 and PS triplet. First, the PS triplets are generated almost immediately (in nanosecond range) via intersystem-crossing. Then the
triplets are quenched by ground state oxygen giving rise to 1 O2 , whose concentration
gradually increases as the energy is being transferred from PS triplets to oxygen. However, the generated 1 O2 molecules are constantly being deactivated with rate k∆ = 1/τ∆ .
These processes can be described by a set of differential equations
d
[T1 ] = −kT∆ [T1 ][O2 ] − kT0 [T1 ]
dt
d 1
[ O2 ] = kT∆ [T1 ][O2 ] − k∆ [1 O2 ]
dt

(1.9)
(1.10)

where kT∆ is the bimolecular rate constant for the photosensitizing process, kT0 represents other pathways of PS triplet deactivation, [O2 ] is concentration of ground state
oxygen, and k∆ is the overall rate of 1 O2 deactivation. Here we assume that [O2 ], kT0 ,
and k∆ are constant in time, i.e. we neglect oxygen depletion and disregard that T1 may
be deactivated for example in collision with 1 O2 (see section 1.5.3). The first equation
then yields that [T1 ] is a monoexponential decay
0

[T1 ](t) = [T1 ](0)e−(kT∆ [O2 ]+kT )t = [T1 ](0)e−kTt = [T1 ](0)e−t/τT

(1.11)

where kT is the overall triplet deactivation rate and τT the corresponding triplet state
lifetime. The [T1 ](t) can be then substituted into the second equation (1.10), which can
be easily solved by variation of constants. Setting the initial condition [1 O2 ](t = 0) = 0,
the solution is
[1 O2 ](t) = [T1 ](0)

kT∆
τ∆
(e−k∆t − e−kT t ) = [T1 ](0) f
(e−t/τ∆ − e−t/τT ) (1.12)
kT − k∆
τ∆ − τT
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Figure 1.5: Calculated kinetics of 1 O2 and PS triplet state in water after a short excitation pulse (τT = 2 µs, τ∆ = 4 µs).
where f = kT∆ /kT = Φ∆ /ΦT is the efficiency of the photosensitization energy transfer.
This is a biexponential function with a rise-part and decay-part (Figure 1.5). If τ∆ > τT
(typically in air-saturated solutions), then τ∆ describes the decay part and τT represents
the rise-part. If τ∆ < τT (typically in living cells and tissues), then it is the other way
around: τ∆ is the rise-time and τT the decay time. However, in a new studied system it
is generally not known which of the lifetimes is shorter and thus it can be difficult to
assign correctly the τ∆ and τT lifetimes to the rise- and decay-times, sometimes leading
to misinterpretations. This issue can be addressed by performing isotopic exhange H/D
or adding quenchers specific to 1 O2 , which will affect only τ∆ , or by changing oxygen
concentration, which will affect primarily τT .
The kinetics of 1 O2 are most conveniently measured by time-resolved detection of
1 O phosphorescence decay after an excitation laser pulse. This provides both τ and
2
∆
τT , the key parameters which are dependent on interactions of the excited species with
other molecules.

1.3.3

Other Ways of Singlet Oxygen Generation

Photosensitization is the most important way of 1 O2 generation in technology and
biological systems. However, there are several other processes leading to formation of
1 O : 86
2
Chemical reactions: 1 O2 have been traditionally prepared chemically in the reaction of hydroperoxide with hypochlorite
H2 O2 + OCl− → 1 O2 + Cl− + H2 O

(1.13)

Among other chemical ways of 1 O2 formation is the thermal decomposition of endoperoxides or phosphite ozonide. 87
Photolysis of ozone: Singlet oxygen is formed in atmosphere in the process of
ozone photolysis by UV radiation. 2 This gives rise to the atmospheric airglow in nearinfrared. 5
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Electrical discharge: Singlet oxygen is generated during electric discharge in
gaseous oxygen together with other species such as oxygen atoms and ozone. Generation of 1 O2 by gaseous discharge is involved in electric oxygen-iodine laser. 88,89
Direct excitation: It has been shown that a cytotoxic amount of 1 O2 can be produced in living cells by direct laser excitation of 1 O2 at 1270 nm. 90–92 Arguably a more
important source of 1 O2 might be the direct laser excitation of 1 Σ+
g at 765 nm, which
1
93
1
then rapidly interconverts to ∆g . It has also been shown that O2 can be produced
via 0-1 transition by YAG laser excitation at 1064 nm in liquid oxygen. 43

1.3.4

Natural Processes of 1 O2 Generation

Singlet oxygen is produced in a variety of natural processes. The nature is virtually
full of light, oxygen and organic dyes, and therefore photosensitized formation of 1 O2
is very common. The photosensitized 1 O2 is involved in degradation of polymers,
biomolecules, and aging in general. For example, yellowing of lignin in old paper has
been attributed to 1 O2 induced oxidation. 7 Importantly, 1 O2 is an unwanted by-product
of photosynthesis, where it is produced by photosensitization from triplet states of the
chlorophylls. 35 The nature has evolved several protective mechanisms to prevent the
oxidative damage by 1 O2 ; one of them is the placement of carotenoids in the photosynthetic apparatus, which quench both 1 O2 and chlorophyll triplets. 33–35 Singlet oxygen
can be generated in atmosphere by photosensitization from air-pollutants such as polycyclic aromatic hydrocarbons or by photolysis of ozone. 5,94 Last but not least, it has
been reported that 1 O2 is produced in enzymatic reactions by cells of immune system
(white blood cells) as a part of non-specific immune response. 28,95

1.4

Applications of Singlet Oxygen

As mentioned before, singlet oxygen is an interesting species from a fundamental point
of view, since it allows us to study and quantify phenomena such as electron pairing
and perturbations of forbidden transitions. Singlet oxygen also plays a very important
role in natural processes (section 1.3.4). Moreover, due to the special reactivity of 1 O2 ,
many biomedical and technological applications have been developed.
Singlet oxygen has cytotoxic and antimicrobial effects, which is exploited to fight
cancer and infections by photodynamic therapy (PDT). As the most important application, various forms of PDT are discussed separately in the next section. Apart from
medical applications, photosensitized 1 O2 can be used in waste-water treatment technologies and disinfection of drinking water, potentially using sun light as an economic
solution. 7 The selective reactivity of 1 O2 can be exploited in fine chemical synthesis,
where endoperoxides and allylic hydroperoxides originated in reactions with 1 O2 represent important building blocks. 7,24 Particularly, the [4+2] reaction of 1 O2 with furans
initiates reaction cascades which can yield a rich variety of final products. 25 Various
applications of 1 O2 are overviewed in Figure 1.6.

1.4.1

Photodynamic Therapy

Photodynamic therapy (PDT) is arguably the most important application of singlet
oxygen. It is most frequently used to treat cancer and other lesions, such as actinic keratosis or age-related macular degeneration. In this approach, cytotoxic singlet oxygen
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Figure 1.6: Overview of natural roles and applications of 1 O2
is specifically generated in the cells of the diseased target tissue which leads to cell
death. 76,77,96–99 There are three crucial components of PDT: light, photosensitizer and
oxygen.
First, the PS is administered to the patient and it selectively accumulates in the
tumor cells. Selective accumulation can be induced by several mechanisms, such as
”enhanced permeation and retention effect (EPR) of tumor tissue” 100,101 or by attaching the PS to a molecule that targets receptors overexpressed in tumor cells. Then, the
diseased tissue is selectively irradiated by light at appropriate wavelengths coinciding
with PS absorption bands. The PS absorbs light and undergoes the intersystem crossing
to form PS triplets, which subsequently transfer their energy to oxygen, thus generating the cytotoxic singlet oxygen (see section 1.3.1). Singlet oxygen oxidizes various
important biomolecules, triggering processes eventually leading to cellular shut down,
either by apoptosis, necrosis or phagocytosis. The clinical effect of PDT can be due
to direct cell-death, stimulated immune response, or damage of vasculature leading
to ischemia of the target tissue. 77,99,102–104 The particular mode of action depends on
parameters of the treatment. For example, higher light doses favor necrosis, whereas
lower ones favor apoptosis. 77,105 There are two stages of selectivity in PDT: selective
accumulation of the PS and selective irradiation of the target tissue. This double selectivity is the main advantage of PDT over the conventional treatments – chemotherapy
and radiotherapy – since it greatly reduces the otherwise drastic side-effects.
Among the fundamental limitations of PDT belong the necessity of presence of
oxygen, complications with light delivery and homogenous irradiation of deep tumors,
relatively short light penetration depth (∼ millimeters) and the related issue of adequate
treatment of larger tumor masses, and troublesome PDT dosimetry (section 1.6.1). The
advantages and limitations of PDT were reviewed e.g. by Wilson and Patterson. 77
Most photosensitizers used in clinical PDT are derived from porphyrins, chlorins,
or bacteriochlorins. The archetypal pioneering photosensitizer, so called first generation PS, is hematoporphyrin derivative (HpD, sold as Photofrin), a mixture of various porphyrins derived from blood. Further development led to second generation
PSs with much better defined chemical structure, which show improved efficacy and
often exhibit enhanced absorption in red spectral region to improve the penetration
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Figure 1.7: The simplistic principle of photodynamic therapy of cancer. Figure adapted
from www.moderncancerhospital.com/cancer-treatments/photodynamic-therapy/
of the excitation light into the tissue. Among second generation PSs used in clinics
belong protoporphyrin IX, its precursor aminolevulinic acid (ALA) or methyl- and
hexyl-esters of ALA (sold as metvix and hexvix); verteporfin (visudyne) successfully
used for treatment of age related macular degeneration; chlorine derivatives temoporfin
(m-THPC, trademark Foscan), talaporfin (marketed for example as Laserphyrin), and
HPPH (Photochlor trademark); bacteriochlorin padoporfin (marketed as TOOKAD);
and others including phthalocyanines and texaphyrins. These PSs are approved for
treatment of wide range of cancer types – the clinical status is nicely reviewed in numerous works. 77,99,106
The current research is aimed at third generation PSs with improved selectivity for
tumor tissue. These photosensitizers are associated with a carrier, such as protein delivery vehicle or a nanoparticle, or conjugated with a biomolecule which targets receptors
specific to tumor cells or exhibits another special function. Design of more complex
photosentitizing drugs on the platform of nanoparticles with multimodal functionality
is a very promising new trend. New strategies in development of PSs for PDT are
reviewed in Publication IX and numerous papers. 66,67,75
A new emerging paradigm is antimicrobial photodynamic therapy (APDT) for
treatment of localized bacterial, fungal, and viral infections. 107–109 This approach becomes increasingly attractive due to the progressive antibiotic resistance among many
classes of pathogens. APDT has been proposed for treatment of oral, dental, wound
and burn infections, dermatological conditions (e.g. acne, psoriarsis), and others. 108
Most attention has been dedicated to cationic photosensitizers. APDT has numerous advantages: among others, it is not prone to development of resistance and it
is able to destroy the secreted virulence factors. 108 An interesting topic in APDT is
the role of stimulation of the host immune system, which deserves further investigation. 104,110 Photosensitizers are further used as pathogen reduction technologies for
blood products in transfusion medicine 7,27 and it has been proposed for extracorporeal
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photopheresis. 27 Self-sterilizing fabrics loaded with photosensitizers also have been
developed. 111–113
Another interesting medical approach exploiting 1 O2 photosensitization is photochemical internalization (PCI) for light-controlled drug release. 99,114 In this concept,
a macromolecular chemotherapeutic drug and an amphiphilic photosensitizer are delivered to the patient. The chemotherapeutic drug is accumulated inside the endocytic
vesicles and the photosensitizer incorporates in the membrane of the vesicle. Upon
irradiation by light, the membrane is destabilized by the generated 1 O2 and the drug
is released into the cytosol, where it finds its target. PCI can substantially enhance
biological activity of certain drugs by facilitating their translocation to cytosol, and
additionally it increases the selectivity of the treatment.

1.5

Detection of Singlet Oxygen

The detection and monitoring of singlet oxygen is a challenging problem. A plethora of
different methods have been developed to this end, but all of them have their specific
limitations. The choice of optimal detection method depends on the nature of the
sample and on the information which is to be found out. Both optical and non-optical
techniques are available.

1.5.1

Direct Detection

The most unambiguous method of 1 O2 detection is monitoring of its phosphorescence
around 1275 nm and therefore it is often called direct detection. Another big advantage
of the phosphorescence detection is the possibility of recording the phosphorescence
decay curve after a short laser pulse in a time-resolved experiment, which provides lifetimes of the involved excited species (see section 1.3.2) and brings a lot of information
about intermolecular interactions.
Direct detection is nowadays a standard method, however still only relatively large
concentrations of 1 O2 are detectable due to the inherently very low phosphorescence
quantum yields. The detection is further complicated by the fact that it appears in
near-infrared, since the NIR detectors usually suffer from relatively low quantum efficiency and high noise. Direct detection is especially challenging in biological systems.
Despite the complications, the time-resolved phosphorescence of 1 O2 is routinely measured from solutions of photosensitizers and from suspensions of cells incubated with
photosensitizers. 54,115,116 Singlet oxygen has been also detected microscopically from
single cells and subcellular regions and both phosphorescence decay traces and 1 O2 based images have been obtained. 10,58,117,118 In this case, the isotopic exchange of
H2 O for D2 O has been often used to increase the 1 O2 lifetime and phosphorescence
quantum yield. Direct 1 O2 detection from tissues during PDT treatment has also been
achieved, 36,56 including 1 O2 imaging. 55 The progress in detector science and optical
technology pushes the limits of direct detection further and increasingly interesting
research is enabled.
Originally, 1 O2 was detected by cryogenic germanium diode detectors. 119,120 These
were later replaced by photomultipliers (PMT) based on InP/InGaAsP or InGaAs sensitive up to 1400 nm with quantum efficiency of ∼ 2% (e.g. models R5509 and H10330
from Hamamatsu). 116,121,122 A typical experimental arrangement is the following: The
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Figure 1.8: A: Phosphorescence decay of 1 O2 in suspension of Jurkat cells incubated
with pheophorbide-a. Upper part: fresh cells, lower part: cells after a certain period
of illumination. Adapted from ref. 116 B: Microscopic image of 1 O2 phosphorescence
from mouse fibroblasts incubated with TMPyP. Fluorescence image is on the left for
comparison. Adapted from our paper. 39
sample is excited by a nanosecond pulsed laser and the NIR phosphorescence is collected and focused on the cathode of the PMT, which works in a single-photon counting
mode. The output pulses from PMT are fed into a multichannel counter, which counts
the pulses according to their arrival time after the excitation laser pulse and forms a
histogram corresponding to the luminescence kinetics. A more detailed description of
such setup can be found in section 3.1. Recently, InGaAs detector arrays and cameras have been introduced (e.g. NIRvana from Princeton Instruments and Xeva from
Xenics) which will enable wide-field imaging of singlet oxygen (see section 2.7). 39,55
Generally, the detectors for 1 O2 phosphorescence have to be cooled down to low temperatures to reduce the thermal noise.
Apart from NIR emission around 1275 nm, emission bands in the visible spectral
region at 703 nm and 635 nm have been observed. These bands correspond to dimol
emission where a complex of two 1 ∆g states emits photon and dissociates into two
ground state oxygen molecules. The energy of the 635 nm transition is approximately
twice the energy of one 1 O2 molecule and it corresponds to the pure electronic transition between ground vibrational states, whereas the 703 nm band is the (0,0)-(0,1)
vibronic transition. 87,123,124 Absorption bands corresponding to dimol transitions are
responsible for the bluish color of liquid oxygen. 86
Alternatively, singlet oxygen can be also monitored in a time-resolved absorption
experiment using the transition between 1 ∆g and 1 Σ+
g around 1920 nm. This is actually
a pump-probe technique analogical to the well-known triplet-triplet transient absorption. Andersen and Ogilby published a series of works on this topic and they finally
proposed that a microscope for 1 O2 monitoring could be constructed based on this
principle. 125–127 However, the luminescence-based detection techniques are generally
more sensitive than absorption techniques and have been much further developed.

1.5.2

Fluorescence and Absorption Probes

Singlet oxygen can be sensed by chemical traps – molecules which change their spectral/photophysical properties after chemical reaction with 1 O2 . This is the typical example of indirect detection. Absorption probes change their absorption spectra upon
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Figure 1.9: Singlet Oxygen Sensor Green (SOSG). At native state, an electron transfer
(ET) from anthracene moiety quenches the fluorescence of the fluorescein moiety and
the molecule is only weakly fluorescent. Upon reaction with 1 O2 , endoperoxide is
formed (SOSG-EP) and electron transfer is no longer efficient, which leads to a strong
increase in fluorescence of the fluorophore. Adapted from ref. 129
oxidation by 1 O2 . A well-known example is 9,10-diphenylanthracene (DPA), where
the formation of endoperoxides after reaction with 1 O2 is indicated by a decrease of
absorption at 355 nm. Absorption probes are easy to use, but they suffer from low
sensitivity and poor photostability. 128 They can be conveniently used to measure 1 O2
quantum yields in vitro, but they are generally not appropriate for microscopic imaging
of 1 O2 in cells.
Fluorescence probes are chromophores usually designed to change their fluorescence quantum yield upon reaction with 1 O2 . The oxidation product, often endoperoxides originated in [4+2] cycloaddition, can be either less fluorescent than the parent
molecule, e.g. diphenylbenzofuran (DPBF), or DanePy; or substantially more fluorescent, e.g. Singlet Oxygen Sensor Green (SOSG).
SOSG, which is commercially available, has gained considerable attention in recent years. It is almost non-fluorescent under normal conditions, but its photoluminescence intensity dramatically increases upon reaction with 1 O2 . SOSG consists of
two covalently linked components: An anthracene derivative as a 1 O2 trapping moiety,
and fluorescein derivative as a chromophore component (see figure 1.9). Normally,
the trapping anthracene moiety acts as electron donor and quenches the excited chromophore by intramolecular electron transfer. After reaction with 1 O2 , the trapping
moiety forms an endoperoxide which is no more an efficient electron donor. The chromophore is no longer quenched and the molecule becomes strongly fluorescent (≈
40-fold increase). 129 Although SOSG enabled innovative research in various biological systems, 130,131 it was found that it suffers from serious shortcomings. Most importantly, SOSG itself is able to sensitize 1 O2 , and especially the SOSG endoperoxide
(Φ∆ = 0.18 ± 0.02), 129,132 which is certainly an unwanted feature of a probe leading to
false-positive results. Recently, a SOSG derivative, named Aarhus Sensor Green, has
been shown to overcome this problem, but this probe still has to be more thoroughly
investigated especially inside living cells. 133
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The two-component paradigm has been exploited also in a new design based on furan trapping moieties linked to naphthoxazole fluorophore, which shows very high fluorescence enhancement upon reaction with 1 O2 , 134 and in rare-earth complexes, which
exhibit some distinct advantages such as long luminescence lifetime, large Stokes shift,
and sharp emission bands. 128
The obvious advantage of fluorescence probes based on chemical traps is the strong
signal and convenience of use in microscopy and imaging. On the other hand, there
are various potential drawbacks: nonperfect specificity to 1 O2 (e.g., they may respond
also to superoxide), endogenous production of 1 O2 , dependence of spectral properties
on the local microenvironment (e.g. solvent polarity or pH), or problems with colocalization of the probe with the site of 1 O2 production. The fundamental limitation of this
method is the inability to provide lifetimes of the excited species in the laser-pulsed
time-resolved experiments. Chemical traps and luminescent probes of 1 O2 have been
reviewed in various works, e.g. 128,135,136

1.5.3

Singlet Oxygen Feedback Delayed Fluorescence (SOFDF)

When a luminophore absorbs photon, it is brought to an excited singlet state Sn , from
where it rapidly relaxes to the first excited S1 state. The lifetime of the light-excited
S1 state is often in the nanosecond range and the emitted fluorescence is called prompt
fluorescence (PF). When the S1 state undergoes ISC, then the lifetime of the metastable
T1 state is much longer, in a microsecond range. In some occasions, a back energytransfer to the T1 state can occur, resulting in the reversed ISC and repopulation of the
S1 state, which can subsequently emit fluorescence. In this case, the emission is called
delayed fluorescence (DF) – it happens in time-scales typical for phosphorescence,
since T1 state is involved as an intermediate. Three basic types of DF are distinguished
according to the mechanism of energy transfer leading to the reversed ISC: thermal
activated DF, triplet-triplet annihilation DF, and singlet oxygen-feedback delayed fluorescence (SOFDF). These mechanisms are thoroughly reviewed in the Publication
VI. Here we describe the most important aspects of SOFDF, which can be potentially
employed as a tool for 1 O2 detection.
In SOFDF, the excitation energy of 1 O2 is used to repopulate the S1 state fluorophore. Upon collision of 1 O2 with T1 , the couple (S1 , 3 O2 ) is formed, and subsequently a photon may be emitted
T1 + 1 O2

→

(S1 , 3 O2 )

Φ0

F
−→

S0 + 3 O2 + hν ,

(1.14)

where Φ0F is the probability of the photon emission from the repopulated S1 . The process is depicted in Figure 1.10. The 1 O2 molecule, which was previously produced
by energy transfer from a T1 state of PS, serves as an energy carrier to induce the
T1 → S1 reversed ISC of another T1 state. Therefore, the word feedback standing for
F in SOFDF is indeed appropriate. The S1 -T1 energy gap ∆EST has to be smaller than
E∆ = 94 kJ/mol so that the reaction could be exothermic. It is fulfilled for many photosensitizers. 38 Notably, the formation of (S1 , 3 O2 ) in the reaction (1.14) is a reversed
process to the very efficient reaction (1.8), and as such it is also supposed to proceed
with large bimolecular rates. 137
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Figure 1.10: Scheme of the mechanism of Singlet Oxygen-Feedback Delayed Fluorescence.
The couple (S1 , 3 O2 ) can undergo alternative decay pathways: 138,139
(S1 , 3 O2 )
(S1 , 3 O2 )

Φ0

T
−→

Φ0ic

−−→

T1 + 3 O2

(1.15)

S0 + 3 O2

(1.16)

where the symbols above the arrows denote the probabilities of the individual decay
processes. In general, the probabilities of decay pathways of (S1 , 3 O2 ) are different
from those of the S1 state which was excited directly by light. 137,138 For example,
Φ0F is likely to be smaller than the conventional fluorescence quantum yield ΦF , 137,138
due to the close proximity of the oxygen molecule which is known to quench the S1
states. 11 It may be subject of discussion whether the SOFDF photon is emitted from
the encounter pair (S1 , 3 O2 ), or from a separated S1 state. 38,138,139 In any case, our
experiments indicate that the SOFDF spectra are almost identical to the PF spectra. 38
The momentary intensity of SOFDF after a laser pulse is proportional to the product
of the momentary T1 concentration and 1 O2 concentration
ISOFDF (t) = B[T1 ](t) × [1 O2 ](t) .

(1.17)

In a simple case, the momentary T1 concentration is described by monoexponential
decay according to (1.11) and the 1 O2 concentration has a biexponential rise-decay
character according to (1.12). The SOFDF kinetics after a laser pulse can be then
described by function
ISOFDF (t) = B exp(−t/τT ) × [exp(−t/τ∆ ) − exp(−t/τT )]
= B[exp(−t/τ1 ) − exp(−t/τ2 )]

(1.18)

which is another rise-decay biexponential function (figure 1.11) with lifetimes
τ1 = τT τ∆ /(τT + τ∆ )

τ2 = τT /2 .

Therefore, τ∆ and τT can be estimated on the basis of SOFDF lifetimes:
τ∆ = 2τ1 τ2 /(2τ2 − τ1 ) .

τT = 2τ2

(1.19)
§

(1.20)

The rise-decay character of the kinetics is the typical footprint of SOFDF which dis§ If τ

∆ > τT , then the preexponential factor B in (1.18) is positive and τ1 is the decay-time and τ2 is the
rise-time of the SOFDF kinetics. However, if τ∆ < τT (e.g. in cells or under low oxygen concentrations),
then it is the other way around: B is negative, τ1 is the rise-time, and τ2 is the decay-time.
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Figure 1.11: Kinetics of SOFDF (blue) calculated according to the model (1.18) using
τT = 2 µs and τ∆ = 4 µs (typical for air-saturated water solution of a PS).
tinguishes it from phosphorescence and other types of DF. Lifetimes of SOFDF are
interrelated with the T1 state lifetime and 1 O2 lifetime. Analysis of SOFDF kinetics
can provide very valuable information about lifetimes of the involved excited species,
similarly to the direct phosphorescence detection. The important point is that the photosensitizer itself can report on production of 1 O2 by means of SOFDF, i.e. no additional fluorescence probe is needed. Taking into account these properties of SOFDF,
it can be considered a semi-direct method for 1 O2 monitoring. This is illustrated in
figure 1.12. The advantages and limitations of SOFDF as a tool for monitoring of 1 O2
generation and deactivation are summarized in table 1.5.3.
Figure 1.13 displays the dependence of SOFDF kinetics on oxygen concentration
in a water solution. As oxygen concentration increases, the lifetime of PS triplet state
decreases and obviously also the lifetimes of SOFDF get shorter. On the other hand,
the maximal amplitude of SOFDF kinetics increases. The inset in the figure shows
the dependence of the integral SOFDF intensity on the oxygen concentration. Interestingly, the integral intensity incresases as the oxygen concentration decreases, which
may be contraintuitive at the first sight taking into account that SOFDF is oxygen dependent process. However, this behavior is natural, because SOFDF is produced only
if the triplets live long enough to encounter with 1 O2 . At sufficiently low oxygen concentrations, the SOFDF integral intensity drops again as other pathways of PS triplet
deactivation start to compete with photosensitization of 1 O2 . Decrease of the oxygen
mobility (i.e. decreased diffusion constant due to higher viscosity) will have the same
effect as the reduction of oxygen concentration. It can be concluded that SOFDF is
supposed to work best in the systems with high local concentrations of PS triplets and
relatively low local oxygen concentration/mobility/accessibility. Significantly, these
conditions may be encountered in cells treated with photosensitizers and subjected to
intense illumination.
SOFDF had been reported mainly from polymer matrices and gas/solid interfaces, 138–146 while reports on SOFDF from solutions and biological samples had
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Figure 1.12: Schematic graphical presentation of SOFDF. Adapted from graphical
abstract of our paper. 38
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Figure 1.13: The calculated dependence of SOFDF kinetics on oxygen concentration
in a water solution. Oxygen concentration of 280 µM corresponds to an air-saturated
sample. Inset: Integral SOFDF intensity as a function of oxygen concentration.
been scarce. 137,147–149 Nevertheless, we believe that SOFDF is a general phenomenon
which can provide us with important information about 1 O2 and PS triplets in biologically relevant systems, and as such it certainly deserves more attention. Therefore,
we have conducted systematic studies of SOFDF in solutions 38,150 and most recently
we have shown that the kinetics of SOFDF can be indeed detected from single living
mammalian cells during PDT-like treatment. 40 Detailed information on SOFDF can be
found in Publication VI and in the series of our papers. 38,40,150
In the literature, the described process is often called “Singlet oxygen-sensitized
delayed fluorescence” (SOSDF). In our papers, 38,40,150 the term SOSDF is also used
instead of SOFDF. However, in our most recent review (Publication VI) we suggest
that the term SOFDF is more appropriate for the process shown in Figure 1.10. On
the other hand, SOSDF may refer to a slightly more general process, where S1 state
of fluorophore is sensitized either from the T1 state by one 1 O2 molecule, or from the
ground state by two 1 O2 molecules, 91,151,152 disregarding what is the origin of 1 O2 .
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Table 1.4: The advantages and limitations of SOFDF as a tool for monitoring of 1 O2
generation and deactivation. SOFDF is compared to the direct and indirect detection
methods.
Advantages
• SOFDF allows us to determine the rate constants and lifetimes of 1 O2 formation
and deactivation in a time-resolved experiment.
• PS triplets interact with 1 O2 to give rise to a fluorescence photon (reaction 1.14).
Since the PS itself acts as a 1 O2 probe in SOFDF, there are no problems with
colocalization of the probe and the site of 1 O2 production. Moreover, no additional sensors have to be added into the system, which is certainly an advantage,
especially for in vivo applications.
• Under appropriate conditions (sufficient PS concentration, suitable excitation intensity, and reasonable O2 concentration), SOFDF can be several orders of magnitude stronger than the direct 1 O2 phosphorescence at around 1275 nm. Moreover, SOFDF manifests itself in the visible spectrum, which makes its detection
less experimentally demanding. In addition, the shorter wavelengths reduce the
diffraction limit.
Disadvantages
• SOFDF provides a weaker signal compared to conventional fluorescence probe
techniques.
• Relatively high concentrations of excited states are needed to provide sufficiently
intense SOFDF, since SOFDF originates in bimolecular reactions of two excited
states. SOFDF intensity is not linear in excitation intensity and PS concentration.
• SOFDF is best monitored in laser-pulsed time-resolved experiments, which are
experimentally more demanding than the steady-state monitoring of PF of conventional indirect fluorescent probes.
• Data analysis and interpretation can be significantly complicated by the simultaneous presence of other types of DF which are 1 O2 -independent. Their contributions have to be isolated from SOFDF.
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1.5.4

Electron Paramagnetic Resonance

EPR absorption (dχ/dH)

Electron paramagnetic resonance (EPR) is a non-optical method of 1 O2 detection. Similarly to nuclear magnetic resonance (NMR), the EPR active species need to have a net
magnetic momentum, which ineracts with external magnetic field giving rise to different energy sublevels. The transitions between the sublevels can be then probed by
radiofrequency electromagnetic waves. Unlike NMR, where the nuclear magnetic momentum is involved, the magnetic momentum of EPR active species is derived from
electrons.
Molecules with paired electrons and zero net magnetic momentum are not active
in EPR. In contrast, molecules with unpaired electrons, such as free radicals and triplet
states, have non-zero spin momentum and give rise to a detectable EPR spectrum. For
example, ground state oxygen is a biradical and as such it is EPR-active species. Singlet oxygen 1 ∆g is spin singlet with zero spin angular momentum, but it has non-zero
orbital angular momentum, which gives rise to a characteristic EPR spectrum. This
was historically important, because EPR detection of 1 ∆g provided an early evidence
that 1 O2 can be formed by photosensitization. 153,154
The lifetime of 1 O2 is short, but the reaction of 1 O2 with an appropriate molecule
may yield a relatively stable free radical, which can then by probed by EPR. Such
molecules are called spin-traps or spin labels; among the most common belong
amine 2,2,6,6-tetramethylpiperidine (TEMP) and its derivatives, which yield a longlived sterically hindered nitroxide radical (TEMPO) upon reaction with 1 O2 (Figure
1.14). 135,155 TEMPO exhibits EPR spectrum consisting of three characteristic equally
intense lines. EPR detection may suffer from specificity problems and colocalization
problems, similarly to the previously discussed chemical traps. 155 The advantage is
that the sample does not have to be optically transparent (EPR “sees deep” into the
sample), and that EPR is able to detect also other reactive oxygen species and free
radicals. EPR has been often used to study generation of 1 O2 and other ROS in photosynthetic apparatus. 33–35,156

Magnetic Field

Figure 1.14: The scheme of 1 O2 detection by EPR using a spin-trap TEMP. Adapted
from ref. 155
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Figure 1.15: A possible arrangement of optoacoustic detection of 1 O2 . Pulsed laser
iluminates the cuvette through a slit. The heat released from nonradiative decay of the
excited species induces a pressure wave which is detected by a piezoelectric transducer
M (microphone). The signal is fed into a digital oscilloscope through a preamplifier P.

1.5.5

Chemiluminescence Probes

A special case of luminescence probes are chemiluminescence probes, which spontaneously emit photon after reaction with 1 O2 . The great advantage is that no excitation
light is needed, which eliminates background fluorescence and light scattering, and
these 1 O2 probes are considered to be among the most sensitive ones. Various molecular designs have been developed, including cypridina luciferin analogues (CLA) and
their further derivatives (MCLA, FCLA), tetrathiofulvalenes linked with anthracene,
and trap-and-trigger chemiluminescent probes based on precursors of 1,2-dioxethane
derivatives. 128,157

1.5.6

Optothermal Methods

In a laser pulsed experiment, where 1 O2 is formed in photosensitizing process, a part
of the absorbed light-energy is eventually dissipated as heat since the excited states
gradually undergo non-radiative deactivation. The released heat leads to local increase
of temperature and thermal expansion of the solvent. The changes in volume and
density due to thermal expansion can be monitored by photoacoustic methods and
thermal lensing methods. 158,159
The optoacoustic method is based on detection of the induced acoustic/pressure
wave using a piezoelectric transducer attached to the wall of sample cell (i.e.“listening” to the sample, see Figure 1.15). On the other hand, the thermal lensing methods
measure the changes of refractive index which is locally decreased due to thermal expansion – therefore, the volume behaves as a divergent lens. The change in refractive
index can be probed by a continuous-wave laser beam, which is deflected or defocused
by the thermal lens. Both methods enable fast time-resolved detection and can provide
information about lifetimes of the involved excited species.
For quantitative analysis, the measured signal has to be deconvoluted with the instrument response function, which is obtained by measuring the signal from a calorimetric reference, a non-fluorescent compound which quickly dissipates all the excitation energy as heat (e.g. azulene). Optothermal methods can be also used to determine
the absolute quantum yield of singlet oxygen; 158 an example can be found in our study
of photophysical properties of thiazolyl-substituted porphyrins (Publication II). 13
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There are several problems associated with optothermal methods. The solvent
needs to have a reasonable thermal expansion coefficient – for example, water at 3.9 ◦C
has zero thermal expansion and no signal is produced in such case. Another issue is
that apart from thermal expansion there can be volume changes of structural origin, i.e.
the molecule in excited state occupies different effective volume than that in ground
state, mainly due to rearrangement of solvent molecules in case of porphyrins in polar
solvents. 160,161

1.6

Special Aspects

1.6.1

Dosimetry in PDT

PDT, which has been introduced in section 1.4.1, is a powerful modality of cancer treatment which brings multiple advantages. However, it is still far from being
exploited to its full potential. One of the main issues which the PDT community
faces is the dosimetry problem: What physical properties/parameters should be measured/calculated and used to predict the treatment outcome and optimize the PDT treatment parameters, namely the light irradiation dose? 77
Dosimetry in PDT is significantly more complex than in radiotherapy, mainly due
to strong and uneven light scattering, absorption by endogenous chromophores, and
relatively poor light penetration depth. Interestingly, it has been shown that in PDT,
unlike radiotherapy, the response of tumor to light irradiation dose has a threshold behavior – there is some minimal amount of 1 O2 needed to trigger the processes leading
to cells death. 119,162 The threshold effect allows us to achieve efficient erradication of
the tumor tissue while minimizing the damage to surrounding healthy tissue. This is
one of the main advantages of PDT, but it also further emphasizes the need for an accurate PDT dosimetry method. As discussed earlier, the light dose also determines the
preferential mode of cells death.
There are four main approaches to PDT dosimetry:
a Explicit dosimetry is based on measuring of the three key PDT inputs – PS concentration, light intensity, and oxygen concentration. These parameters are usually
extensively non-uniform throughout the volume of treated tissue and it is a very
complicated task to measure and interpret them accurately; moreover, they change
during the treatment. The PS concentration can be assessed by means of measuring
the PS fluorescence.
b Direct phosphorescence monitoring of 1 O2 . Singlet oxygen is widely recognized
as the main cytotoxic agent in PDT. Indeed, the cumulative singlet oxygen luminescence (cSOL) has been found to correlate well with the PDT response. 163–165 The
obvious drawback is the very poor quantum yield of the near-infrared 1 O2 phosphorescence, which leads to requirement of expensive detectors, excellent photon
collection efficiency, and relatively large sample volume. 77,165 While the 1 O2 phosphorescence monitoring is a standard method for studying systems in vitro, it still
remains a challenging problem in situ in clinics under the typical conditions encountered in PDT. 56,166
c Implicit dosimetry is based on the measurement of a surrogate parameter. Most
commonly it relies on detection of the 1 O2 -induced formation of PS photoproducts
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and photobleaching of PS fluorescence, which are manifested by changes of the fluorescence spectrum and intensity. For example, the photoproducts of PpIX feature a
distinct fluorescence spectral band which gradually grows during the irradiation of
the PpIX sample. 167 This approach is experimentaly relatively uncomplicated and
photobleaching has been shown to be a good PDT dose metric. 165,167–169 However,
there are again several shortcomings. 77 For example, the fluorescence spectra of the
photoproducts are different for every PS, which makes it necessary to evaluate the
photobleaching metrics for every PS individually.
d Monitoring of the prompt tissular response. Unlike most other therapies, PDT
induces very rapid tissue responses, particularly vascular effects. Some PSs are
known to affect the tumor microvasculature leading to vascular blood supply shutdown. The vascular responses and altered blood flow can be monitored by measuring
hemoglobin oxygen saturation, fluorescence angiography, 170 laser Doppler methods
and Doppler Optical Coherence Tomography (DOCT), 171 or diffuse reflectance and
correlation spectroscopy. 77,172
The principles of various approaches to PDT dosimetry have been introduced in the
excellent review by Wilson and Patterson. 77 A big part of my work has been aimed on
development of methods for monitoring of 1 O2 and photosensitizing process in cells,
which may find their application also in PDT dosimetry.

1.6.2

Singlet Oxygen in Living Cells

The cytotoxic effect of 1 O2 is caused by its reactivity towards proteins, lipids, nucleic
acids, and other biomolecules. It is assumed that proteins are the major targets of
photo-oxidation since they are abundant in cells and they contain aminoacids (histidine, tryptophan, tyrosine, methionine, cysteine) which efficiently react with 1 O2 (see
section 1.2.1). 15,173 Photo-oxidation of cellular targets triggers processes which may
lead to programmed cell death. Apart from these chemical reactions, antioxidants such
as ascorbic acid, tocopherol, and carotenoids may also contribute significantly to deactivation of 1 O2 in cells and protect them from damage caused by 1 O2 . At the same
time, a very important deactivator of 1 O2 is water, which constitutes the majority of
cellular weight. Lifetime of 1 O2 in pure H2 O is quite short, τ∆ ≈ 4 µs, as governed by
electronic-to-vibrational energy transfer. Water is a physical quencher of 1 O2 and the
energy of 1 O2 is dissipated harmlessly into molecular vibrations. The lifetime of 4 µs
is generally considered as the upper limit for intracellular lifetime of 1 O2 .
For a long time, the researchers have pursued to measure the intracellular lifetime
of 1 O2 . Various earlier works had reported the intracellular 1 O2 lifetime in the range of
tens or hundreds of nanoseconds. 173,174 This is dramatically shorter than 1 O2 lifetime
in pure H2 O, indicating that most of 1 O2 is indeed consumed in chemical reactions
and deactivated by biomolecules. Niedre et. al 36 were the first to determine the intracellular 1 O2 lifetime based on 1 O2 phosphorescence kinetics from suspension of cells
incubated with photosensitizers, leading to τ∆ = (0.6 ± 0.4) µs. However, they struggled with the separation of a strong signal originating in extracellular medium, which
led to complications with reconstruction of the intracellular component of the kinetics.
Later, the Ogilby’s group reported surprising results which were in contrast with
previous ones, indicating that the intracellular 1 O2 lifetime is actually much longer,
around 3 µs, which is close to the lifetime in pure water. 37,57,118,175 This lifetime was
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determined indirectly in a microscopic experiments with single cells incubated with
water-soluble TMPyP, based on the observation that after replacing H2 O with D2 O,
the cellular lifetime of 1 O2 increased to 25–35 µs (τ∆ = 68 µs in pure D2 O), suggesting
that H2 O was the most important quencher of 1 O2 , whereas the effect of quenching by
other molecules was only marginal. Subsequently, Jimenez-Banzo et al. 176 reported
intracellular 1 O2 lifetimes of τ∆ = (1.5 ± 1.0) µs as derived on the basis of NIR luminescence kinetics from suspension of human fibroblast cells incubated with TPPS4
or TMPyP. Due to the relatively large error margin this result neither supports nor
disproves the results by Ogilby’s group.
However, the most recent works by Schlothauer, Hackbarth et al. 116,177 reported
intracellular 1 O2 lifetimes around 0.5 µs in vicinity of membranes using the lipophilic
pheophorbide-a, which means that less than 15% of 1 O2 molecules were deactivated
by H2 O. The shorter 1 O2 lifetime also implies smaller phosphorescence quantum yield
and hence more complicated direct detection. They obtained 1 O2 kinetics from suspensions of cells with very good signal-to-noise ratio even with low light doses, and
they were the first to detect reliably the rise-part of the kinetics which corresponds
to the 1 O2 lifetime. Moreover, they showed that the 1 O2 lifetime increases with the
applied light dose, which was explained mainly in terms of 1 O2 -induced depletion of
intracellular antioxidants and other chemical targets of 1 O2 (see Figure 1.8). They
also suggested that the depletion effect accounts for the long 1 O2 lifetimes reported by
Ogilby et al., who used much larger light-doses. Further, the work has pointed out that
the 1 O2 lifetimes and 1 O2 radiative constants differ significantly between water-based
and lipid-based compartments of cells, which makes the interpretation of kinetic traces
more complex.
Even though there is not a complete agreement on the intracellular lifetime of 1 O2 ,
it is clear that the diffusion length of 1 O2 is very short, maximally in the order of
hundreds of nanometers. The upper limit of the diffusion radius can be estimated by
taking τ∆ = 3 µs and diffusion constant of oxygen in pure water D = 2 × 10−5 cm2 s−1 .
The equation 178
p
(1.21)
d = 6Dτ∆
provides diffusion length of 190 nm.
Actually, the intracellular lifetime is most probably shorter and the intracellular
diffusion constant is smaller (Dcell = 2–4 × 10−6 cm2 s−1 ), 178 which means that the real
diffusion length is significantly shorter. The calculated value of d is approximately 50
times smaller than a typical size of a cell and smaller than the size of an organelle such
as mitochondria. This clearly shows that the effect of 1 O2 is closely confined to the
site of its production within the cell.
The clinical PSs usually preferentially localize in mitochondria, lysosomes, endoplasmic reticulum, or plasma membrane. 76 Indeed, it has been shown that the cytotoxicity of 1 O2 towards the cell strongly depends on the subcellular localization of the PS,
being particularly toxic in mitochondria. 99,102,103,179 In order to understand properly
the processes involved in photodynamically induced cell-death, it is necessary to monitor the generation and deactivation of singlet oxygen in living cells with subcellular
spatial resolution. Direct microscopic imaging of 1 O2 in biological systems is a very
challenging problem which hasn’t been satisfactorily resolved so far. I am addressing
this issue in the section 2.7 and Publication VII.
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2. Results
Foreword
In the following chapters, I would like to take you on a brief journey through the
research work which I have done in the past five years. The path was not straight
and it may be interesting to comment on the turning points which were decisive for
further progress. Every chapter takes a closer look at one of the published papers.
Further details can be found in reprints which are attached at the end of the thesis. The
following text provides a broader context and shows how the individual projects are
related to each other.
My contribution to the achieved results: I performed all the presented experiments,
data analysis, and interpretation, and a great majority of sample preparation, project
planning, and writing of publications. Of course, discussions with my supervisor and
other colleagues have been a source of great inspiration. The experiments described
in sections 2.1 and 2.2 (Publications I and II) were already presented in my bachelor
thesis 180 and master thesis, 181 and they are included for the sake of completeness.
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2.1

Quenching of Singlet Oxygen by β-carotene (Pub. I)

Carotenoids are pigments abundant in nature, which are among the most potent quenchers of singlet oxygen (see section 1.2.2). 14 As antioxidants they play an important
protective role in skin, 182 eye-macula, 183 and particularly in photosynthetic apparatus. 28,33–35 During photosynthesis, 1 O2 is formed as an unwanted byproduct via photosensitization from triplet states of chlorophylls. Carotenoids are known to be very
efficient physical quenchers of both 1 O2 and chlorophyll triplets. These excited state
reactions can be summarized by equations
1

∗

Car + 1 O2 →
1
Car + 3 PS∗ →

Car∗ + 3 O2
3
Car∗ + 1 PS ,
3

(2.1)
(2.2)

where the 3 Car then harmlessly dissipates its energy (asterisk denotes excited states).
We set up a project to evaluate the bimolecular rate constant for quenching of 1 O2
by β-carotene, one of the most common carotenoids. 1 O2 was generated via photosensitization in solution of 100 µM tetraphenylporphyrin (TPP) in tetrahydrofuran (THF)
and a sequence of solutions with β-carotene concentrations ranging from 0 to 50 µM
was prepared. The samples were excited by a pulsed laser at 420 nm and the kinetics
of the 1 O2 phosphorescence decay were recorded at 1275 nm in a nanosecond timeresolved experiment using a NIR-sensitive photomultiplier in a single photon counting
mode (setup 1).
The quenching of 1 O2 by β-carotene is manifested by the shortened lifetime of the
1 O phosphorescence decay. This is illustrated in the figure 2.1(Left), where we can
2
see a faster 1 O2 -phosphorescence decay in the samples with higher β-carotene concentration. The 1 O2 decay lifetime drops from τ∆ = (17.35 ± 0.05) µs in the absence of
β-carotene to τ∆ = (1.58 ± 0.06) µs in the sample containing 50 µM β-carotene. The
dependence of the overall decay rate K = 1/τ∆ on the β-carotene concentration is a
growing linear function, following the Stern-Volmer relationship
K([β-car]) = k0 + kq [β-car] .

(2.3)

The slope kq corresponds to the desired bimolecular quenching rate and the intercept
k0 is the 1 O2 -deactivation rate in absence of β-carotene. The obtained value kq =
(10.9 ± 0.5) × 109 M−1 s−1 is not very far from the diffusion limit (see section 1.2) and
corresponds to the previously published values. 14
Rise-time of the 1 O2 kinetics, τT = (0.3 ± 0.1) µs, corresponding to the PS triplet
state lifetime, remains basically unaffected by β-carotene, which indicates that PS
triplets are not appreciably quenched by β-carotene. The PS triplet state lifetime can
be probed also by measuring the kinetics of PS phosphorescence, which is often found
at shorter wavelengths in the region 800–1100 nm. The PS phosphorescence kinetics
in absence of β-carotene proved to have two decay components: a more intense short
component with lifetime (0.34 ± 0.03) µs and a less intense longer component with
lifetime (7.0 ± 0.4) µs. The shorter lifetime, which corresponds to the rise-time of 1 O2
kinetics, is not influenced by β-carotene, whereas the longer component is quenched
by β-carotene with rate constant of (8 ± 3) × 109 M−1 s−1 . The large uncertainty is due
to the weak signal of the longer component.
Further, it has been shown that the two phosphorescence components are spectrally
distinct, the longer and weaker component being shifted more to the red. It was not
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Figure 2.1: Left: Kinetics of 1 O2 phosphorescence at 1275 nm in solutions of 100 µM
TPP in tetrahydrofuran with different concentrations of β-carotene (0,10, and 50 µM).
Quenching of 1 O2 by β-carotene is clearly visible. Right: Phosphorescence kinetics of
tetraphenylporphin at two emission wavelengths. Two decay components are present.
clear how to explain the presence of the two components, but we proposed that the
longer component may arise from TPP aggregates which do not appreciably participate in photosensitization of 1 O2 . If we lead this reasoning further, the quenching may
be due to incorporation of β-carotene into these aggregates, in analogy with photosynthetic apparatus, where carotenes and chlorophylls are tightly packed together enabling
a very efficient energy transfer. In conclusion, we have shown that TPP monomer
triplets are not efficiently quenched in collisions with β-carotene in solution, but they
may be quenched under certain conditions, possibly in aggregates.
When looking back, several additional experiments probably should have been
done to clarify some points and support the proposed statements. It would be useful
to measure the PS triplet kinetics also in an alternative way by means of triplet-triplet
transient absorption and compare the results. However, it is possible that the absorption
method wouldn’t be sensitive enough to detect the weak longer component. Further,
the hypothesis of aggregate formation hasn’t been supported sufficiently. It could be
either reinforced or disproved by measuring the PS phosphorescence kinetics in solutions of differing PS concentration, where the relative contribution of aggregates would
differ accordingly.
Anyway, the presented experiment is a typical illustration of a time-resolved direct
detection of singlet oxygen phosphorescence and shows its strengths: The measured
lifetimes of 1 O2 phosphorescence allow us to investigate and quantify the intermolecular interactions between excited species and other molecules.
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Figure 2.2: Quantum yields of photosensitized 1 O2 for tetraphenylporphyrin (TPP) and
its thiazolyl derivative (TTAP). 13

2.2

Study of Thiazolyl-Substituted Porphyrins (Pub. II)

Tetraphenylporphyrin (TPP), figure 2.2, which was introduced in the previous chapter,
is a famous photosensitizer often used as a reference compound and photosensitization
standard with quantum yield of 1 O2 generation Φ∆ ≈ 0.65. 70 In our next work, we
studied the basic photophysical properties of thiazolyl-substituted porphyrins, which
to our best knowledge so far had attracted only very little attention. These porphyrins
bear thiazole rings at the meso-positions, instead of phenyl groups which are found in
TPP (figure 2.2). We set out to investigate how the presence of this sulfur-containing
heterocycle influences the photophysical properties of porphyrins and their ability to
generate 1 O2 , taking TPP as reference. Particularly, the aim was to find out whether
the presence of a heavier atom, sulphur, may increase the probability of intersystemcrossing and thus enhance the quantum yield of 1 O2 formation.
A rich variety of photophysical properties have been determined in different solvents.∗ Namely, the 1 O2 quantum yields Φ∆ were assessed paralelly by two different
methods of 1 O2 detection: direct monitoring of 1 O2 phosphorescence and optoacoustic
spectroscopy. In case of the phosphorescence method, the investigated photosensitizer
has to be compared with a reference compound of a known 1 O2 quantum yield. However, the reported values of Φ∆ usually suffer from a relatively large uncertainty even
for reference compounds. Therefore, the photoacoustic method is more convenient in
this case since it uses calorimetric references, which are generally better defined.
Absorption spectrum, fluorescence spectrum, and triplet-triplet absorption spectrum of thiazolyl-porphyrins are shifted to the red relative to TPP, indicating a substantial perturbation of the π-system of the porphyrin by the presence of thiazole. The perturbation is reflected also in other photophysical properties. Most importantly, it was
found that the quantum yields of PS triplet formation and 1 O2 formation increased to
∗A

part of the work was done in Institut Quimic Sarria, Universitat Ramon Llull, Barcelona, under
supervision of prof. Santi Nonell.
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Figure 2.3: NIR luminescence lifetimes of the two investigated thiazolyl porphyrins
dissolved in THF as a function of emission wavelength. Around 850 nm, the lifetime
increases twofold. 13
(0.9 ± 0.1) Moreover, the S1 state lifetime and fluorescence quantum yield decreased
approximately by an order of magnitude, which together with the previous points to a
strong enhancement of the S1 -T1 intersystem-crossing rate. The rate of T1 -S0 intersystem crossing was increased as well, as observed from the shortened T1 state lifetimes.
Several possible mechanisms have been proposed to account for the enhanced ISC,
including the enhancement of spin-orbit coupling due to the presence of heavy atom,
although this effect has been usually reported for substantially heavier atoms, such as
bromine or iodine. 184–186
In conclusion, it has been found that the photophysical properties of thiazolylporphyrins differ significantly from those of tetraphenylporphyrin and, particularly,
they exhibit quantum yields of 1 O2 production close to unity. As such, they may be
valuable as reference photosensitizers, although their worse solubility is certainly a
drawback. Among current photosensitization standards belong for example fullerenes,
phenalenone, TPP, and others.
At this point, I would like to mention another interesting observation. The setup 1
was used to record the NIR luminescence kinetics of thiazolyl-porphyrins in THF. The
figure 2.3 shows the NIR luminescence decay lifetimes as a function of emission wavelength. It can be seen that above 850 nm the decay lifetimes are twice as big as those
below 850 nm. This led to a proposal that above 850 nm the emission is indeed mainly
phosphorescence, whereas below 850 nm the observed delayed emission is actually a
red tail of delayed fluorescence generated by triplet-triplet annihilation, which conveniently explains the two-fold decrease of the lifetime (see Publication VI). As we will
see further, the concept of delayed fluorescence and its mixing with phosphorescence
had a very important influence on our future research.
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Figure 2.4: Tautomers of the investigated porphycenes. Assymetrical ATMPo: R =
-(CH2 )2 OCH3 , X = NH2 . Symmetrical TPrPo: R = -propyl, X = H. Adapted from
ref. 190

2.3

Porphycenes: Our First Observation of SOFDF (Pub. III)

Porphycenes are izomers of porphyrins, compounds with a modified tetrapyrolle core
(figure 2.4). They are photosensitizers of 1 O2 which show intense absorption bands
in red and some have been shown to exhibits relatively large two-photon absorption
cross-sections. 187 These properties together with their excellent bioactivity make porphycenes promising photosensitizers for PDT. 188
Asymmetrical porphycenes, such as 9-amino-tetramethoxyethyl-porphycene
(ATMPo) shown at figure 2.4, have six distinct tautomers which correspond to different positions of two hydrogen atoms binding to nitrogens in the core-cavity of the
macrocycle. 189 It has been shown by Nonell et al. 190,191 that ATMPo in the ground
state is a mixture of two tautomers (trans-1 and trans-2) with very similar energy,
whereas in the excited state these tautomers exhibit very different energy, as deduced
from presence of two fluorescence bands at 696 nm and 780 nm with different fluorescence lifetime. This phenomenon has been called dual fluorescence. Moreover, it
has been shown that tautomerization occurs in the singlet excited state, i.e. trans-2
tautomer interconverts into trans-1. 190,191 Subsequently, the question arose whether
similar tautomerization phenomena can be observed also in the triplet excited state.
Hence, professor Nonell asked me to investigate a possible occurrence of a dual
phosphorescence in solutions of asymmetrical porphycenes, since our experimental
setup for spectral- and time-resolved NIR luminescence spectroscopy (setup 1) suits
this purpose best. In order to facilitate the investigation of phosphorescence kinetics,
the triplet lifetime was increased by decreasing the oxygen concentration in the sample to ≈ 0.7%. The observations were indeed interesting: The luminescence kinetics
at 800–1100 nm did not follow the monotone monoexponential decay, as usually expected, but they showed a clear long-lived rise-part and decay-part. The rise-decay
character of the kinetics nicely fitted the hypothesis that the observed luminescence
originates from triplet state of a tautomer which is populated by excited-state isomerization from another tautomer. Nevertheless, unlike in case of dual fluorescence, the
kinetics were not wavelength dependent. To support that the rise-decay shape of the
phosphorescence kinetics is indeed due to tautomerization, I decided to investigate the
phosphorescence of a symmetrical porphycene, tetrapropylporphycene (TPrPo), where
the trans tautomers are equivalent and no related effects are expected. However, to our
surprise, the NIR luminescence of TPrPo still exhibited a clear rise-decay kinetics.
This disproved the original tautomerization hypothesis and I had to search for a completely new explanation. For this purpose, only the symmetrical porphycene TPrPo
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Figure 2.5: Quenching of the long-lived 900 nm luminescence of TPrPo (12 µM in
THF) by 5 mM DABCO, a specific 1 O2 quencher. The sample was excited at 635 nm.
was further investigated. TPrPo was dissolved either in tetrahydrofuran or toluene at
concentrations ranging from 3 µM to 20 µM and excited mostly at 635 nm.
It has been observed that both rise and decay-lifetimes of the long-lived NIR luminescence of TPrPo get longer as the oxygen concentration decreases, and, most
crucially, the emission from TPrPo was quenched by DABCO (figure 2.5), an acknowledged 1 O2 quencher, whereas the triplet states of TPrPo were not quenched, as
determined by triplet-triplet transient absorption. This suggests that singlet oxygen is
involved in the formation of the long-lived NIR luminescence. Moreover, the kinetics
of triplet-triplet transient absorption was monoexponential decay, which ruled out that
the delayed luminescence is an emission from triplet state. Therefore, I proposed that
the long-lived NIR luminescence is actually not phosphorescence, but the red tail of
delayed fluorescence, namely singlet oxygen-feedback delayed fluorescence – SOFDF.
Indeed, the SOFDF hypothesis was confirmed by all further experiments. Naturally, it
should be also possible to observe much more intense delayed fluorescence with the
same kinetic properties in the visible spectral region, but, unfortunately, our setup for
NIR luminescence lacks sensitivity in that region. In order to detect the DF at 650
nm, the setup for triplet-triplet transient absorption spectroscopy was modified (setup
2). DF spectra at different times after the excitation pulse were detected by a gated
camera, providing a rough shape of the DF kinetics which featured the initial longlived rise and corresponded to the NIR delayed emission kinetics. Taken together, the
delayed emission was attributed to SOFDF beyond doubt.
So far, the observations of SOFDF in solutions of photosensitizers had been rather
scarce, 137,147 and thus we recognized that these results were really interesting. The
observation of time-resolved SOFDF in solutions of photosensitizers was a turning
point in my research. Several important ramifications follow:
A) It was found that SOFDF extends to NIR and it is strong enough to override
the phosphorescence from porphycene triplets. Moreover, DF occurs at the same timescale as phosphorescence. Therefore, it always has to be considered whether the observed long-lived NIR emission of PSs is due to phosphorescence, as normally expected, or rather due to NIR-extended delayed fluorescence. This especially applies
to oxygen-containing solutions of strongly fluorescent photosensitizers, particularly at
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high PS concentrations and under intense excitation, since a bimolecular collision of
two excited states is needed to produce one SOFDF photon. A reevaluation of some
older results may be needed in the light of these experiments.
B) The kinetics of SOFDF are strongly influenced by singlet oxygen concentration
and lifetimes of 1 O2 and PS triplets. As such, SOFDF may be a promising alternative
tool for time-resolved monitoring of the photosensitization process and 1 O2 formation and deactivation, besides the experimentally challenging direct detection of 1 O2
phosphorescence. This had been proposed before, 139,146 but our observations even
strengthened the need for further systematic investigation of SOFDF.
Apart from porphycenes, various other photosensitizers had been previously shown
to exhibit SOFDF: aromatic hydrocarbons in polymer matrices 140–143 and solutions, 137
tetraphenylporphyrin at gas/solid interfaces 144,145 and in polymers, 139 or xanthene
dyes in organic solutions 147 and even in tissues. 148,149 However, the reports from the
past thirty years have been rather scarce and isolated. Several important questions immediately arise: Is SOFDF a general phenomenon in solutions of photosensitizers? In
what systems and under what conditions SOFDF can be detected? Is it relevant for biological systems? What kind of valuable information can be extracted from the SOFDF
kinetics? These questions clearly defined the directions of my future work.
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2.4

SOFDF of Water-Soluble Photosensitizers (Pub. IV)

Having in mind the questions posed in the previous section, I decided to investigate
whether SOFDF is exhibited in water-based solutions of common water-soluble photosensitizers.† The PSs to be investigated were required to meet the following properties: good 1 O2 quantum yield, appreciable fluorescence quantum yield, and PDT
relevance. I chose six water-soluble PSs of different chemical nature: 5,10,15,20tetrakis(1-methyl-4-pyridinio) porphine (TMPyP), meso-tetrakis(4-sulfonathophenyl)
porphine (TPPS4 ), Al(III)phthalocyanine chloride tetrasulfonic acid (AlPcS4 ), eosin
Y, rose bengal, and methylene blue. These compounds were dissolved in phosphate
buffered saline at physiological pH of 7.4 at concentrations ranging from 10 to 100 µM.
The samples were investigated mainly by means of time- and spectral-resolved spectroscopy using the setup 2, which employs a tunable pulsed laser for excitation and a
gated CCD camera coupled to a spectrograph for detection of the luminescence spectra or transient absorption spectra. A sequence of spectra at different times after the
excitation pulse can be used to reconstruct the kinetics.
Quite surprisingly, all the investigated samples exhibited a well detectable SOFDF
kinetics in the visible spectral region (Figure 2.6)! It was thoroughly proven by a number of experiments that the delayed emission indeed originated by SOFDF mechanism:
a) The spectra of the delayed emission corresponded to the spectra of prompt fluorescence. b) Delayed fluorescence exhibited the rise-decay kinetics which are characteristic for SOFDF, whereas the PS triplet state kinetics were monoexponential decays.
c) DF was quenched by NaN3 , a specific 1 O2 quencher. d) The DF kinetics were fitted
satisfactorily by the SOFDF model function (1.18). e) DF kinetics were influenced by
H2 O/D2 O isotopic exchange due to the increased 1 O2 lifetime in D2 O. f) The ratio
of DF intensity to PF intensity is a growing function of excitation intensity and PS
concentration, which points to a mechanism where two excited states are needed to
produce one emission photon.
In summary, it was shown that SOFDF can be considered a general phenomenon
which is exhibited by a wide range of chemically distinct photosensitizers, and the
influence of various parameters on SOFDF was scrutinized. Further, the bimolecular
rate constant for the formation of S1 in the SOFDF process (1.14) was determined to
be approximately equal or larger than 1 × 109 M−1 s−1 ,‡ which indicates that it is quite
an efficient process (for comparison, the typical rate constant of PS triplet quenching
by oxygen – process (1.7) – is approximately 2 × 109 M−1 s−1 in water). Importantly, it
was demonstrated that the DF quantum yield of TMPyP was in the order 10−4 –10−3 ,
which is up to three orders of magnitude stronger than the 1 O2 phosphorescence quantum yield. Since SOFDF is a bimolecular process, the quantum yield depends on
number of parameters, including concentration, excitation intensity etc., but it is obvious that SOFDF may provide much stronger signal than the NIR phosphorescence of
1 O , and, moreover, the detection in the visible spectral region is less experimentally
2
demanding.
Throughout the work, I have used the model function (1.18) to fit SOFDF kinetics.
† A part of the work was done at the Centre for Oxygen Microscopy and Imaging, Aarhus University,
under supervision of prof. Peter Ogilby and Dr. Thomas Breitenbach.
‡ Actually, it was shown that k
0
9 −1 −1 and assumed that Φ0 = Φ . HowSO−RISC ΦF /ΦF & 1 × 10 M s
F
F
0
ever, ΦF is likely smaller than ΦF , which reinforces that kSO−RISC > 1 × 109 M−1 s−1 . In contrary, if we
assume the kSO−RISC is diffusion limited, i.e. kSO−RISC = 1.1 × 1010 M−1 s−1 , we get Φ0F /ΦF ≈ 0.1.
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Figure 2.6: SOFDF kinetics of various photosensitizers at 30 µM in air-saturated water
solutions. The signal was integrated over the visible spectral region. The excitation
wavelengths of the individual samples were set to yield absorbances of 0.5 at 2 mm
pathlength. The data are fitted according to the model (1.18) with fixed τT and τ∆
lifetimes as obtained from independent experiments.
Among other approximations, this simplified model assumes that the SOFDF process
itself is a negligible pathway of PS triplet state removal. It is discussed in the Publication VI and in the Appendix under which conditions the application of the simplified model is justified. The analysis of 1 O2 phosphorescence kinetics at 1275 nm and
triplet-triplet transient absorption kinetics provide lifetimes τ∆ ≈ 4 µs and τT ≈ 2 µs in
water, which slightly vary for different PSs. These fixed values can be then substituted
into the SOFDF model function (1.18), where the amplitude A remains the only one
free fit parameter. This model qualitatively fits the data very well (figure 2.6). However, the important question is whether and how accurately the lifetimes τ∆ and τT can
be determined from the DF kinetics by fitting it with two exponentials (1.18) and using
relations (1.20) to derive τ∆ and τT . This issue is also addressed in the Appendix.
Finally, I demonstrated that SOFDF can be detected from suspensions of cultured
mouse fibroblast cells incubated with TPPS4 . This important proof-of-principle experiment was our first step towards investigation of SOFDF in living cells. However, it
also showed that a more efficient detection system will be needed. The big advantage
of the modified setup 2 was the straightforward tunability of the laser excitation wavelength and the possibility to obtain the whole DF spectrum at once, which then can
be compared to the PF spectrum. These properties were very desirable for a complex
investigation of different PSs. However, the obvious disadvantage is that the kinetics
have to be measured point-by-point by shifting the gate window in time, and therefore
a lot of signal is lost and relatively long time is needed to record the kinetics. This approach would be especially inconvenient in case of microscopy of biological samples,
since it would lead to severe photodegradation. Moreover, the setup 2 is adjusted only
for observations from cuvettes.
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2.5

SOFDF in Living Cells (Pub. V)

Having done the systematic research on SOFDF of water-soluble photosensitizers, I
could move forward to a really exciting project – investigation of SOFDF in living
cells. Simultaneously with the research on SOFDF, I was working on direct microscopic imaging of 1 O2 phosphorescence in cells. Therefore, I decided to combine the
SOFDF detection with microscopy, aiming on recording SOFDF kinetics from single
cells or even subcellular regions.
To this end, the existing microscopy setup was used in combination with the newly
built excitation and detection paths (setup 3). The excitation of the sample was provided by the pulsed dye laser (420 nm, 100 Hz, 1 mJ cm−2 per pulse at the sample). In
order to detect the time-resolved DF, we installed a gated photomultiplier and attached
it to the second output port of the spectrograph, while the first output was coupled to
the imaging camera. The gating enables to put the detector in the OFF state during
and shortly after the excitation pulse to assure that the PMT is not overloaded with the
strong initial signal due to prompt fluorescence and scattering. The samples – monolayers of cultured fibroblast cells incubated for 20 h with 100 µM TPPS4 and TMPyP
– were investigated by objective with 50× magnification. The region where the DF
signal was collected from was defined by the intersection of the illuminated area (diameter 120 µm) with the image of the entrance slit of the spectrograph. This allowed
us to collect signal from groups of cells, single cells, or even subcellular regions.
The work clearly showed that SOFDF was by far the strongest source of delayed
emission in the cells and, as a proof of principle, it was demonstrated that SOFDF
kinetics could be detected from single cells (figure 2.7). Again, the DF kinetics exhibited the typical rise-decay shape, oxygen dependence, H2 O/D2 O effect, and they
were quenched by sodium azide. Moreover, SOFDF kinetics in different stages of
the PDT-like treatment were recorded, showing that the treatment-induced intracellular changes (e.g. antioxidant depletion and changes of oxygen concentration and
viscosity) were reflected by prolonged lifetimes of SOFDF kinetics. This could be
potentially very useful for treatment-monitoring during PDT and may provide an alternative PDT dosimetry method (see section 1.6.1). Indeed, it has been shown by Letuta
et al. 148,149 that the measurement of DF kinetics in tissues incubated with xanthene
dyes can provide valuable diagnostic information. Our work has shown that SOFDF
can be produced also in cells incubated with other PDT-relevant photosensitizers, and,
moreover, our microscopic approach allowed us to exert a very accurate control over
the experimental conditions.
For a long time, it has been argued what is the actual intracellular lifetime of 1 O2
in an unperturbed cell. The reported values were scattered in a broad range from 10 ns
to 3 µs (see section 1.6.2), and no definite conslusion has been reached yet. It also has
to be remembered that 1 O2 lifetimes are dependent on the subcellular microenvironment. The most recent works by Schlothauer, Hackbarth et al. 116,177 indicates values
of (0.4 ± 0.2) µs for lipophilic pheophorbide-a in vicinity of membranes using low irradiation doses. In order to obtain the intracellular 1 O2 lifetime τ∆ , we analysed the
difference DF kinetics between the unquenched and NaN3 -quenched samples, which
provided τ∆ = 0.7–2 µs and PS triplet lifetime τT = 10–25 µs. As mentioned earlier,
the lifetimes gradually get longer during the irradiation due to changes of intracellular microenvironment. These results are in line with the previous reports, 176,177 although there have been also some papers indicating a significantly shorter PS triplet
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Figure 2.7: Left: bright-field and fluorescence microscopic image of a single mouse
fibroblast cell incubated for 20 h with 100 µM TPPS4 . Right: A sequence of SOFDF
kinetics from this cell recorded during the irradiation (0.1 W cm−2 , pulsed laser), showing that the kinetics evolve in time due to the photodynamic effect.
lifetimes. 58 § An accurate determination of lifetimes is complicated due to the presence of other minor sources of delayed emission, such as other mechanisms of delayed
fluorescence and long-lived background signal, which cannot be easily separated from
SOFDF. The most troublesome point is the accurate reconstruction of the rise-part of
the SOFDF kinetics, which is decisive for calculation of τ∆ . The details of determination of τ∆ and τT from SOFDF lifetimes and the related problems are further discussed
in the Appendix.
The section 2.7 describes our efforts in development of direct microscopy imaging of 1 O2 phosphorescence in cells. Here, we have shown that the quantum yields
of SOFDF in cells can be several orders of magnitude larger than those of 1 O2 phosphorescence, which opens a new perspective for 1 O2 monitoring. The research on
SOFDF kinetics in single cells is a starting point to the development of SOFDF-based
microscopic imaging of 1 O2 in cells and tissues.
Finally, apart from the investigation of SOFDF in cells, another interesting observation has been made in the respective paper. The water-soluble ionic photosensitizers, TPPS4 and TMPyP, are being taken up by endocytosis. At the beginning of the
photodynamic treatment of cells, the granular structure of the PS fluorescence images
confirms the localization of PS in endosomes and lysosomes. At a certain point during
the irradiation, the fluorescence image becomes blurry and diffuse, which is due to the
1 O -induced lysosomal rupture and subsequent leakage of PS and its relocalization into
2
cytosol. The relocalization is accompanied by a steep increase of fluorescence intensity of the PS, due to disaggregation of TPPS4 which was original aggregated to high
degree inside lysosomes. This is not the first observation of a similar effect, 58,192–195
but the obtained data are very illustrative. This phenomenon may be very useful for
online monitoring of PDT treatment with lysosome-localizing photosensitizers, since
it reports on the intracellular release of the PS.
§ The

triplet lifetimes strongly depend on the localization of the PS and its surrounding environment
(water/lipids/protein), which govern the local oxygen concentration and its accessibility to the PS. The
intracellular TPPS4 triplet lifetimes in the range 10–20 µs are 5–10× longer than those in water solution, which is consistent with the decreased diffusion constant in cells compared to water and possibly
decreased oxygen accessibility to the PS.
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Figure 2.8: SOFDF kinetics during PDT-like treatment of a group of mouse fibroblast
cells incubated for 20 h with 100 µM TPPS4 . A sequence of kinetics has been recorded
during the irradiation (0.1 W cm−2 , pulsed laser), showing that the kinetics evolve in
time. Quenching of SOFDF by NaN3 is illustrated.

Figure 2.9: Bright-field image and a sequence of fluorescence images of mouse fibroblast cells incubated for 20 h with TPPS4 . The distribution and fluorescence intensity of
TPPS4 in the cell changes during the irradiation (0.1 W cm−2 , pulsed laser), showing
the photodynamically induced relocalization of TPPS4 from lysosomes to cytosol.
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2.6

A Book Chapter on Delayed Fluorescence (Pub. VI)

Our efforts in the field of delayed fluorescence has eventually resulted in an invited
book chapter “Singlet-oxygen sensitized delayed fluorescence”, which I was asked to
write by Dr. Santi Nonell, the editor of the book ”Singlet Oxygen: Applications in
Biosciences and Nanosciences”. The chapter reviews different types of delayed fluorescence with special attention dedicated to delayed fluorescence mediated by singlet
oxygen. It provides a framework for distinguishing among different types of delayed
fluorescence, which is necessary for correct analysis of the experimental data. The text
has already undergone the review process and has been received for publication. The
print version of the book is planned for release on 31 January 2016.
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2.7

Microscopy Imaging of Singlet Oxygen Phosphorescence (Pub. VII,VIII)

The main aim of the doctoral thesis was development of experimental methods for
microscopic detection of 1 O2 and monitoring of photosensitizing process in cells. So
far, I have described my journey from direct phosphorescence detection of 1 O2 in cuvettes to SOFDF detection in single living cells. Simultaneously with the research of
SOFDF, I have been putting much effort into development of a technique for direct
microscopic imaging of 1 O2 phosphorescence in cells. The pioneering experiments
in this field have been done by the group of Peter Ogilby around 2005. 117,118,196,197
They reported on microscopic imaging of 1 O2 phosphorescence from single neurons
treated with D2 O, using a NIR-sensitive one-dimensional InGaAs array and scanning
the sample line-by-line to acquire the image. Although the quality of the obtained
images was rather low, these were the first proof-of-principle experiments. However,
the Ogilby’s group abandoned this particular setup and direction of research and they
moved to other projects. 10,58,187,198–200 Nevertheless, we believed that further development of near-infrared detectors and the use of a 2D detector array may bring new
possibilities and we decided to follow up the previous work of Ogilby’s group.
Originally, the MOSIR950 NIR-sensitive 2D array (Intevac) was available in our
laboratory. Although the camera was able to detect the phosphorescence of 1 O2 from
solutions of photosensitizers, it didn’t allow us to obtain any 1 O2 phosphorescence images of cells due to the insufficient signal-to-noise ratio. Fortunately, further progress
in detector science led to development of new, more sensitive detectors.
Recently, we have bought and installed a novel NIR-sensitive InGaAs 2D-array
detector (NIRvana, Princeton Instruments), which is cooled to −80 ◦C to suppress the
dark noise. The camera has been attached to a fluorescence microscope via an imaging
spectrograph, as described in section 3.3. The setup allows us to acquire microscopic
images of 1 O2 phosphorescence around 1275 nm, as well as microscopic spectral images, where one dimension of the image is spatial, whereas the other is spectral (i.e.,
spatially resolved spectra are obtained). This was used to obtain the 1 O2 phosphorescence images of single mouse fibroblast cells incubated with 100 µM TMPyP and
treated with D2 O. CW laser (405 nm, 1–5 W cm−2 at the sample) was used for excitation. The acquisition times of ∼ 10 seconds are much shorter than those previously
reported by Ogilby et al. Moreover, NIR luminescence spectra were recorded from
single cells, showing that the signal of 1 O2 is partially overlapped by NIR luminescence of the PS (see figure 2.10). Our experiments provide a basis for distinguishing
and separation of 1 O2 phosphorescence from PS luminescence, which may spectrally
overlap for a number of PSs.
It has been also found that the NIR luminescence of TMPyP photobleaches much
faster than the emission of 1 O2 around 1275 nm. Additionally, the 1 O2 phosphorescence signal even grows at the beginning during irradiation. A similar effect has been
earlier observed by DaSilva et al., 58 who found that cells after the application of PDT
effect (i.e. dying cells) exhibit stronger and better detectable 1 O2 phosphorescence
than the fresh cells, which they aptly expressed by words “the deader, the easier”.
The 1 O2 images were obtained from cells which were subject to D2 O/H2 O exchange. This prolongs the 1 O2 lifetime and increases the 1 O2 phosphorescence signal,
but the exchange also perturbs the cell. The cells incubated in absence of growth
medium exhibited stronger 1 O2 signal due to enhanced accumulation of the PS. Gen49

erally, the perturbed or damaged cells exhibited larger accumulation of TMPyP and
hence stronger 1 O2 signal. The unperturbed cells incubated with the PS in growth
medium and without performing the D2 O/H2 O exchange provided weak images at
wavelengths around 1275 nm, but the spectral image revealed that this emission is not
due to 1 O2 ; instead, it has to be attributed to the background luminescence of the PS.
Although a significant step forward has been made, further development of the experimental methods is still required to image microscopically the single unperturbed living
cells.
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Figure 2.10: Graphical abstract for our paper 39 on microspectroscopic imaging of 1 O2
phosphorescence from single fibroblast cells incubated for 5 h with 100 µM TMPyP at
D2 O-based saline solution. The sample was excited at 405 nm with 1 W cm−2 . The
fluorescence image and the bright-field image are displayed on the left. The 1 O2 luminescence-based image of the cells was recorded using a 1250 nm longpass filter
(20 s acquisition time). The spectral image from this particular cell was collected from
the region delimited by the green rectangle (25 s acquisition time). The grating was
applied in combination with a 1100 nm longpass filter. The spectral image shows a
distinct band around 1275 nm corresponding to phosphorescence of 1 O2 and a broad
band corresponding to the tail of PS luminescence.
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2.8

Future Prospects

A number of interesting questions and future goals have arisen during our investigation of SOFDF. Many photosensitizers remain to be tested for their ability to produce
SOFDF either in solution or inside cells, especially the lipophilic ones. One of the most
important clinical photosensitizers for PDT is protoporphyrin IX (PpIX). To some extent, it is produced endogenously in mitochondria and preferentially in the cancerous
cells, which is one of its benefits. Recently it has been shown that PpIX in cells and
tissues exhibits a well detectable delayed fluorescence, which is generated by mechanism of thermal activation of the PS triplet state. Measuring the lifetime of the delayed
fluorescence can be used for determination of mitochondrial oxygen tension, which is
an important medical application. 201–205 It would be interesting to investigate whether
PpIX produces also SOFDF apart from the thermally-activated DF, provided that the
concentration of the photosenstizer is sufficient. This problem has been addressed in
the thesis of my bachelor student Ivo Vinklárek, 206 suggesting that SOFDF may be
produced by PpIX under appropriate conditions. However, additional research is required.
Further, it has to be investigated how the triplet state energy and other factors influence the efficiency of SOFDF production, and the rate constants of SOFDF production
should be accurately determined. In microscopic cells experiments, it should be estimated what is the minimal required loading of photosensitizer and excitation intensity
to induce detectable SOFDF.
Our previous work on microscopic detection of SOFDF kinetics from single cells
provided basis for development of SOFDF-based microscopy and imaging in biological systems. SOFDF imaging using a confocal microscope combined with fluorescence lifetime imaging technique has been successfully implemented by Mosinger et
al. to image the 1 O2 production in polymeric nanofibers loaded with tetraphenylporphyrin. 139,146 We want to follow a different approach to SOFDF imaging, using a
sensitive gated intensified camera to detect SOFDF, which would allow us to perform
wide-field microscopic imaging of living cells. Shifting the gate window may even enable to obtain time-resolved images and subsequently assess the excited state lifetimes
in different cellular compartments.
With respect to the direct 1 O2 phosphorescence microscopy, optimization of the
setup and sample preparation may lead to a significant improvement and open the door
to new research possibilities. For example, replacement of the current objective (N.A.
= 0.55) with a larger numerical aperture objective would increase the sensitivity up to
several times.
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3. Experimental
A considerable amount of effort has been put into development of experimental setups
and techniques. The most crucial setups are described here and it is pointed out which
improvements have been done as a part of my thesis. Further details of the specific
experimental settings can be found in the respective papers.

3.1

Setup 1: Time- and Spectral Resolved Luminescence of 1O2 from Cuvettes

At the beginning of my doctoral fellowship, our laboratory was equipped with a setup
for the nanosecond time- and spectral-resolved phosphorescence of 1 O2 from cuvettes.
The setup allows us to measure the NIR luminescence kinetics from bulk samples (such
as a solution in cuvette) with a nanosecond time resolution at a desired wavelength as
set by the grating of the monochromator. The scheme of the setup is shown in figure
3.1 and the setup is described in detail in the original works. 121,207,208
The pulsed dye laser FL1000 (Lambda Physik) pumped by an excimer laser ATLEX
500i (ATL Lasertechnik) is used for excitation. The output wavelength can be tuned in
the range defined by the selected laser dye. Most often, Stylben 3 dye emitting in the
violet-blue spectral region between 400–440 nm was used for excitation of porphyrins
in the Soret band at 420 nm. To excite porphycenes and phthalocyanines, DCM dye
at 635 nm was used. The pulsed laser was operated at repetition rates of 100 Hz or
200 Hz, providing pulses with time-width of ≈ 7 ns and energy of 5–30 µJ. The typical lifetimes of the phosphorescence kinetics span from hundreds of nanosecond to
hundreds of microseconds. Given the comparatively very short laser pulse width, the
luminescence kinetics doesn’t have to be deconvoluted. It is absolutely essential that
there are no laser after-pulses and no tail laser emission, since this would lead to artifacts which would override the inherently very weak phosphorescence emission from
the sample. The laser beam is focused into the sample placed in a quartz cell (G). The
emitted luminescence is collected by a lens assembly and passes through two longpass filters (Schott RG7) and monochromator (Jobin-Yvon H20IR) to NIR sensitive
photomultiplier (Hamamatsu R5509) working in a single photon counting mode. The
photomultiplier (PM) is cooled down to −80 ◦C by liquid nitrogen in order to reduce
thermal noise. The pulses produced by the photomultiplier are amplified by a preamplifier (P) and collected by multi-channel counter (Becker-Hickl MSA 200) with 5 ns
per channel. The counter is synchronized with the excitation laser pulse using a trigger pulse from a PIN diode (T). The multi-channel counter accumulates over several
thousands of excitation laser pulses finally forming a histogram which represents the
luminescence kinetics after the excitation laser pulse. Decreasing the slit-width of the
spectrograph allows us to improve the spectral resolution of the setup in the expense of
signal throughput. Various laboratories use a similar technique to study the 1 O2 luminescence. However, those setups usually use bandpass filters instead of spectrograph
to isolate the signal in the desired spectral region. While the filters allow for a larger
signal throughput, they do not allow to record the spectrum of the long-lived emission.
Our setup is suitable for measurement of 1 O2 phosphorescence and dye phosphorescence kinetics and spectra, thus obtaining a 3-dimensional data (Figure 3.2).
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Figure 3.1: Scheme of the setup for time- and spectral-resolved NIR luminescence
from cuvettes. ATLEX 500i – pump laser, FL1000 – dye laser, T – PIN diode for
trigerring, G – cuvette, F – longpass filters, H20 – monochromator, PM – photomultiplier, P – preamplifier, MSA200 – multichannel counter.

Figure 3.2: Three-dimensional plot representing the time- and spectral-resolved NIR
luminescence of 1 O2 and photosensitizer.
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3.2

Setup 2: Time- and Spectral-Resolved Triplet-Triplet
Transient Absorption and Delayed Fluorescence from
Cuvettes

Another setup routinely used in our laboratory is the pump-probe apparatus to record
transient absorption or luminescence spectra in a chosen time after the pumping laser
pulse. The setup is shown in Figure 3.3.
The sample is excited by laser pulses with 3 ns duration and energy ≈ 0.5 mJ produced by an optical parametric oscillator (PG122, EKSPLA, line width < 5 cm−1 )
pumped by a Q-switched Nd:YAG laser (NL303G/TH, EKSPLA) with 10 Hz repetition rate. The laser enables spectral tunability over the wide range from UV to IR.
The excitation beam passes through a cylindrical lens which enlarges the beam profile in the x-direction resulting in an oblong illuminated spot on the sample with area
of ≈ 0.5 cm2 . The excitation of the sample induces luminescence and also leads to
transient changes of absorption due to the depletion of ground state and population
of the excited triplet states which shows specific absorption bands. The changes in
absorption of the sample are probed by a pulsed xenon flash lamp (LS-1130-1, PerkinElmer) which is coupled to the cuvette by a lightguide. In case of delayed fluorescence
experiments, the flash lamp is switched off.
Luminescence signal or transmitted light from the flash lamp are collected and led
by a lightguide into the imaging spectrograph (iHR320, Horiba Jobin Yvon), where it is
focused on its entrance slit. The spectrograph grating then expands the signal beam into
the spectrum which is imaged on an intensified gated CCD camera (PI-MAX 512RB,
Princetion Instruments). The setup enables to measure the spectra in the range from
∼300 nm to ∼900 nm. The gated camera collects the signal only for a certain period
of time (width of the gate window; gate-width) starting after an arbitrary time-interval
after the excitation pulse (gate delay). Gate-widths smaller than 2 ns are available. This
allows us to record time-resolved spectra and kinetics of delayed fluorescence, prompt
fluorescence, as well as triplet-triplet transient absorption. The kinetics are obtained in
a step-by-step measurement where the time-delay is gradually incremented. The gate
of the camera and the probe lamp are synchronized with the laser trigger by a delay
generator (DG535, Stanford Research Systems).
The described pump-probe setup is a powerful tool for experiments involving excited state dynamics of photosensitizers, enabling us to measure spectra and kinetics
of DF, PF, and triplet-triplet absorption, as well as decay associated spectra. To avoid
the step-by-step measurement of the kinetics, we have installed a photomultiplier to
the second output port of the spectrograph. The analogue output signal from the photomultiplier was then fed into the oscilloscope. This enables us to measure the whole
kinetics at once at a specific wavelength, without having to change the gate-delay step
by step. While this detection branch worked well for triplet-triplet transient absorption
kinetics, it unfortunately did not provide usable kinetics of DF. Therefore, we have
decided to build a new, more sensitive setup for detection of DF (next chapter), using a gated photomultiplier in a single photon counting mode. Moreover, we took the
advantage of attaching it to an existing inverted luminescence microscope.
55

Figure 3.3: Setup for time- and spectral-resolved triplet-triplet absorption and delayed
fluorescence from cuvettes.

3.3

Setup 3: Inverted Luminescence Microscope with
Multiple Detection Paths.

Originally, our laboratory was equipped with an inverted luminescence microscope
coupled to a spectrograph and VIS-sensitive CCD camera, using a continuous laser for
excitation. This setup served to detect luminescence spectra of single nanoparticles.
During the time, we have added three new detection paths, including NIR sensitive
detection and time-resolved detection. Additionally, a new excitation path using a
pulsed laser was built. The whole setup is shown in Figure 3.4.
The core of the setup is an inverted luminescence microscope (IX71, Olympus).
The laser excitation beam is provided either by the 405 nm CW laser (LDM405.120.CWA.L, Omicron) or by the dye laser described in section 3.1. Alternatively, various
other laser sources are available to be mounted. In the path of the pulsed laser, a beamsplitter BS1 is inserted to reflect a small portion of the beam to a PIN photodiode
(PDM-400, Becker& Hickl,) which is used to synchronize the time-resolved experiment with the excitation pulses. Additionally, the laser beam passes through a set of
ND filters, which enables us to attenuate the excitation intensity as needed. In front of
the microscope, the beam passes through a removable lens L1 ( f = 50 mm, Thorlabs),
which enlarges the illuminated spot on the sample S (i.e., shifting the laser focal plane
out of the sample focal plane). The diameter of the illuminated area on the sample
is ≈ 100 µm, depending on the laser in use. The beam is then coupled into the NIRcorrected objective OBJ (LMPlan IR, 50 × /0.55, Olympus) by the 500 nm dichroic
long-pass mirror DLP (Edmund Optics). The luminescence emission from the sample
collected by the objective passes again through the dichroic mirror DLP. After that,
a short-pass dichroic mirror DSP (1000 nm, Thorlabs) is inserted. Light of shorter
wavelengths (< 1000 nm) passes through the DSP and is led to the detection branches
sensitive in the visible spectral region. Light of longer wavelengths (> 1000 nm) is
reflected by the DSP to the detection system sensitive in NIR spectral region. The
splitting of the signal enables to measure simultaneously in the visible and NIR spectral regions at the same time, allowing us to correlate the VIS and NIR luminescence
images and kinetics.
In the NIR path, the signal is passed through a combination of NIR longpass, shortpass and bandpass filters (F) depending on the specific experiment, and focused by
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Figure 3.4: Scheme of the inverted luminescence microscope with multiple detection
paths in NIR and visible spectral region. The setup is described in the text.
lens L2 (achromatic, f = 20 cm, Edmund Optics) on the entrance slit of the imaging spectrograph (Acton SpectraPro 2500i, Princeton Instruments). The spectrograph
was used either with a grating (150 g mm−1 , 1.2 µm blazed) for spectroscopy or with a
mirror for imaging. One output of the spectrograph is equipped with a NIR-sensitive
InGaAs camera (NIRvana:640, Princeton Instruments) cooled to −80 ◦C. The pixel
size of the detector array is 20 × 20 µm. It translates to 0.34 × 0.34 µm on the sample
as determined from the 58× magnification of the system, which is smaller than the
diffraction limit at 1275 nm. The NIRvana camera controls the electronical shutter SH
which enables to expose the sample to light only during signal acquisition. The second output port of the spectrograph is equipped with an output slit and a NIR sensitive
photomultiplier (H10330A-45, Hamamatsu). Additionally, an RG7 long-pass filter is
inserted in front of the photomultiplier in order to suppress the unwanted stray light
and background light. The photomultiplier operates in a single photon counting mode
and its output is fed throught a preamplifier into a multichannel-counter board (MSA300, Becker&Hickl), which is synchronized with the excitation pulse by signal from
the PIN diode.
In the VIS path, the signal is focused on the entrance slit of the imaging spectrograph (Acton SpectraPro 2300i, Princeton Instruments). One output port is coupled
to a VIS sensitive back-illuminated silicon camera (Spec-10:400B, Princeton Instruments), while a gated photomultiplier (Hamamatsu, H11526-20-NF) is connected to
the second output port. The photomultiplier output is fed into a multichannel counter
(Becker&Hickl, MSA300), which is again synchronized with the laser pulse using the
signal from the PIN diode. The two multichannel counters in VIS and NIR paths are
both in the same computer and are interconnected in order to share the same internal
clock, allowing us to measure the VIS and NIR luminescence kinetics simultaneously.
The synchronization pulse from the PIN diode triggers also the delay generator (Stanford Research Systems, DG535), which produces the gate pulse for the PMT keeping
it in the on-state typically for 100 µs with 250 ns delay after the laser excitation pulse
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(i.e., the PMT is “blind” until 250 ns after the excitation pulse). The gating of the
detector is needed in order to cut off the strong initial signal (prompt fluorescence,
laser scattering), which may otherwise overload the detector and lead to experimental
artifacts or even damage.
The presented setup has four detection branches, two in NIR spectral region and
two in the visible. In each spectral region, one detection path is the imaging path
enabling us to acquire the microscopic images and spectral images (image where one
dimension is spatial and the other is spectral). The other detection path is realized
by a photomultliplier allowing to record luminescence kinetic at a specific wavelength
as set by the grating of the spectrograph. Therefore, this microscopic apparatus has
unprecedented capabilities combining many experiments in one setup. It provides a
submicrometer spatial resolution, nanosecond time-resolution, and spectral resolution
in the wide spectral range spanning from 300 nm to 1700 nm.

3.4

Cell Sample Preparation

During the time, I have moved from cuvette experiments with solutions to microscopic
experiments with single living cells. The experiments were performed either with 3T3
mouse fibroblasts or human HeLa cells, however the same procedures were applied for
both.
The cells were grown as a monolayer in 25 cm2 incubation flasks (TPP) filled with
5 ml of the growth medium (DMEM (PAA Laboratories GmbH, high-glucose) supplemented with 10% fetal bovine serum, L -glutamine and antibiotics). The cells were
subcultured after they reached confluence. The procedure of subculturing is the following: The medium is removed from the flask, the attached cells are rinsed with
PBS, then 0.7 ml of double-concentrated trypsin is added for detachment of the cells,
and the flask is left for 1–5 minutes in the incubator. The detached cells can then be
resuspended into new medium and seeded to new flasks or dishes for microscopic experiments. Alternatively, a suspension of cells for a cuvette experiment can be prepared
in this way.
Petri dishes with a thin glass or plastic bottom (IBIDI, µ-dish) were used for preparation of the samples for microscopic observations. When the cells in the Petri dishes
reached half confluence (and minimally one day after the subculture), an aliquot of the
photosensitizer (most usually either TPPS4 or TMPyP) was added. The aliquot can be
added directly to the growth medium, or the growth medium can be first replaced by
other incubation medium, e.g. PBS based on D2 O supplemented with glucose. The
incubation medium and incubation time (most often 5–20 h) differ for individual experiments; please see the original papers for reference. 38–40 After the incubation with
the photosensitizer, prior to the microscopic experiment, the incubation medium is
discarded and the monolayer of cells is rinsed three times with PBS. During the microscopic experiments, the cells can be kept either in a fresh growth medium (without pH
indicators such as phenol red), or in PBS supplemented with glucose. In the case of
the steady-state direct imaging of 1 O2 phosphorescence, it is more convenient to keep
the cells in PBS in order to avoid the luminescence arising from the growth medium
itself. On the other hand, the cells could be kept in the growth medium during the
gated time-resolved DF experiments.
In order to enhance the 1 O2 lifetime, the cellular H2 O can be replaced with D2 O.
To perform the H2 O/D2 O exchange, the monolayer of cells is first treated for 5 min58

utes with a hypertonic D2 O-based PBS and then the hypertonic PBS is replaced with
isotonic PBS based on D2 O. 117 Enhancement of 1 O2 production can be also achieved
by increasing the oxygen concentration. Simply, the sample in a closed Petri dish can
be bubbled gently with oxygen gas while on microscope stage. Of course, for a more
precise control of oxygen concentration a more advanced method is needed.
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4. Conclusions
Detection of singlet oxygen is a challenging problem, especially in cells and tissues.
Although various techniques are available, none of them is universally applicable. During my PhD studies, I have been developing new methods of detection and monitoring
of singlet oxygen in biological systems. Two different approaches have been followed:
direct detection of 1 O2 NIR phosphorescence around 1275 nm and semi-direct method
based on “Singlet Oxygen Feedback Delayed Fluorescence” (SOFDF).
A new setup for direct microscopic imaging of 1 O2 near-infrared phosphorescence
has been built using a novel 2D-array NIR sensitive detector. The unique apparatus
provided us with 1 O2 -based microscopic images of individual mammalian cells incubated with water-soluble porphyrin TMPyP. Spectral images were also acquired, where
the x-dimension is spectral and the y-dimension is spatial. The spectral images show
that the 1 O2 -phosphorescence band is overlapped with a long-wavelength tail of photosensitizer luminescence. The amplitudes of the spectral components change nontrivially during the irradiation, and the photosensitizer luminescence bleaches much
faster than the phosphorescence of 1 O2 . To our knowledge, this was the first report on
the detection of NIR luminescence spectra from single cells, thus addressing the problem of separation of 1 O2 phosphorescence from the background. Further, the work
thoroughly investigated and evaluated the capabilities and limitations of the state-ofthe-art NIR-sensitive detector to perform microscopic imaging of 1 O2 in cells. This is
the major update in this respect since the pioneering work by Ogilby’s group approximately ten years ago.
Besides the direct detection of 1 O2 , time-resolved methods for monitoring of delayed fluorescence in solutions and biological samples have been developed. It was
shown that SOFDF is the most important mechanism of delayed fluorescence in the
studied systems, and it was demonstrated that SOFDF is a more common phenomenon
than previously believed. SOFDF was observed in a range of water-soluble photosensitizers, including porphyrins, phthalocyanines, and xanthene dyes. The dependence of
SOFDF kinetics on various parameters (oxygen concentration, photosensitizers concentration, irradiation intensity, H/D isotopic exchange, presence of 1 O2 -quenchers
etc.) was thoroughly studied and compared to theoretical predictions. Kinetics of
SOFDF were detected even from single living cells during PDT-like treatment, thus
paving the way to SOFDF-based microscopy and other applications of SOFDF in
cells and tissues. It was observed that the SOFDF kinetics in cells change during the
PDT-like treatment as a response to the photodynamically-induced intracellular alterations, which suggests its potential application in the PDT dosimetry. Analysis of timeresolved SOFDF kinetics allowed us to estimate lifetimes of both 1 O2 and PS triplet
states, thus making SOFDF a very promising tool for monitoring of the photosensitizing process. Further, SOFDF has been proposed as an alternative semi-direct method
for 1 O2 monitoring in biological systems since it conveniently combines several strong
features of the direct phosphorescence detection and indirect detection using fluorescence probes. Importantly, it was experimentally shown that SOFDF can be several
orders of magnitude more intense than the direct phosphorescence of 1 O2 . I believe
that SOFDF deserves more attention than it has had so far. The series of our papers
provides one of the scarce systematic investigations of SOFDF in biologically-relevant
samples.
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Appendix
Model Function for SOFDF Kinetics
The first step of SOFDF is the 1 O2 -induced reversed intersystem crossing (SO-RISC)
T1 + 1 O2

→

(S1 , 3 O2 ) .

(4.1)

The couple (S1 , 3 O2 ) can be then deactivated in the processes
Φ0

(S1 , 3 O2 )

F
−→

(S1 , 3 O2 )

T
−→

(S1 , 3 O2 )

Φ0

Φ0ic

−−→

S0 + 3 O2 + hν

(4.2)

T1 + 3 O2

(4.3)

S0 + 3 O2

(4.4)

where the symbols above the arrows denote the probabilities of the individual decay
processes. The model functions (1.12), (1.11), and (1.18) for 1 O2 , T1 , and SOFDF
kinetics, respectively, all neglect the SO-RISC as a pathway of PS triplet and 1 O2
removal. We may ask under what conditions this approximation is justified.
Naturally, the importance of this quenching pathway will grow with increasing
concentrations of 1 O2 and PS triplet states in our sample. The Publication IV studied luminescence of air-saturated water-solutions of photosensitizers at concentrations
c0 = 30 µM, using the excitation laser pulse energy density of Epulse = 1 mJ cm−2 . For
excitation at 420 nm (Ehν ≈ 285 kJ mol−1 ) this corresponds to Nph = 3.3 × 10−9 moles
of photons per pulse per cm2 . Let’s assume that ΦT ≈ 0.8 is the triplet state quantum
yield and ε ≈ 2 × 105 M−1 cm−1 the molar absorption coefficient of the photosensitizer
at the excitation wavelength, which are values relevant for many porphyrins.
If the Lambert-Beer law is used to derive the initial number of triplet states after
the excitation pulse, we get
[T1 ]0 = ΦT

Epulse 1 − 10−εc0 L
·
,
Ehν
L

(4.5)

where L is the thickness of the sample. If L is small, i.e. only a thin layer of the sample
incident to the laser beam is taken into account, then the equation effectively reduces
to
Epulse
[T1 ]0 = ΦT
· εc0 ln 10 .
(4.6)
Ehν
Substitution of the specific experimental values provides
[T1 ]0 = 1.2 × 10−7 mol · cm−3 = 120 µM .
Obviously, the Lambert-Beer is not valid under the investigated conditions, since the
resulting [T1 ]0 is even larger than the initial PS concentration c0 .
The value of [T1 ]0 has to be estimated in a different way. The absorption coefficient
ε corresponds to the absorption cross-section σ = ln(10) ε/NA = 0.76 × 10−15 cm2 ,
where NA is the Avogadro constant. The rate kph of incoming photons per one molecule
of the absorber can be calculated as
kph = NA

Epulse 1
σ ≈ 5 × 108 s−1 ,
Ehν τp
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(4.7)

where τp = 3 ns is the time-width of the laser pulse with a rectangular time-profile. In
case of porphyrins excited in blue, the molecules are brought to a higher excited singlet
state Sn , from where it rapidly relaxes (∼ 10−12 s) 11 to the S1 state. The relaxation rate
is much larger than the rate of incoming photons kph , which means that the stimulated
emission can be neglected. The number of the T1 states generated in the sample then
corresponds to the product of ΦT and the number of absorbed photons.
The number of PS ground states (Ng ), excited singlet states (NS ), and T1 states (NT )
during and after the excitation pulse in a thin incident layer of the sample with area of
1 cm2 can be described by a set of differential equations
dNg
= −Ng kph p(t) + NS kdec (1 − ΦT )
dt
dNS
= Ng kph p(t) − NS kdec
dt
dNT
= −NT kT + NS kdec ΦT
dt

(4.8)
(4.9)
(4.10)

where kdec ≈ 2 × 108 s−1 is the overall decay rate of the S1 , kT ≈ 5 × 105 s−1 is the
decay rate of the T1 state, and the function p(t) expresses the shape of the laser pulse
– in case of a rectangular time profile p(t) = 1 during the laser pulse and p(t) = 0
otherwise. The potential absorption from the excited states is neglected. When ΦT is
close to unity, the laser pulse width is substantially smaller than the S1 state lifetime
(τS1 = 1/kdec ), and kT  kdec , then the initial number of T1 states after the excitation
pulse can be expressed as
[T1 ]0 = c0 ΦT (1 − exp (−kph τp ))

(4.11)

which yields [T1 ]0 = 0.62c0 ≈ 18 µM for c0 = 30 µM
The peak concentration of 1 O2 will be necessarily smaller than [T1 ]0 . Specifically, for τT = 2 s and τ∆ = 4 s, [1 O2 ]max = [T1 ]0 /2 = 9 µM according to the equation (1.12). The value is significantly smaller than the concentration of ground state
oxygen ([O2 ] = 280 µM in air-saturated water). Ground state oxygen is the principal quencher of triplet states with bimolecular rate kTOx ≈ kT∆ ≈ 2 × 109 M−1 s−1 in
water, which implies the rate of PS triplet removal kTOx [O2 ] ≈ 5 × 105 s−1 . Let’s
assume that the bimolecular rate kSO−RISC of the process (4.1) is diffusion limited,
kSO−RISC = 1.1 × 1010 M−1 s−1 . Then the upper limit for the rate of PS triplet removal
in this process is (1 − Φ0T )kSO−RISC [1 O2 ] ≈ 2 × 104 s−1 assuming that Φ0T = ΦT , which
is 25 times smaller than the quenching rate by the ground state oxygen. Moreover, the
majority of the triplets are quenched by 3 O2 before 1 O2 reaches its peak concentration,
which further reduces the contribution of SO-RISC to the triplet state quenching.
Analogically, the rate of 1 O2 removal in the process (4.1) is equal to kSO−RISC [T1 ],
which is maximally 2 × 105 s−1 at time zero and rapidly decreases as the triplets gradually decay. When the concentration of 1 O2 reaches its maximum, the kSO−RISC [T1 ]
will be 5 × 104 s−1 . The rate of 1 O2 quenching by H2 O, kH2 O ≈ 2.5 × 105 s−1 , is five
times larger. Again, if the reaction (4.1) is not diffusion limited, the contribution of
1 O quenching in the process (4.1) will be further reduced. Indeed, no significant
2
shortening of the 1 O2 rise- and decay-times due to SO-RISC has been observed in our
experiments, which usually have experimental accuracy of ≈ 10%. A precise calculation according to the set of differential equations (4.12) confirms that these lifetimes
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are changed by approximately 10%. It can be concluded that the function (1.18) provides a sufficiently accurate model in such experiments. Nevertheless, the quenching
of 1 O2 by T1 states can be significant shortly after the excitation pulse when the concentration of triplets is large. A more accurate form of the SOFDF and 1 O2 model
functions was derived by Mosinger et. al. in ref. 139
In case of cell experiments in Publication V, the laser fluence rate was 0.1 W cm−2
at 100 Hz repetition rate, which again corresponds to the pulse energy Epulse ≈
1 mJ cm−2 . The local PS concentration is unknown, but we may assume values around
c0 ∼ 1 mM, as deduced from. 176 The oxygen concentration in the water-based compartments, such as cytoplasm, can be assumed to be similar or smaller than that in
air-saturated water. The oxygen diffusion constant is 5 − 10× smaller in cells compared to the water solution (Dcell = 2–4 × 10−6 cm2 s−1 vs. DH2 O = 2 × 10−5 cm2 s−1 ),
which also proportionally diminishes the values of bimolecular rates kT∆ and kSO−RISC
to 3 × 108 M−1 s−1 and 1.5 × 109 M−1 s−1 , respectively. Therefore, the triplet lifetime
is substantially longer than in neat water. On the other hand, the lifetime of 1 O2 drops
to τ∆ ≈ 1 µs in the cellular environment, which corresponds to deactivation rate of
1 × 106 s−1 . The initial PS concentration is quite large and the concentrations of the
excited states may reach relatively high levels, which could lead to a remarkable effect
of SO-RISC on the kinetics and τ∆ and τT lifetimes. An estimation of the influence of
the 1 O2 -induced reversed intersystem crossing on the kinetics of the excited states can
be obtained by solving the set of equations
d
[T1 ] = −kT∆ [O2 ][T1 ] − k0T [T1 ] − (1 − Φ0T )kSO−RISC [1 O2 ][T1 ]
dt
d 1
[ O2 ] = kT∆ [O2 ][T1 ] − k0∆ [1 O2 ] − kSO−RISC [1 O2 ][T1 ]
dt
[O2 ] = [O2 ]0 − [1 O2 ]

(4.12)

with initial conditions [T1 ](t = 0) = [T1 ]0 and [1 O2 ](t = 0) = 0. k0T is the oxygenindependent rate of PS triplet deactivation, Φ0T is the fraction of PS molecules which
undergo ISC again after the reversed ISC,∗ k0∆ is the 1 O2 deactivation rate by the
solvent, and [O2 ]0 is the initial concentration of the ground state oxygen. The parameters in the equations are dependent on the solvent/environment, particularly on the
diffusion coefficient. The figure 4.1 compares the calculated kinetics for cell samples with [T1 ]0 = 1, 100 and 500 µM, using parameter values kT∆ = 3 × 108 M−1 s−1 ,
kSO−RISC = 1.5 × 109 M−1 s−1 , k0T = 1 × 104 s−1 , k0∆ = 1 × 106 s−1 , (1 − Φ0T ) = 0.2,
and [O2 ] = 280 µM. It is clear that for the initial T1 concentration of 500 µM the kinetics of 1 O2 are significantly perturbed by the SO-RISC process (e.g., the 1 O2 rise-time
drops from 1 µs to 0.6 µs) and also the kinetics are no longer accurately described
by two exponentials as in 1.12. Subsequently, the SOFDF model function (1.18) is
becoming less accurate, but the calculations show that it still can provide useful approximative results.†
∗ Φ0 is not necessarily equal to Φ , because the repopulated S after the SO-RISC process is in close
T
1
T
proximity of oxygen molecule which may perturb the S1 state.
† The figure 4.1 shows that if the 1 O kinetics and SOFDF kinetics in the samples with large initial
2
T1 concentrations are fitted according to the biexponential models (1.12) and (1.18), the apparent values
of τ∆ and τT are smaller and larger, respectively, than the real lifetimes.
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Figure 4.1: Top: Calculated kinetics of 1 O2 in cells incubated with a photosensitizer
in dependence on the initial concentration of triplet states after the excitation pulse.
Bottom: Corresponding kinetics of SOFDF.
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Intensity of SOFDF
We may also ask how intense is the SOFDF emission in our samples. The emission
rate of SOFDF photons per unit volume can be calculated as
ISOFDF = Φ0F kSO−RISC [1 O2 ][T1 ] .

(4.13)

On the other hand, the emission rate of 1 O2 phosphorescence photons is
Iph = kr [1 O2 ] = 0.11 s−1 [1 O2 ] ,

(4.14)

where kr is the radiative rate. 48 Then we can calculate the ratio of these two intensities
ISOFDF
kSO−RISC
= Φ0F
[T1 ] .
Iph
kr

(4.15)

It has been shown in the Publication IV that kSO−RISC Φ0F /ΦF & 1 × 109 M−1 s−1 for
TPPS4 where ΦF ≈ 0.1, which yields kSO−RISC Φ0F & 1 × 108 M−1 s−1 . Let’s assume
that [T1 ] = 6.6 µM, which is 1/e of the previously calculated initial concentration of
T1 states in the 30 µM water-solution of a PS. This yields ISOFDF /Iph ≈ 6000, which
is consistent with our experimental results in Publication IV. In other words, SOFDF
is much more intense than the NIR phosphorescence of 1 O2 in the studied system.
Although the peak intensity of the SOFDF kinetics is much larger than the peak intensity of 1 O2 phosphorescence, the decay-time of SOFDF is generally shorter than the
decay-time of 1 O2 -phosphorescence. If τT  τ∆ , then the SOFDF decay-time is a half
of the 1 O2 phosphorescence decay-time. If τT  τ∆ , the SOFDF decay-time is much
shorter than the 1 O2 phosphorescence decay-time. In such case, the integral intensity
of SOFDF kinetics may be very low. Therefore, the SOFDF-based detection of 1 O2
is promising mainly in systems with prolonged PS triplet lifetimes, such as oxygendepleted samples and samples with high viscosity (e.g. the intracellular environment).

Calculation of Excited State Lifetimes from SOFDF Lifetimes
Another important question is how accurately the 1 O2 lifetime and PS triplet lifetime
can be determined by analysis of the SOFDF kinetics. As presented earlier, these
lifetimes can be calculated on the basis of SOFDF lifetimes τ1 , τ2
τ∆ = 2τ1 τ2 /(2τ2 − τ1 ) .

τT = 2τ2

(4.16)

The equation for τ∆ contains a difference of two terms in the denominator, which
means that even a small uncertainty in the input parameters may cause a large uncertainty of τ∆ , especially if τ1 and 2τ2 are close to each other, which occurs when
τ∆  τT . The uncertainty of the calculated τ∆ can be quantified as
s

2 
2
dτ∆
dτ∆
∆τ1 +
∆τ2
(4.17)
∆τ∆ =
dτ1
dτ2
s

2 
2
4τ22
−2τ21
∆τ∆ =
∆τ1 +
∆τ2 .
(4.18)
(2τ2 − τ1 )2
(2τ2 − τ1 )2
where ∆τ1 and ∆τ2 are the uncertainties of the experimental values.
67

The typical experimental values of SOFDF lifetimes encountered in water solutions are τ1 = (1.4 ± 0.1) µs and τ2 = (1.0 ± 0.2) µs. When substituted into (4.16) and
(4.18), this yields τ∆ = (4.7 ± 2.5) µs. The relative uncertainty is then more than 50%.
In cells, the typical values are τ1 = (1.0 ± 0.3) µs and τ2 = (6.0 ± 0.2) µs, resulting
in τ∆ = (1.1 ± 0.4) µs. In cells, the SOFDF lifetimes are much more separated than
in water, which diminishes the uncertainty of τ∆ . On the other hand, we may expect
larger experimental uncertainty in τ1 and τ2 due to the weaker signal and potential interference of other sources of delayed luminescence. An accurate determination of the
SOFDF rise-time is particularly troublesome, since the initial part of the kinetics may
be overlapped with a strong fast-decaying signal due to scattering and prompt fluorescence. In conclusion, the quantitative determination of τ∆ on the basis of SOFDF may
suffer from relatively large uncertainties.
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List of Frequent Abbreviations

1O
2
1∆
g
1 Σ+
g

. . . . . . . . . . . . singlet oxygen
. . . . . . . . . . . . the first excited state of molecular oxygen
. . . . . . . . . . . the second excited state of molecular oxygen

τ∆ . . . . . . . . . . . . . . lifetime of singlet oxygen
τT . . . . . . . . . . . . . . lifetime of photosensitizer triplet state
DF . . . . . . . . . . . . delayed fluorescence
DMF . . . . . . . . . . dimethylformamide
ISC . . . . . . . . . . . . intersystem-crossing
NIR . . . . . . . . . . . near-infrared
PDT . . . . . . . . . . . photodynamic therapy
PMT . . . . . . . . . . photomultiplier
PS . . . . . . . . . . . . . photosensitizer
THF . . . . . . . . . . . tetrahydrofuran
TMPyP . . . . . . . . 5,10,15,20-tetrakis(1-methyl-4-pyridinio) porphine
TPP . . . . . . . . . . . tetraphenylporphyrin
TPPS4 . . . . . . . . . meso-tetrakis(4-sulfonathophenyl) porphine
ROS . . . . . . . . . . . reactive oxygen species
SOFDF . . . . . . . . singlet oxygen feedback delayed fluorescence
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[26] A. Hollmann, S. Gonçalves, M. T. Augusto, M. A. R. B. Castanho, B. Lee
and N. C. Santos, Effects of singlet oxygen generated by a broad-spectrum viral
fusion inhibitor on membrane nanoarchitecture, Nanomedicine, 2015, 11, 1163–
7.
[27] F. Vigant, J. Lee, A. Hollmann, L. B. Tanner, Z. Akyol Ataman, T. Yun, G. Shui,
H. C. Aguilar, D. Zhang, D. Meriwether, G. Roman-Sosa, L. R. Robinson, T. L.
Juelich, H. Buczkowski, S. Chou, M. a. R. B. Castanho, M. C. Wolf, J. K. Smith,
A. Banyard, M. Kielian, S. Reddy, M. R. Wenk, M. Selke, N. C. Santos, A. N.
Freiberg, M. E. Jung and B. Lee, A Mechanistic Paradigm for Broad-Spectrum
Antivirals that Target Virus-Cell Fusion, PLoS Pathog., 2013, 9, e1003297.
72

[28] D. L. Gilbert and C. A. Colton, Reactive Oxygen Species in Biological Systems,
Kluwer Academic / Plenum Publishers, New York, 1999.
[29] P. R. Ogilby, Singlet oxygen: there is indeed something new under the sun,
Chem. Soc. Rev., 2010, 39, 3181–3209.
[30] P. R. Ogilby and C. S. Foote, Chemistry of Singlet Oxygen. 42. Effect of Solvent, Solvent Isotopic Substitution, and Temperature on the Lifetime of Singlet
Molecular Oxygen (1Delta-g), J. Am. Chem. Soc., 1983, 105, 3423–3430.
[31] R. Schmidt and H. D. Brauer, Radiationless deactivation of singlet oxygen
(1.DELTA.g) by solvent molecules, J. Am. Chem. Soc., 1987, 109, 6976–6981.
[32] M. A. J. Rodgers, Solvent-induced deactivation of singlet oxygen: additivity
relationships in nonaromatic solvents, J. Am. Chem. Soc., 1983, 105, 6201–
6205.
[33] A. Krieger-Liszkay, Singlet oxygen production in photosynthesis., J. Exp. Bot.,
2005, 56, 337–46.
[34] A. Telfer, Singlet oxygen production by PSII under light stress: mechanism,
detection and the protective role of β-carotene., Plant Cell Physiol., 2014, 55,
1216–23.
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IV) Scholz M., Dědic R., Breitenbach T., and Hála J.: Singlet oxygen-sensitized delayed fluorescence of common water-soluble photosensitizers, Photochemical & Photobiological Sciences, 2013, 12 (10), 1873 - 1884.
DOI: 10.1039/C3PP50170A
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a b s t r a c t
Antioxidant properties of naturally occurring species, b-carotene, are investigated by examining its ability to quench singlet oxygen (1O2) and triplet states of photosensitizer 5,10,15,20-tetraphenyl-porphin
(TPP) in tetrahydrofuran solutions. Concentrations of all species are biologically relevant. The quenching
is evaluated using direct spectral- and temporal-resolved detection of weak near-infrared phosphorescence of both triplet TPP (3TPP) and 1O2. Dependencies of lifetimes of 3TPP and 1O2 on concentration of
b-carotene were established as well as quenching rate constants for b-carotene. Hypothesis of multicomponent 3TPP is proposed and investigated. Quenching constant of (10.9 ± 0.5)  109 M1 s1 for bimolecular quenching of 1O2 by b-carotene and quenching constant of (8 ± 3)  109 M1 s1 for bimolecular
quenching of 3TPP longer lived component were determined.
Ó 2010 Elsevier B.V. All rights reserved.

1. Introduction

2. Experimental

Reactive oxygen species (ROS) participate in many destructive
and degenerative processes in biological systems. One possible
way of ROS production is photosensitization: ROS are generated
by energy transfer from excited states of other molecules, so-called
photosensitizers. Singlet oxygen (1O2) and a range of free radicals
can be created [1]. The emergent reactive substances are usually
toxic and cause cell death. ROS production occurs either as a undesirable side-product of normal photoreactions (e.g. in photosynthesis under excessive light levels, in retina, or in skin [2]) or as a
beneﬁcial agent in various processes, such as immune responses
of the body [3] or photodynamic therapy of different severe illnesses [4,5]. Singlet oxygen belongs amongst the most important
ROS. It can be directly detected by its weak near-infrared phosphorescence [6,7].
On the other hand, antioxidants are chemical substances naturally occurring in biological systems and protecting organisms
against ROS. Amongst the most abundant biological antioxidants
belong carotenoids, especially b-carotene [8,9]. Energy of b-carotene triplet is suitably lower than both energies of 1O2 and triplets
of various photosensitizers which suggests quenching ability of bcarotene [9,10]. Excited triplet of b-carotene harmlessly decays by
energy dissipation [9]. For example, b-carotene supposedly acts as
an antioxidant agent in photosynthetic systems [11] and its protective role in macula was proposed [12]. Quenching rate constant of
1
O2 for many carotenoids is near to diffusion limit [10].

2.1. Materials
Spectrally resolved luminescence kinetics of 1O2 and 5,10,15,20tetraphenyl-porphin (TPP) triplet dissolved in tetrahydrofuran
(THF) were measured for b-carotene (Sigma Aldrich, catalogue
number C4582, purity >95%) concentrations ranging from 0 lM
to 50 lM. TPP was obtained from Frontier Scientiﬁc (catalogue
number T614). Stock solution of 100 lM was used. Air-saturated
THF (Fluka, for UV spectroscopy) served as a solvent.
2.2. Methods
Experimental setup for detecting both time and spectrally resolved luminescence of 1O2 and TPP triplet (3TPP) is in detail described elsewhere [13]. Shortly, excimer laser ATLEX 500i (ATL
Lasertechnik) pumps pulsed dye laser FL1000 (Lambda Physik)
providing excitation beam at 420 nm with 7 ns pulse, 400 Hz repetition rate, and energy of 30 lJ. Laser beam is focused in quartz
cell where luminescence is emitted. Luminescence passes through
two long-pass ﬁlters (Schott RG7) and monochromator (Jobin-Yvon
H20IR) to IR sensitive photomultiplier (Hamamatsu R5509) working in a single photon counting mode. Photomultiplier pulses are
collected by multi-channel counter (Becker-Hickl MSA 200) with
5 ns per channel. Each luminescence kinetics is a result of ten thousand accumulations.
3. Results and discussion
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kinetics was obtained at each wavelength. Kinetics of 1O2 luminescence during photosensitizing process induced by short laser pulse
can be expressed as convolution of TPP triplet decay and singlet
oxygen decay. Fitting function for 1O2 luminescence kinetics is
therefore biexponential,


IðtÞ ¼ A eK D t  eK T t ;

ð1Þ

where A is positive multiplicative factor and KD, KT decay rate constants of 1O2 and 3TPP respectively, for the case of KT > KD [14]. KD
and KT are reciprocals to corresponding lifetimes. Diffusion limit for
bimolecular quenching process is approximately given by Debye
equation modiﬁed for dissolved molecules smaller than molecules
of the solvent

kdif ¼

4RT

g

;

ð2Þ

Fig. 2. Comparison of 3TPP phosphorescence kinetics at 862 nm and 1070 nm each
ﬁtted by two exponentials. The same slopes of both components document the
same lifetimes at the two different wavelengths. Short lived component is much
more pronounced at 862 nm kinetics, while substantially higher contribution of the
longer one can be observed at 1070 nm kinetics.

where g is solvent viscosity [15]. This approximate equation gives
21  109 M1 s1 for THF. However, for molecules such as O2 this
equation does not take into account individual properties of dissolved molecules and thus can provide several fold lower values
for diffusion limit [16].
Dependence of 1O2 decay rate constant KD on b-carotene concentration is shown in Fig. 1. 1O2 lifetime decreases from
(17.35 ± 0.05) ls in b-carotene-free sample to (1.58 ± 0.06) ls for
50 lM b-carotene concentration. Linear dependence suggests
bimolecular quenching, which yields quenching rate constant
ð10:9  0:5Þ  109 M1 s1 of 1O2 for b-carotene. Quenching rate
constant of 13.0  109 M1 s1 obtained in benzene was published
before [9]. Therefore, value of 16:4  109 M1 s1 can be estimated
for THF, considering lower viscosity of THF compared to benzene.
Our value is substantially lower than this estimate. It is also lower
than the theoretically predicted diffusion limit. This is in line with
the fact, that deactivation of singlet oxygen by carotenoids is not
via Dexter energy transfer but rather via formation of encounter
complexes [17]. Therefore, the quenching process is activation limited instead of diffusion limited.
On the contrary to KD, rate constant KT = (3.3 ± 0.1)  106 s1
does not depend on b-carotene concentration in the frame of the
measurement accuracy (data not shown). Corresponding rise-time
of 1O2 kinetics, that should correspond to 3TPP lifetime, is
(0.30 ± 0.01) ls. Nevertheless, a weak quenching cannot be completely excluded due to 7% conﬁdence intervals of the lifetimes
obtained for particular carotene concentrations. Such a quenching
would be hard to detect as dominant TPP triplets depopulation
channel is the energy transfer to 1O2.
The phosphorescence of 3TPP was measured in wide spectral
range from 800 nm to 1100 nm with 16 nm step. Monoexponential
decays ﬁtted to 3TPP phosphorescence kinetics provide 0.34 ls

lifetimes almost independent of emission wavelength in the spectral
range 800–950 nm but gradually increasing with the emission
wavelength to values above 0.40 ls around 1100 nm (data not
shown). This observation leads to at least two-component 3TPP decay model. It is documented in Fig. 2. Fits of the sum of two exponential decays provide components with lifetimes of (0.34 ± 0.03) ls
and (7.0 ± 0.4) ls in b-carotene-free sample. The contribution of
the longer component increases with emission wavelength (see
Fig. 3). However, phosphorescence relative contribution must not
be mistaken for concentration fraction.
Short lived component lifetime does not depend on b-carotene
concentration. However, a weak quenching of this component by
carotene cannot be completely excluded due to conﬁdence intervals of the lifetimes, similarly to KT above. It is a little bit longer
than rise-time of singlet oxygen luminescence of (0.30 ± 0.01) ls.
Similar effect was reported in our previous publications [18,19]
and was explained in the frame of formation of transient complex
of photosensitizer and oxygen in the latter reference. Anyway, the
rough correspondence of the lifetimes allows relation of the short
lived component to the fraction of 3TPP which is quenched by
oxygen.
Longer lived component lifetime signiﬁcantly decreases with
increasing b-carotene concentration up to (1.5 ± 0.4) ls. Corresponding lifetime reciprocals are plotted as a function of b-carotene concentration in Fig. 4. Their linear dependence provides
quenching rate constant of longer lived 3TPP component by b-carotene of (8 ± 3)  109 M1 s1. This value is slightly lower than the
rate constant of singlet oxygen quenching by b-carotene.

Fig. 1. Singlet oxygen decay rate constant as a function of b-carotene concentration.

Fig. 3. Contribution of longer lived component of 3TPP to integral 3TPP phosphorescence at each wavelength.
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constant of (8 ± 3)  109 M1 s1 in THF, again lower than the theoretically predicted diffusion limit. Shorter lived component of
3
TPP luminescence does not seem to be quenched by b-carotene
in the frame of our measurement accuracy.
Acknowledgement
This work was supported by Project Number MSM 0021620835
from the Ministry of Education of the Czech Republic.
References
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ABSTRACT: Thiazolyl- and bithiazolyl-substituted porphyrins have been characterized to
assess their potential as new standards for singlet molecular oxygen photosensitization. Their
absorption, fluorescence, phosphorescence and triplet-triplet spectra are slightly red-shifted
relative to those of tetraphenylporphine (TPP), a well-established singlet molecular
oxygen standard. Likewise, the singlet and triplet lifetimes as well as the fluorescence
quantum yields are roughly one order of magnitude smaller than those of TPP, while the
triplet and singlet oxygen quantum yields increase concomitantly to ca. 1.
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INTRODUCTION
The presence of heteroatoms in the core or in the periphery of porphyrins usually exerts a
significant influence of their absorption spectra and photophysical properties. Of specific
interest to this work is the observation that introduction of sulphur atoms enhances the
process of intersystem-crossing, thereby increasing the quantum yield of triplet-state
population upon light absorption by the porphyrin [1,2]. Similar observations are reported for
a variety of other dyes [3-5]. This usually results in an enhanced ability to photosensitize the
production of singlet molecular oxygen (1O2), an electronically-excited state of the dioxygen
molecule endowed with high reactivity towards electron-rich substrates [6,7]. 1O2 mediated
photooxygenation reactions play key roles in biological processes such as photodynamic
therapy [8] or plant defense [9]. Photosensitization of 1O2 is a two-step process in which light
is first absorbed by a molecule referred to as the photosensitizer (PS), which then transfers its
electronic energy to a nearby oxygen molecule yielding 1O2. The PS returns to the ground
state, ready to participate in a new photoexcitation-energy transfer cycle. 1O2 production
quantum yields () have been compiled for a large number of PSs [10,11]. Among the redabsorbing dyes, porphyrins have long been recognized to be good 1O2 photosensitizers and
5,10,15,20-tetraphenyl porphine (TPP) is a well-established standard PS in non-polar
solvents, with  = 0.65 [10].
Porphyrins bearing heteroaryl groups at the meso positions have been described before,
however, to the best of our knowledge, the thiazole ring has eluded attention, although
thiazole-based porphyrinoids have been described [12,13]. This is somewhat surprising as
thiazolyl-substituted compounds display rich physical, chemical, and biological effects
associated to this aromatic ring [14]. In particular, we considered the advantages related to its
compact size, and the druglikeness it confers to the compounds where it is present. The
massive occurrence of diversely-substituted thiazole moieties in natural products [15],
bioactive compounds and drugs, justify its classification as a privileged substructure in
medicinal chemistry [16].
We thus set out to examine the effect of thiazolyl- and bithiazolyl groups on the porphyrins‘
ability to photosensitize 1O2 and on their general photophysical properties. Herein we report
on the synthesis, photophysical characterization and 1O2 production by two novel porphyrins,
5,10,15,20-tetrathiazolyl porphine (TTAP) and 5,10,15,20-tetrabithiazolyl porphine (TBTAP;
figure 1)

Figure 1: Structures of 5,10,15,20-tetra-(5-thiazolyl) porphine
(TTAP) and 5,10,15,20-tetra-(2,2‘-bithiazol-5-yl) porphine (TBTAP)

MATERIALS AND METHODS
Chemicals
Spectroscopic quality solvents as well as meso-5,10,15,20-tetraphenyl porphine (TPP) and
azulene were purchased from Aldrich and were used as received. C60 was from Texas
Fullerenes.
Spectroscopic methods
The photophysical properties were measured in spectroscopic grade DMF, THF or
toluene. Absorption spectra were recorded on a Varian Cary 4E spectrophotometer.
Fluorescence emission spectra were recorded on a Jobin Yvon-Spex Fluoromax-2
spectrofluorometer. Fluorescence quantum yields (ΦF) were determined by comparison of
the areas under the emission curves for solutions of the porphyrins and of TPP in toluene
as standard, for which ΦF = 0.13 was adopted [17]. The absorbances of the reference and
sample solutions were matched at the excitation wavelength. Emission intensities were
corrected for the refractive index of the solvent. The samples were excited at 532 nm and
the absorbance of the solutions was kept always below 0.05 in order to prevent inner-filter
effects.
Fluorescence decays were recorded using a Picoquant Fluotime 200 time-correlated
single photon counting system equipped with a red-sensitive photomultiplier. A 375 nm
picosecond diode laser working at 10 MHz repetition rate was used for excitation and the
photon counting frequency was kept below 1%. Fluorescence lifetimes were determined
using the Fluofit 4.0 software from Picoquant.
The specific 1O2) and porphyrin-triplet near-IR phosphorescence kinetics were detected

using a CryLas FTSS355-Q diode-pumped Nd:YAG laser at 532 nm for excitation,
working at 10 kHz repetition rate and delivering 1 ns, ∼1.2 µJ laser pulses. The emission
arising from the cuvette was passed through appropriate cut-off and bandpass filters to
isolate the desired emission and detected by a Hamamatsu H9170-45 near-IR sensitive
photomultiplier used in photon counting mode combined with a Picoquant’s NanoHarp
250 multichannel scaling board [18]. The 1O2 signals, S(t), were fitted by equation 1:

St  S0 



   T

e

 t / 

 e t /T



(1)

where S0 is a quantity proportional to , τT is the lifetime of the photosensitizer’s tripletstate, and τ∆ is the O2 lifetime. The  values were determined by comparing S 0 for the
porphyrins and two reference photosensitizers, namely TPP ( = 0.65) and C60 ( =
0.95) [10,19].
1

Triplet decays in air- and argon-saturated samples were recorded using a home-built
nanosecond flash-photolysis setup based on a Q-switched Nd:YAG laser (Surelite I-10,
Continuum) for excitation at 532 nm and a Xe lamp (PTI, 75 W) for probing the transient
absorption with right-angle geometry. The white light analysis beam was passed through a
grating monochromator (mod. 101, PTI) and was detected by a photomultiplier
(Hamamatsu R928), whose output was fed to a Lecroy WS454 oscilloscope. Kinetic
analysis of the triplet decays afforded the values of τT.
Triplet and 1O2 quantum yields as well as the triplet lifetime were determined by laser
induced optoacoustic spectroscopy (LIOAS) [20]. The system is based on the laser flash
photolysis setup described above in which detection is provided by a Panametrics
piezoelectric transducer (Quantum Northwest). The time profile of the acoustic wave was
analyzed with the Sound Analysis software (Quantum Northwest) to obtain the fractions of
absorbed energy that are released as heat upon population of the triplet state (1) and in the
subsequent energy transfer step where 1O2 is produced (2). These coefficients were then
used to extract the quantum yield data according to equations 2 and 3.
E   E (1  1  2 )  EF  F

(2)

ET T  E (1  1 )  EF  F

(3)

where E, ET, EF and E are the excitation energy on a per einstein basis, the triplet energy,
the average fluorescence energy, and the 1O2 energy, respectively. A detailed description of
the method is provided in [21,22]. The treatment above assumes that structural volume
changes are negligible relative to the thermal ones in all organic solvents assayed [23].
Azulene, a calorimetric reference that releases 100% of absorbed energy as heat within the
time resolution of the transducer, was used to provide the instrument’s response function
for the deconvolution analysis procedure [20].

The triplet energy of the porphyrins was deduced from time-resolved emission spectra in
the near-infrared. The system uses an excimer laser ATLEX-500i (ATL Lasertechnik) to
pump a pulsed dye laser FL1000 (Lambda Physik, with the dye Stilbene 3), which then emits
pulses at 420 nm (7 ns pulse-width, 20 µJ per pulse, 400 Hz repetition rate). The
luminescence was collected by a lens assembly, passed through a pair of Schott RG7 longpass filters and a Jobin- Yvon H20IR monochromator, and detected by a cooled IR-sensitive
photomultiplier Hamamatsu R5509 operating in photon counting mode, whose output is
preamplified and counted by a Becker-Hickl MSA 200 multi-scaler with a resolution of 5 ns
per channel.
RESULTS
Synthesis of 5,10,15,20-tetra-(5-thiazolyl) porphine (TTAP).
TTAP was prepared through a modified Rothemund reaction. 5-thiazolecarbaldehyde (1.45
mL, 16.7 mmol) and acetic anhydride (100 L) were added to a solution of pyrrole (1.16 mL,
16.7 mmol) in propionic acid (54 mL). The resulting mixture was stirred for 1 h at reflux
temperature. The volatiles were removed under reduced pressure and the residue was purified
by flash column chromatography. On elution with hexanes-EtOAc (8:2), the desired porphyrin
was obtained (2.4 g, 23%) as a dark purple solid, which was recrystallized from toluene.
1

H-NMR (CDCl3, 400 MHz):  9.36 (s, 2H), 9.02 (s, 1H), 8.66 (s, 1H) ppm.

IR (NaCl):  3090, 1401, 1236, 1155, 965 cm-1.
UV-Vis. [max nm (log ), CH2Cl2]: 418 (4.42), 270 (3.9).
Melting point: 147.8-148.1 ºC (toluene).
MALDI-TOF-MS calculated for C32H18N8S4: 642.80; found: 642.93.
HRMS (ESI) calculated for C32H19N8S4: 643.0601; found: 643.0610.
Synthesis of 5,10,15,20-tetra-(2,2‘-bithiazol-5-yl) porphine (TBTAP)
TBTAP was prepared through a modified Rothemund reaction. 2,2‘-bithiazole-5-carbaldehyde
[24] (3.2 g, 16.7 mmol) and acetic anhydride (100 L) were added to a solution of pyrrole
(1.16 mL, 16.7 mmol) in propionic acid (54 mL). The resulting mixture was stirred for 1 h at
reflux temperature. The volatiles were removed under reduced pressure and the residue was
purified by flash column chromatography. On elution with hexanes-EtOAc (8:2), the desired
porphyrin was obtained (1.3 g, 8%) as a dark brown solid, which was recrystallized from
toluene.
H-NMR (CDCl3, 400 MHz):  9.18 (s, 4H), 8.59 (s, 2H), 8.05 (d, J = 3.2 Hz, 2H), 7.63 (d, J =
3.2 Hz, 2H), -2.61 (bs, 1H) ppm.
1

IR (NaCl):  3268, 3112, 2924, 2853, 1721, 1484 cm-1.
UV-Vis. [max nm (log ), CH2Cl2]: 427 (3.8), 330 (4.07), 272 (4.14).
Melting point: 149.5-149.8 ºC (toluene).
MALDI-TOF-MS calculated for: C44H22N12S8: 975.25; found: 975.18..
HRMS (ESI) calculated for: C44H23N12S8: 974.9803; found: 974.9829.

Solubility
TTAP and TBTAP proved less soluble than TPP in all solvents assayed. DMF was the best
solvent for these thiazolyl-substituted porphyrins, toluene and THF providing enough
solubility as well, although the highest achieved concentrations were around 25 µM.
Absorption spectra
The formal replacement of the four phenyl groups in TPP by thiazolyl or bithiazolyl groups
does not change the main features of the absorption spectrum of the porphyrin (figure 2),
although it induces a bathochromic shift of 8 nm in the Soret band and of 17 nm in the lowestenergy Q-band. This indicates that these heterocyclic substituents exert a stronger electronic
perturbation than the phenyl groups in TPP. On the other hand, the peak absorption
coefficients are remarkably smaller, particularly at the Soret band (Table 1). Absorbance
vs. concentration plots were linear in the concentration range tested (e.g., up to 10 µM in
THF; data not shown).

Figure 2: Absorption spectra of the porphyrins in DMF.
Fluorescence
The electronic perturbations revealed in the absorption spectra were also apparent in the
fluorescence behavior of the three compounds. The emission spectra of TTAP and TBTAP
show a bathochromic shift of about 16 nm (figure 3), which corresponds well with that of the
lowest-energy Q-band. The quantum yields (ΦF ∼0.01 in all solvents) are one order of
magnitude smaller than for TPP (ΦF = 0.13) [17]. Likewise, the fluorescence lifetimes of
TTAP and TBTAP (τS = 1.5 ± 0.2 ns) are substantially shorter than that of TPP (∼10 ns in
our solvents). Taken together, these results indicate that non-radiative decay processes are
enhanced for TTAP and TBTAP, the rate constants for all non-radiative processes, calculated
as kNR=(1−ΦF)/τS, increasing roughly by a factor of 7 relative to TPP.

Figure 3: Fluorescence spectra in THF. The spectra of TTAP and
TBTAP are multiplied by a factor of 10 to facilitate comparison.
Inset: Fluorescence decays; IRF stands for the instrument’s response
function.
Triplet absorption spectra and lifetimes
The triplet decays were monoexponential for all measured samples in all solvents. The values
of τT for TTAP and TBTAP, determined either by transient-absorption spectroscopy of by
time-resolved phosphorescence, are distinctly shorter than that of TPP (50 ± 10 µs vs. 200 µs
in argon-saturated DMF and THF). Triplet-minus-singlet absorption spectra are shown in
Figure 4. As in the case of ground-state absorption the maximum of triplet-triplet absorption
appears red-shifted relative to that of TPP (470 nm vs 450 nm). In the presence of oxygen,

Figure 4: Triplet-minus-singlet absorption spectra in DMF. The inset
shows a representative decay and the corresponding monoexponential
fit. Triplet lifetmes are collected in Table 1

the lifetimes decreased substantially, indicating that oxygen quenching is effective for
these new porphyrins (Table 1).

Triplet phosphorescence
Time-resolved emission spectra at room temperature were collected in nitrogen-saturated
THF as described in the Materials and Methods section. The near-IR luminescence spectra are
shown in Figure 5. While the lifetime of the TPP luminescence was pretty constant across
the spectrum (data not shown) a significant lifetime shift could be observed for TTAP and
TBTAP around 850 nm (Figure 5). Specifically, lifetimes ca 20-25 µs were detected at
wavelengths shorter than 850 nm while lifetimes around 40 µs (TBTAP) and 50 µs (TTAP)
were detected above 900 nm. The longest lifetimes match well the triplet lifetimes observed
in transient absorption experiments and therefore the corresponding spectral components are
assigned to phosphorescence. The shorter-lived components below 850 nm are assigned to
delayed fluorescence arising from triplet-triplet annihilation, as they decay twice as fast as
phosphorescence. We therefore take 870 ± 30 nm as the wavelength for phosphorescence
onset, from which the triplet energy level of both thiazole-based porphyrins is calculated as
138 ± 5 kJ·mol-1, essentially identical within experimental error to that reported for TPP [17,
25].

Figure 5: Time-resolved near-IR luminescence spectra in nitrogenpurged THF (left axis) and wavelength dependence of the lifetime
(right y-axis).

Singlet oxygen phosphorescence
All tested porphyrins were able to produce 1O2 upon irradiation in aerated solutions, as
deduced from the unequivocal spectral profile of the near-IR luminescence, which showed the
expected maximum at 1275 nm. The 1O2 lifetimes were the same for all compounds, 21 ± 1
µs in THF and DMF, and 29 ± 1 µs in toluene, which are in excellent agreement with
published values [26]. The rise-times of 1O2 luminescence were in excellent agreement with
the τT valuesobtained by flash-photolysis (Table 1). The intensity of the 1O2 phosphorescence
signals was markedly higher for TTAP and TBTAP than for TPP, while comparable to that of
1

C60 (Figure 6). The Φ∆ values, determined by fitting equation 1 to the O2 phosphorescence
decays, were 0.90 ± 0.10 for both thiazolyl-substituted porphyrins, i.e., close to that of C60 and
ca. 40% higher than that of TPP.

Figure 6: Kinetics and intensity of 1O2 phosphorescence at 1275 nm in
air-saturated toluene.

Laser-induced optoacoustic spectroscopy
The energetics of 1O2 photosensitization by the porphyrins was studied also calorimetrically
by laser-induced optoacoustic spectroscopy. As described in the Materials and Methods
section, analysis of the time profile of the acoustic wave yielded the fractions of absorbed
energy that are released as heat upon population of the triplet state (1) and in the subsequent
energy-transfer step where 1O2 is produced (2). These coefficients were then used to extract
the quantum yield data according to equations 2 and 3. A decreasing trend in  was observed
as the laser fluence increased (Figure 7), therefore Table 1 quotes the  values extrapolated
to zero laser fluence. The values obtained are in excellent agreement with those derived from
the time-resolved near-IR phosphorescence measurements. Likewise, the triplet quantum

yields (ΦT ) of TTAP, TBTAP and C60 were close to unity, while the ΦT value for TPP ranged
from 0.65 to 0.80 depending on the solvent (Table 1), also in excellent agreement with the
results of Pineiro et al. using a slightly different LIOAS setup [27].

Figure 7: Dependence of the  on the laser ﬂuence. The sensitizers
were dissolved in air-saturated toluene and excited at 532 nm. Inset:
Representative optoacoustic waveforms for TTAP, azulene, data fit
and residuals of the fit.
DISCUSSION
TTAP and TBTAP are examples of a new class of porphyrin derivatives that contain the
biologically- and medicinal chemistry relevant thiazole ring. Our results clearly show that the
pendant thiazolyl and bithiazolyl groups exert a significant influence on the photophysical
properties of the porphyrins. Absorption spectroscopy reveals a substantial perturbation of the
electronic π-system of the porphyrin, which leads to red shifts in the corresponding bands and
a decrease in the peak absorption coefficients. Such perturbation affects also the photophysics
of the porphyrins. The decrease in fluorescence lifetime and quantum yield relative to TPP
indicates the onset of competing non-radiative processes. Higher T and  values relative
to TPP indicate that singlet-triplet intersystem crossing, rather than internal conversion, is
enhanced by the thiazolyl groups. This is positive for the purpose of enhancing the
porphyrins‘ ability to photosensitize 1O2. Triplet-singlet intersystem crossing is enhanced as
well, as deduced from the shorter τT values. Sulphur atoms have long been recognized to exert
effects similar to those described herein in porphyrins and other aromatic compounds. In the
case of core-substituted porphyrins the triplet-yield enhancement was explained by a
combination of both the heavy-atom effect (enhanced spin-orbit coupling) and the coupling of
the empty d-orbitals of sulphur with the π-system of porphyrin [2]. More recently, the
enhancement observed for sulphur-substituted squaraines was interpreted according to the

El-Sayed‘s rules as a result of an inversion of the lowest π−π* transition by an n−π*
transition [7].
CONCLUSIONS
The photophysical properties of thiazolyl-based porphyrins differ remarkably from those of
TPP. The triplet and singlet oxygen quantum yields are close to unity for these new
porphyrin derivatives in different solvents, which suggests that they may be valuable as
reference photosensitizers for 1O2 production. One possible drawback is the relatively low
solubility of these compounds. Given the widespread roles of the thiazole ring in biological
processes, thiazolyl-substituted porphyrins may prove useful for photodynamic therapy
applications.
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Table 1: Photophysical properties of TPP, TTAP and TBTAP in different solvents. Legend: λmax : ground-state absorption maxima, λF:

fluorescence maxima, ES : singlet energy,ΦF: fluorescence quantum yield, τS : singlet lifetime, λT-T: tritplet-triplet absorption maximum, ET : triplet

DMF
417 (Soret)

THF
427 (Soret)

Toluene

521,557,

422 (Soret)

DMF

520,555,

423 (Soret)

THF

521,557,598,

427 (Soret)

Toluene

521,557,

422 (Soret)

DMF

520,555,

423 (Soret)

THF

TBTAP

Toluene
417 (Soret)
521,557,598,

TTAP

419 (Soret)
513,547,591,

TPP

energy, τT : triplet lifetime, Φ∆ : singlet oxygen quantum yield, ΦT : triplet quantum yield.

λmax / nm
512,546,588,

666; 723

598, 666 (Q)

181

666; 723

597, 663 (Q)

548,

597, 663 (Q)

668, 725

180

515,

598, 664 (Q)

666; 723

180

0.013

666 (Q)
666; 723

181

0.013

664 (Q)
668, 725

180

0.013

647 (Q)
651; 716

180

0.010

1.5

644 (Q)
651; 716
185

0.010

1.4

591, 647(Q)
651, 717
185

0.010

1.4

λF / nm
185
0.13

1.5

Es / kJ·mol-1
0.13

1.4

0.13

1.4

ΦF
10.0

10.5

470

9.5

470

τS (air) / ns

470

450

470

450

470

450

470

λT-T / nm

138

138

138

138

138

138

138

138

0.96

138

ET / kJ·mol-1a

0.97

1.02

0.80

270

0.96

0.65

400

0.99

0.70

250

50

1.05

Φ Tb

320

50

280

480

50

0.85

410

310

>295

0.96

240

τT (air) / ns

>200

1.00

50

>200

0.91

50

τT (argon) / μs

0.66

0.93

0.66

1.00

0.64

c

ΦΔc

b

,

The experimental uncertainty is 4%. From laser-induced optoacoustic spectroscopy. Average from laser-induced optoacoustic spectroscopy and time-resolved near-IR

a

phosphorescence. The experimental uncertainty is 10%.
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a b s t r a c t
Tetra-propyl-porphycene (TPrPo) in solution has been studied by means of time-and spectral-resolved
near-infrared (NIR) luminescence spectroscopy. The NIR luminescence kinetics exhibits surprising dependence on oxygen concentration. There is a clearly visible long-lived (microsecond range) rise-section in
biexponential kinetics at broad NIR spectral range of 800–1100 nm for lowered oxygen concentrations.
The rise-section is not present in nitrogen-saturated samples and it also disappears after addition of singlet oxygen (1O2) physical quencher DABCO, which means that the effect is 1O2-mediated. Kinetics of
TPrPo delayed ﬂuorescence detected around 650 nm possess a similar rise-decay character in microsecond range. Simultaneous measurements of 1O2 phosphorescence kinetics, triplet–triplet transient absorption, and delayed ﬂuorescence have provided additional information about the phenomenon. It is
proposed that TPrPo shows a singlet oxygen-sensitized delayed ﬂuorescence which extends to near-infrared where it is strong enough to override the phosphorescence emission.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
Singlet oxygen (1O2), the lowest excited state of molecular oxygen, participates in many important biological processes and can
be employed in a variety of applications such as photodynamic
therapy (PDT) [1]. One possible way of achieving oxygen excitation
is by photosensitization, namely the generation of 1O2 by energy
transfer from light-excited (usually spin-triplet) states of other
molecules, which are therefore referred to as photosensitizers
(PS). Porphyrins form a very important group of PSs. Porphycenes,
structural isomers of porphyrins, possess substantially increased
intensity of the absorption bands in red portion of spectrum. Red
light penetrates much deeper in human tissues than blue light,
which makes porphycenes outstanding candidates for second-generation PSs for PDT [2,3]. Other interesting properties of porphycenes, such as quite high ﬂuorescence quantum yield (0.35 [4])
and remarkably increased cross-section for two-photon absorption
[5], may be of further beneﬁt in PDT.
The excited states of porphycenes have been extensively studied [4,6]. The triplet and 1O2 quantum yields of 2,7,12,17-tetra-npropylporphycene (TPrPo) in toluene were reported to be around
0.3 [4]. Triplet energy was reported to be (124 ± 2) kJ mol1 based
on observation of phosphorescence band around 960 nm revealed
by steady-state measurements in bromobenzene solutions [4]. The
triplet lifetime was reported to be ca. 240 ls and 190 ns in deoxy⇑ Corresponding author.
E-mail address: schom6am@plk.karlov.mff.cuni.cz (M. Scholz).
0022-2860/$ - see front matter Ó 2012 Elsevier B.V. All rights reserved.
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genated-and air-saturated toluene, respectively [4]. The ﬂuorescence spectrum shows two peaks–a stronger one around 640 nm
and a weaker one around 700 nm–and the ﬂuorescence lifetime
is 9.8 ns [7].
In this work, we report a detailed analysis of the interactions of
triplet spin states of porphycenes with oxygen at low oxygen concentrations. Speciﬁcally, we have found that singlet oxygen molecules are capable to interact with the porphycene’s triplet state
leading to delayed ﬂuorescence that extends into the near-infrared,
where it is able to cover phosphorescence emission of triplet states.
2. Processes of excitation energy transfer
After absorption of a photon, the excited singlet spin state (S1)
of PS molecule efﬁciently passes to its triplet spin state (T1) by
intersystem-crossing, which readily reacts with triplet ground
state oxygen (3O2) giving rise to 1O2 [8]:

T1 þ 3 O2 ! S0 þ 1 O2 :

ð1Þ
1

Besides radiationless deactivation, both T1 and O2 produce very
weak NIR phosphorescence emission (1O2 around 1275 nm and T1
often in range 800–1200 nm), which allows for their direct monitoring [9,10]. The phosphorescence kinetics of T1 follows monoexponential decay with lifetime of sT under assumption that only the
described processes are involved. 1O2 phosphorescence can be ﬁtted
by function

IðtÞ ¼ Aðet=sD  et=sT Þ;

ð2Þ
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3. Experimental
3.1. Materials
2,7,12,17-tetra-n-propylporphycene (TPrPo, purity >99%; prepared in the Barcelona laboratory [12]) was studied in solutions
of spectroscopic grade tetrahydrofuran (THF) or toluene at moderate concentrations ranging from 3 lM to 20 lM. Diazabicyclooctane (DABCO) was used as 1O2 physical quencher in 5 mM
concentration. All the compounds except for porphycene were obtained from Sigma–Aldrich.
3.2. Methods
The setup for time-and spectral-resolved detection of NIR luminescence (setup No. 1) is described in detail elsewhere [13]. Brieﬂy,
a pulsed tunable dye laser (FL1000, Lambda Physik) pumped by an
excimer laser (ATLEX 500i, ATL Lasertechnik) provided 7 ns pulses
at 635 nm with 200 Hz repetition and typical energy of 5 lJ, and
was focused into sample quartz cell. Luminescence passes through
two long-pass ﬁlters (RG7, Schott) and monochromator (H20IR, Jobin–Yvon) to NIR sensitive photomultiplier (R5509, Hamamatsu)
working in a single photon counting mode. Output of the photomultiplier is fed to a multi-channel counter (MSA200, BeckerHickl) with 5 ns per channel.
Triplet–triplet transient absorption (TTA) kinetics and visible
luminescence kinetics were measured by setup No. 2: Samples
were excited by 5 ns laser pulses at 635 nm (energy 1 mJ) produced by an optical parametric oscillator (PG122, EKSPLA) pumped
by a Q-switched Nd:YAG laser (NL303G/TH, EKSPLA). The luminescence signal was detected by an intensiﬁed gated CCD camera (PIMAX 512RB, Roper Scientiﬁc) coupled to an imaging spectrometer
(Triax 320, Horiba Jobin Yvon). The whole spectrum is recorded by
the CCD at a given time after the excitation pulse. TTA kinetics was
detected at 410 nm (spectral width 20 nm) by a photomultiplier
(R928, Hamamatsu) using a 200 MHz oscilloscope (TDS 2024B,
Tektronix).
Alternatively, the kinetics of TTA and visible luminescence were
detected by means of a setup for nanosecond laser ﬂash-photolysis
(setup No. 3). The sample was excited by a Q-switched Nd:YAG laser (Surelite I-10, Continuum) at 532 nm and probed by a 75 W CW
Xe lamp (PTI) at right-angle geometry. The white light probe beam
passes through a grating monochromator (mod. 101, PTI), and is
then detected by a photomultiplier (R928, Hamamatsu), whose
output is ﬁnally fed to an oscilloscope (WS454, Lecroy). The probe
lamp is blocked out for VIS luminescence experiments.
The absorption of the samples was routinely checked in order to
exclude photobleaching.
4. Results
4.1. NIR luminescence of TPrPo
Air-saturated sample of 12 lM TPrPo in THF (1 cm absorbance
of 0.5 at 635 nm) was gradually bubbled by nitrogen until a nitrogen-saturated sample was achieved. The bubbling was paused during the process several times and the NIR luminescence kinetics
were recorded at several wavelengths in the range 800–1300 nm
upon excitation at 635 nm, which is the maximum of the red-most
and strongest Q-band of TPrPo. The signal maximum was found
around 900 nm and therefore most of the further experiments

were carried out at this wavelength. Fig. 1 displays exemplary
traces at 900 nm and 1275 nm corresponding to four different oxygen concentrations.
The 1O2 kinetics of the air-saturated sample at 1275 nm (trace 1
in Fig. 1) follows Eq. (2) with a rise-time of sT = (0.23 ± 0.05) ls
and a decay-time sD = (21.1 ± 0.5) ls. The rise-time agrees well
with the triplet state lifetime previously obtained from TTA experiment [4]. Likewise, the lifetime of 1O2 is in a good agreement with
previously reported values [14]. As the oxygen concentration decreases, the rise-time (T1 lifetime) increases. At a certain oxygen
concentration (between 0.7% and 0.1% O2–traces 2 and 3) the lifetime of 1O2 formation outreaches the lifetime of 1O2 deactivation
and rise-time of the signal then corresponds to the lifetime of
1
O2 deactivation and vice versa [11,15]. The T1 lifetime deduced
from 1O2 kinetics was used to estimate the oxygen concentration
in the sample. The 900 nm kinetics (trace 1 in Fig. 1) is monotonely
falling for the air-saturated sample, as expected according to the
discussion following Eq. (1). However, as oxygen concentration decreases, an unexpected long-lived rise-section appears after an initial fast and intense spike (traces 2 and 3 in Fig. 1). Starting at time
ca. 2 ls, the long-lived portion of the signal can be ﬁtted by the
sum of two exponentials:

IðtÞ ¼ A1 et=s1  A2 et=s2 ;

ð3Þ

where s1, s2 are the decay-and rise-times (e.g. s1 = (3.0 ± 0.5) ls,
s2 = (6.5 ± 0.5) ls for trace 2). Interestingly, none matches completely well the sT = (7.6 ± 0.5) ls and sD = (21.5 ± 0.5) ls values derived from the singlet oxygen kinetics at 1275 nm, although s2 and
sT are close. The rise-section disappears in the nitrogen-saturated
sample (trace 4 in Fig. 1) and the decay can again be ﬁtted by a single exponential with lifetime exceeding 100 ls.
It is important to note that the same behavior was observed in
wide spectral range of 800–1100 nm (see the top part in Fig. 3),
both in polar THF and non-polar toluene, and at the whole studied
concentration range (from 3 lM to 20 lM).
4.2. Effect of DABCO
Given the oxygen dependence of the slow-rise component in
the 900-nm signal, we hypothesized that 1O2 could be involved
in its origin. In order to ascertain this, we repeated the previous
experiment in the presence of the 1O2 quencher DABCO at 5 mM

Intensity

where sD is lifetime of 1O2 [11]. The kinetics is the result of convolution of T1 decay and single exponential of singlet oxygen with lifetime of sD. If sT > sD, then A is negative.
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Fig. 1. NIR luminescence kinetics of TPrPo in THF at 900 nm (bottom) and
corresponding 1O2 phosphorescence kinetics at 1275 nm (top) for a set of oxygen
concentrations. Trace 1: air-saturated sample (21% O2), trace 2: 0.7% O2, trace 3:
 0.1% O2, trace 4: nitrogen-saturated sample (0% O2). The oxygen concentrations
for traces 2 and 3 were determined on the basis of triplet lifetime derived from 1O2
phosphorescence kinetics.

305

M. Scholz et al. / Journal of Molecular Structure 1044 (2013) 303–307

concentration. In this case, the rise component in the 900-nm signal disappeared (see Fig. 2 for illustration).

time

4.3. The spectrum of the NIR luminescence

[µs]

0

Fig. 4 documents the effect of the excitation energy on the 900nm luminescence kinetics. Clearly, the contribution of the slowrise component to the overall signal is comparatively more important at higher laser energies. The excitation intensity dependence
of 1O2 luminescence integral signal at 1275 nm (inset in Fig. 4)
clearly shows saturation effect with increasing excitation intensities. Despite the onset of saturation of 1O2 signal, the intensity of
900 nm long-lived luminescence shows convex dependence at
lower pulse energies.
4.5. Transient absorption
In order to gain further insight into the process, the kinetics of
triplet–triplet transient absorption (TTA) of TPrPo in low-oxygen
sample were recorded and compared to NIR luminescence kinetics.
Setup No. 2 and setup No. 1 were used. The observation wavelengths were 410 nm for TTA [4] and 900 nm for the NIR luminescence. The samples were excited at 635 nm in both experiments.
As shown in Fig. 5, TTA decays monoexponentially with
(8.2 ± 0.2) ls lifetime while the NIR luminescence of the same
sample shows a slow (3.2 ± 0.5) ls rise component and
(7.7 ± 0.5) ls decay component. Both decay lifetimes matched well
the corresponding 1O2 rise-time of (7.8 ± 0.5) ls. Kinetics of delayed ﬂuorescence (DF) in the visible (650 nm) was recorded as
well (squares in Fig. 5). The rise-decay shape of the DF kinetics
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Fig. 3. Spectrum of NIR luminescence of TPrPo in THF. Top: kinetics at wavelengths
from 800 to 1040 nm with 48 nm step (data are not corrected for spectral
sensitivity). Bottom: Luminescence spectra with 16 nm step corrected for spectral
sensitivity (left logarithmic y-axis) together with difference spectrum (curve N2sat.
minus curve lowered O2, right linear y-axis).
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The top part of the Fig. 3 shows the raw TPrPo luminescence
kinetics at selected wavelengths. Spectra with 16 nm step were obtained by integration of the long lived portion of the signals (from
2 ls) and correction by the spectral sensitivity of the detection system. Spectra plotted in bottom part of Fig. 3 correspond to nitrogen-saturated sample (dash-dot line) and sample with lowered
oxygen concentration (solid line). In addition, the spectrum of
the early spike detected under hundred times lowered excitation
energy is plotted (dotted line). The early spike was assigned to
NIR tail of prompt ﬂuorescence due to its duration in order of tens
of nanoseconds. All spectra are normalized at the wavelength of
800 nm.
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Fig. 2. Comparison of the TPrPo NIR luminescence kinetics at 900 nm with and
without DABCO.

qualitatively corresponds to the NIR luminescence kinetics. Nevertheless, it should be reminded that the energy density of the exci-
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tation pulse in the sample may differ in case of NIR luminescence
experiment and TTA or visible DF experiment, which inﬂuences the
direct comparison of the kinetics.
In an independent experiment using setup No. 3, the kinetics of
TTA at 395 nm was compared to that of visible DF at 650 nm for
low-oxygen sample (Fig. 5, inset). Although the ﬂuorescence lifetime of TPrPo is 10 ns [7], the delayed ﬂuorescence we recorded
contained a decay component with lifetime of (21.0 ± 0.5) ls and
a rise component with lifetime of (4.3 ± 0.5) ls. The DF kinetic
trace exhibits a similar rise-decay character as observed in the
NIR. The TTA kinetics recorded under these conditions showed only
the decay component with (28 ± 1) ls lifetime. Interestingly, the
rise component of the DF kinetics, but not the long-lived decay,
disappeared in argon-purged solutions.

5. Discussion
The long-lived luminescence signal of porphyrinoids in the NIR
region (800–1200 nm) is generally used to monitor T1 via its phosphorescence [10,16–18]. The phosphorescence spectrum of TPrPo
has been reported previously and shows a maximum at 990 nm
[4]. The observation of a long-lived luminescence at wavelengths
well below those of phosphorescence (Fig. 3, top part) suggests
that some form of delayed ﬂuorescence occurs. This is reinforced
by the spectral similarity of the prompt (spike) and the long-lived
luminescence components irrespective of oxygen concentration
(Fig. 3), and also by the observation of a long-lived ﬂuorescence
emission at 650 nm (Fig. 5, inset). Furthermore, the lack of a slow
rise component in the TTA experiments clearly rules out T1 phosphorescence as the nature of this emission below 900 nm, although
subtraction of the nitrogen-purged and oxygen-containing spectra
in Fig. 3 reproduces well the reported phosphorescence spectrum
of TPrPo [4]. This indicates that, above 900 nm, the long-lived
NIR luminescence is actually superposition of the tail of DF and
of the phosphorescence from the porphycene’s T1 state. It is difﬁcult to separate phosphorescence from NIR-tail of DF because both
overlap spectrally and occur in the same time scale.
Delayed ﬂuorescence generally occurs by triplet–triplet annihilation (P-type DF):

T1 þ T1 ! S1 þ S0 ;

ð4Þ

or by the thermally-activated repopulation of S1 from T1 (E-type DF)
[19].
In oxygen containing samples, formation of 1O2 according to Eq.
(1) offers an additional pathway:

T1 þ 1 O2 ! S 1 þ 3 O2 ;

ð5Þ

which is referred to as singlet oxygen-sensitized delayed ﬂuorescence (SOSDF) [20–23]. The intensity of SOSDF is then proportional
to the product of T1 and 1O2 concentrations, which is in accordance
with observation that maximum of 900 nm kinetics appears earlier
than the maximum of 1O2 kinetics at 1275 nm (Figs. 1 and 5). If the
probability of the reactions (4) and (5) is much lower than that of
reaction (1), then Eq. (2) remains valid. The observation of a slow
growth of NIR-extended DF in oxygen containing samples only, its
dependence on oxygen concentration, and the quenching of this signal by DABCO–but not of the TPrPo’s triplet state, all suggest that
SOSDF is actually taking place, even if P-type or E-type DF is also
contributing. Visible SOSDF kinetics from tetra-phenyl-porphine
doped polymeric nanoﬁbres was reported to have similar rise-decay
character as visible DF and NIR luminescence kinetics of TPrPo [24].
The excitation intensity dependence of the NIR long-lived luminescence (Fig. 4) indicates that a bimolecular process indeed takes
place.

Most of the former studies of SOSDF in solutions have been focused on SOSDF of phthalocyanines induced by reaction of the
ground state photosensitizer with two 1O2 molecules [25–29]. It
has been suggested that triplet of photosensitizer is probably the
intermediate of the latter process [23,30,31]. SOSDF of violanthrone sensitized by two 1O2 molecules with violanthrone triplet
as intermediate has been reported as well [20,32]. The direct reaction of light-excited TPrPo triplet with one 1O2 molecule is communicated in our study. This direct mechanism has been documented
mainly for gas/solid or polymeric systems [22,24,33,34]. In our
experiments, the mechanism involving reaction of ground state
TPrPo with two 1O2 molecules can be safely excluded due to lack
of the signal in trace 1, Fig. 1 bottom. The reaction (5) is exothermic. Energies of TPrPo T1 state and S1 state deduced from wavelengths of phosphorescence and ﬂuorescence bands are
187 kJ mol1 and 124 kJ mol1 respectively [4,7], which corresponds to energy difference of 63 kJ mol1. Energy of 1O2 molecule
(94 kJ mol1) is substantially higher than the triplet–singlet energy
difference of TPrPo.
Long-lived rise-decay character of NIR luminescence kinetics
was previously reported for air-saturated buffered water solution
of 200 lM 5,10,15,20-tetrakis (1-methyl-4-pyridinio) porphine
upon 420 nm excitation and 1022 nm observation wavelengths
[35]. The rise was not observed for nitrogen-and oxygen-saturated
samples. It suggests that the phenomenon observed in this work
for porphycene TPrPo may be manifested more generally. Further
investigation is in progress.

6. Conclusion
The porphycene TPrPo shows a surprising long-lived rise-section in its NIR luminescence kinetics over the spectral region
800–1100 nm and at low oxygen concentrations. Kinetics of delayed ﬂuorescence in visible around 650 nm were found to exhibit
a similar rise-decay character in the same time scale. The mechanistic tests suggest that the long-lived NIR emission observed is
mainly due to NIR extended singlet oxygen-sensitized delayed
ﬂuorescence instead of phosphorescence from triplet states of
the porphycene molecule. This observation must be taken into account in any future study regarding phosphorescence of porphycenes and strongly ﬂuorescent sensitizers in general in oxygencontaining samples. To our knowledge, this is the ﬁrst report on
singlet oxygen-sensitized delayed ﬂuorescence of porphycenes,
which is of great interest due to possible applications in monitoring of 1O2 and photosensitizer triplet states in biological systems.
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Singlet oxygen-sensitized delayed ﬂuorescence of
common water-soluble photosensitizers
Marek Scholz,*a Roman Dědic,a Thomas Breitenbachb and Jan Hálaa
Six common water-soluble singlet oxygen (1O2) photosensitizers – 5,10,15,20-tetrakis(1-methyl-4-pyridinio) porphine (TMPyP), meso-tetrakis(4-sulfonathophenyl)porphine (TPPS4), Al(III) phthalocyanine chloride tetrasulfonic acid (AlPcS4), eosin Y, rose bengal, and methylene blue – were investigated in terms of
their ability to produce delayed ﬂuorescence (DF) in solutions at room temperature. All the photosensitizers dissolved in air-saturated phosphate buﬀered saline (PBS, pH 7.4) exhibit easily detectable DF, which
can be nearly completely quenched by 10 mM NaN3, a speciﬁc 1O2 quencher. The DF kinetics has a biexponential rise-decay character in a microsecond time domain. Therefore, we propose that singlet
oxygen-sensitized delayed ﬂuorescence (SOSDF), where the triplet state of a photosensitizer reacts with
1

O2 giving rise to an excited singlet state of the photosensitizer, is the prevailing mechanism. It was

conﬁrmed by additional evidence, such as a monoexponential decay of triplet–triplet transient absorption kinetics, dependence of SOSDF kinetics on oxygen concentration, absence of SOSDF in a nitrogensaturated sample, or the eﬀect of isotopic exchange H2O–D2O. Eosin Y and AlPcS4 show the largest
SOSDF quantum yield among the selected photosensitizers, whereas rose bengal possesses the
highest ratio of SOSDF intensity to prompt ﬂuorescence intensity. The rate constant for the reaction
of triplet state with 1O2 giving rise to the excited singlet state of photosensitizer was estimated to be
≳1 × 109 M−1 s−1. SOSDF kinetics contains information about both triplet and 1O2 lifetimes and concentrations, which makes it a very useful alternative tool for monitoring photosensitizing and 1O2 quenching
processes, allowing its detection in the visible spectral region, utilizing the photosensitizer itself as a
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was also detected in a suspension of 3T3 mouse ﬁbroblast cells, which underlines the importance of

www.rsc.org/pps

SOSDF and its relevance for biological systems.

1.

O2 probe. Under our experimental conditions, SOSDF was up to three orders of magnitude more
intense than the infrared 1O2 phosphorescence and by far the most important pathway of DF. SOSDF

Introduction

Singlet oxygen (1O2), the lowest excited state of molecular
oxygen 1Δg, is several orders of magnitude more reactive than
the 3Σg− ground state oxygen (3O2) and it readily oxidizes a
wide range of biological molecules ( proteins, nucleic acids,
lipids etc.).1 1O2 can very eﬃciently be generated by energy
transfer from light-excited triplet states of photosensitizer
molecules (see below reaction (8)). Many diﬀerent kinds of
naturally occurring chromophores are able to act as photosensitizers (PS). The generation of highly reactive 1O2 by
the described photosensitizing process is employed in
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photodynamic therapy (PDT) of cancer and other diseases,
where 1O2 is selectively produced in the target tissue during
irradiation by visible or near-infrared light and causes destruction of the diseased tissue.2–5 1O2 can be detected directly by
means of its very weak phosphorescence around 1275 nm. Triplets of PSs emit a weak phosphorescence as well, often in the
near-infrared region. Apart from phosphorescence, triplets of
PSs may give rise to another long-lived emission – delayed fluorescence (DF).
Several mechanisms of DF are distinguished. E-type DF
originates from thermal activation of a triplet state (T1) of a
chromophore, giving rise to an excited singlet state of the
chromophore (S1).
therm

T1 ! S1 :

ð1Þ

E-type DF is strongly temperature-dependent and first-order
in chromophore concentration. It was first observed in eosin,
after which this mechanism was named.6 P-type DF, on the
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other hand, originates from the encounter of two T1 states
giving rise to S1 and ground state chromophore (S0).

Published on 22 July 2013. Downloaded by Charles University in Prague on 07/01/2014 12:18:11.

T1 þ T1 ! S1 þ S0

ð2Þ

P-type DF intensity is second-order in chromophore concentration. It was first observed for pyrene and phenanthrene.6
Both types of DF happen at time-scales of the triplet lifetimes,
which can reach several microseconds in water solutions.
Furthermore, singlet oxygen-sensitized delayed fluorescence
(SOSDF) can be observed in systems containing 1O2. SOSDF
can be produced by a mechanism where two 1O2 molecules
transfer energy to the S0 state of a chromophore giving rise to
the S1 state (1O2 dimol-sensitized DF7). This SOSDF mechanism was observed in a solution of violanthrone in the presence
of 1O2 produced by discharge8 or in numerous studies on the
intense SOSDF of certain phthalocyanines.9–12 The rate of
SOSDF production was found to be second-order in 1O2 concentration. It has been proposed that the T1 state of PS acts as
an intermediate and that the process is stepwise.8,9,13,14
O2 þ S0 ! 3O2 þ T1 ;

ð3Þ

T1 þ O2 ! S1 þ O2 :

ð4Þ

1

1

3

Nevertheless, the experiments8–14 did not make it possible
to address the second step of the reaction individually. The
first step 3 is energetically unfavourable in the case of 1O2 PSs
(those which generate 1O2 by energy transfer from the T1 state)
whose triplet energy has to lie above 1O2 excitation energy
(94 kJ mol−1). In contrast, reaction (4) is exothermic for many
1
O2 PSs and spin-allowed. The SOSDF reaction (4) is basically
the inverse reaction to quenching of the S1 state by oxygen.
S1 þ 3O2 ! T1 þ 1O2 ;

ð5Þ

which has been reported for a number of fluorophores (e.g.
rubrene and dimethylanthracene) in nonpolar solutions whose
S1–T1 energy gap is bigger than 1O2 excitation energy
(94 kJ mol−1) with rate constants >1 × 1010 M−1 s−1 which is
close to the diﬀusion limit.15
SOSDF produced directly by reaction (4) is sometimes
called Kautsky–Muller type DF.16,17 Taking into account the
photosensitizing process together with reaction (4), various
processes of formation and deactivation of 1O2 and excited
states of PSs are possible in a simple oxygen-containing solution of a PS after excitation by a short laser pulse. The following processes, some of which are illustrated in Fig. 1, will be
considered in the forthcoming analysis:
S1 ! T1

ð6Þ

T 1 ! S0

ð7Þ

T1 þ 3O2 ! S0 þ 1O2

ð8Þ

O2 ! 3O2

ð9Þ

T1 þ 1O2 ! EC

ð10Þ

EC ! S1 þ 3O2 ! S0 þ 3O2 þ hν

ð11Þ

1
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Fig. 1 Scheme of SOSDF production by reaction (4) in an oxygen-containing
solution of a PS after excitation by a laser pulse. Adapted from ref. 18.

EC ! T1 þ 3O2

ð12Þ

EC ! S0 þ 3O2

ð13Þ

Reaction (4) was separated into the sequence of reactions
(10) and (11), where EC is an encounter complex of excited
states of PS and 1O2.
Considering only processes (6)–(9), corresponding diﬀerential equations yield monoexponential T1 concentration decay
½T1 ðtÞ ¼ ½T1 ð0Þexpðt=τT Þ;

ð14Þ

with a triplet lifetime of τT, whereas 1O2 concentration can be
described by a biexponential function19
½1 O2 ðtÞ ¼ g½T1 ð0Þ

τΔ
½expðt=τΔ Þ  expðt=τT Þ;
τΔ  τT

ð15Þ

where τΔ is 1O2 lifetime and g is the eﬃciency of 1O2 formation
from T1 states. A detailed analysis based on solving the complete set of diﬀerential eqn (6)–(13) was presented e.g. by
Mosinger et al.18 Processes (10)–(13) involve a reaction of T1
with 1O2. It will be shown in section 3.3 that the contribution
of reactions (10)–(13) to T1 and 1O2 deactivation is of relatively
small significance in aqueous solutions within the investigated
concentration range of the PSs. Therefore, the SOSDF kinetics,
which reflects the time-dependent product of T1 and 1O2 concentrations, will be approximately described by the product of
functions (14) and (15)
I SOSDF ðtÞ ¼ kð4Þ Φ′F ½1 O2 ðtÞ  ½T1 ðtÞ
¼ B expðt=τT Þ  ½expðt=τΔ Þ  expðt=τT Þ;

ð16Þ

where k(4) is the rate constant for process (4), Φ′F is the fluorescence quantum yield of S1 state generated in this process, and
B is a factor. It yields another biexponential rise-decay function
with lifetimes
τ1 ¼ τT =2
τT ¼ 2τ1

τ2 ¼ τT τΔ =ðτT þ τΔ Þ

ð17Þ

τΔ ¼ 2τ1 τ2 =ð2τ1  τ2 Þ

ð18Þ

Indeed, the typical microsecond-range rise-decay kinetics
have been observed for solutions of several dyes in organic solvents (e.g., eosin and erythrosin in propanol or phenanthrene
in perfluorohexane) as a proof of SOSDF produced consequent
to reaction (4).16,20 Similar rise-decay kinetics have been
observed in our previous work on SOSDF of tetrapropylporphycene in toluene.21 The typical SOSDF kinetics from cancerous
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cells and tissues incubated with xanthene dyes have recently
been reported and the use of SOSDF for diagnostic purposes
has been proposed.22,23 The generation of SOSDF following
reaction (4) was found to be very eﬃcient in systems at gas–
solid interfaces, e.g., SOSDF of eosin or tetraphenylporphyrin
adsorbed on Al2O3 or a silica layer,24–26 or SOSDF in tetraphenylporphyrin doped polyurethane nanofibers.27
The chosen PSs – meso-tetrakis-methylpyridinio-porphine
(TMPyP), meso-tetrakis-sulfonatophenyl-porphine (TPPS4), aluminium-sulfonato-phthalocyanine (AlPcS4), eosin Y, rose
bengal, and methylene blue – are very well known 1O2 PSs
and a huge number of studies regarding their photophysics
have been reported. This diverse group represents compounds of a diﬀerent chemical nature. All of them are easily
soluble in water, possess the S1–T1 energy gap smaller than
94 kJ mol−1 (see section 4.3), large peak absorption coeﬃcients
(≳1 × 105 M−1 cm−1), high triplet and 1O2 quantum yields
(ΦT resp. ΦΔ), and reasonable fluorescence quantum yields
(ΦF > 2%). These features are necessary for a good SOSDF
emitter. Moreover, they are known to be able to penetrate into
living cells23,28–30 and have been used as PSs in numerous PDT
studies.31 The basic photophysical properties of the used PSs
are listed in Table 1. Eosin, a representative of the xanthene
dye family together with rose bengal, has been previously
reported to emit thermally activated DF6 and SOSDF in a propanol solution or at a gas/solid interface.20,25 SOSDF from cancerous cells and tissues incubated with xanthene dyes has
been reported as well.22,23 A drawback of xanthene dyes is their
comparatively worse photostability. AlPcS4 has comparatively
lower ΦΔ,32 but it is compensated by a large fluorescence
quantum yield and excellent photostability.33 A disadvantage
of methylene blue is its strong aggregation.34 Special attention
was devoted to porphyrins, which have recently been used in a
number of studies addressing time-resolved 1O2 phosphorescence directly from living cells28,35–37 and possess very
high absorption coeﬃcients, good photostability, and excellent

Table 1 Basic photophysical properties of the investigated PSs: wavelength of
maximal absorption λmax
abs , corresponding absorption coeﬃcient ε, ﬂuorescence
quantum yield ΦF, and 1O2 quantum yield ΦΔ. λmax
abs and ε were determined
experimentally. The accuracy of ε is estimated to be 10%. Literature values of ΦF
and ΦΔ tend to have large dispersion and are very sensitive to speciﬁc experimental conditions, which is illustrated for ΦF values of TPPS4 and TMPyP. The
errors of ΦΔ values can reach ∼20%

λmax
abs [nm]

ε/105 [M−1 cm−1]

AlPcS4
TPPS4

675
413

1.7
2.8

TMPyP

423

2.4

Rose bengal
Eosin Y
Methylene bluea

550
518
660

1.0
1.0
1.0a

ΦF [%]
40

58
1141
643
544
145
246
2047
a

ΦΔ [%]
2232
6242
7442
7542
5542
3942 a

a
The photophysical properties of methylene blue vastly depend on
its concentration due to aggregation – values obtained at low
concentrations are irrelevant for samples at higher concentrations.
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ΦΔ. TMPyP will often be used to demonstrate the properties of
SOSDF in this paper because it has been reported not to
aggregate even at concentrations exceeding 100 µM.38,39 Generally, a relatively large PS concentration together with a high
excitation photon density has to be used to achieve suﬃcient
intensity of SOSDF produced consequent to reaction (4) since
a bimolecular collision of two excited states – T1 and 1O2 –
takes place.
The presented study addresses the question whether SOSDF
is a general phenomenon in solutions of a wide range of
chemically and spectrally distinct water-soluble PSs and
whether it is manifested also in the native environment of
living cells incubated with PSs. The specific molecular mechanism of SOSDF generation in water solutions has been
studied in detail and experimentally demonstrated, and the
eﬃciency of SOSDF emission has been quantified. The aim of
the work is to show that the analysis of the SOSDF intensity
and kinetics can provide valuable information about the
process of photodynamic generation of 1O2, oﬀering the
advantage of a less experimentally demanding technique compared to the detection of a very weak infrared phosphorescence
of 1O2 or PS triplets.

2.

Experimental

5,10,15,20-Tetrakis(1-methyl-4-pyridinio)porphine (TMPyP,
Porphyrin Systems, >98%), meso-tetrakis(4-sulfonathophenyl)porphine (TPPS4, Porphyrin Systems, >98%), Al(III) phthalocyanine chloride tetrasulfonic acid (AlPcS4, Porphyrin Systems,
>98%), eosin Y disodium salt (Sigma-Aldrich, >90%, E4382),
rose bengal sodium salt (Sigma-Aldrich, >95%, 330 000), and
methylene blue (Sigma-Aldrich, suitable for nucleic acid staining, M4159) were used as received. The PSs were dissolved in
H2O-based 10 mM phosphate buﬀered saline (PBS) at pH 7.4
to final concentrations ranging from 10 µM to 100 µM.
Sodium azide (NaN3, Sigma-Aldrich), an acknowledged 1O2
quencher,48 was used at 10 mM concentration. All the experiments were carried out at room temperature.
3T3 mouse fibroblasts were incubated for 20 hours with
100 µM TPPS4 in a cultivation medium.28,37 TPPS4 outside the
cells was washed out thoroughly several times, the monolayer
of living cells was trypsinized, and the cell suspension was prepared afterwards. The cell suspension was treated for two
minutes with hypertonic PBS in D2O and then was left in isotonic PBS in D2O for one hour in order to increase the 1O2
lifetime.
Spectral- and time-resolved DF were recorded by setup no.
1: samples were excited by 3 ns laser pulses with energy
≈0.5 mJ produced by an optical parametric oscillator (PG122,
EKSPLA, line width <5 cm−1) pumped by a Q-switched Nd:YAG
laser (NL303G/TH, EKSPLA) at a 10 Hz repetition rate. The irradiated area on the sample was ≈0.5 cm2. The luminescence of
the sample was collected in a 90° geometry and detected
by an intensified gated CCD camera (PI-MAX 512RB, Roper
Scientific) coupled to an imaging spectrometer (iHR320,
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Horiba Jobin Yvon). The spectrum from 350 nm to 750 nm
was recorded by the CCD at a given time after the excitation
pulse with a given gate-width. The gate-width was set to 200 ns
when recording the kinetics. The setup can also be adapted
for measurement of triplet–triplet transient absorption spectra
and kinetics. A pulsed xenon probe lamp (LS-1130-1, PerkinElmer) was added for that purpose.
Time-resolved infrared luminescence of 1O2 was recorded
by setup no. 2, which was also alternatively used for the detection of visible DF: the tunable laser system generating femtosecond pulses at a repetition rate of 1 kHz has been described
elsewhere.49 The energy of the laser focused into the sample
cuvette was ≈0.5 µJ per pulse. The emission from the sample
was passed through a 716 nm (40 nm bandwidth) bandpass
filter for DF experiments or a 1270 nm (50 nm bandwidth)
bandpass filter for 1O2 measurement. The signal was detected
by a NIR sensitive photomultiplier (R5509, Hamamatsu)
working in a single-photon counting mode and was fed into a
multichannel counter (MSA200, Becker–Hickl) with 5 ns
resolution. The NIR phosphorescence kinetics of TMPyP
(section 3.8) were detected by the same photomultiplier and
counter. However, a pulsed dye laser (FL1000, Lambda Physik)
pumped by an excimer laser (ATLEX 500i, ATLLasertechnik)
providing an excitation beam at 420 nm with 7 ns pulses
(200 Hz repetition rate, energy ≈5 µJ) was used for excitation
and the luminescence from the sample was passed through
two longpass filters (RG7, Schott) and a monochromator
(H20IR, Jobin–Yvon).
A quartz cuvette with 2 mm light path was used unless
stated otherwise. The absorption of the samples was routinely
checked in order to exclude photobleaching. All the presented
emission spectra have been corrected for the spectral sensitivity of the setups.

3.

Results

3.1.

Delayed fluorescence spectra

Fig. 2 displays the DF spectra (solid lines) and prompt fluorescence (PF) spectra (dashed lines) of 10 µM PSs dissolved in
PBS acquired by setup no. 1. All the samples were excited at
the wavelengths of maximal absorption (see Table 1). It should
be remembered that in this experiment all the PSs were prepared at the same concentrations, which naturally corresponds
to diﬀerent absorbances. The beginning of the signal acquisition of DF was set to 500 ns after excitation pulse in order to
avoid PF and scattering, and the signal was then collected for
20 µs which covers the time scale of SOSDF more than
suﬃciently (see Fig. 5). Summation over 200 laser shots was
performed. PF was collected for 5 ns with 15 ns delay after the
excitation pulse. The DF was quenched by 10 mM NaN3, an
acknowledged 1O2 quencher,48 by more than 80% in all the
samples, which clearly points out that SOSDF is the main
mechanism. As an example, the DF spectrum of rose bengal
with 10 mM NaN3 is plotted with crosses in Fig. 2. PF was not
appreciably quenched by the addition of NaN3. Methylene
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Fig. 2 Spectra of DF (solid line) and PF (dashed line) of 10 µM PSs. The DF
spectrum of rose bengal with 10 mM NaN3 is plotted with crosses.

blue will be excluded from the forthcoming analysis, because
it is a very poor DF emitter possibly due to its aggregation. The
DF spectra match the PF spectra well for all the investigated
PSs. Only the DF spectrum of TPPS4 exhibits a certain change
in the band shape with respect to PF. Rose bengal shows a distinct phosphorescence band around 720 nm together with
a DF band around 570 nm, which will be discussed in
section 3.6.

3.2.

Delayed fluorescence kinetics

Samples at 30 µM concentrations were excited in such wavelengths that their absorbance equalled 0.5 in the 2 mm path
cuvette (excitation wavelengths are summarized in Table 2).
The laser pulse energy was adjusted for each sample so that
the number of photons delivered was the same (∼3 × 10−9
moles of photons, which corresponds to 0.5 mJ at 675 nm). DF
kinetics measured by setup no. 1 are shown in Fig. 3. The
signal was summed over the whole spectrum. The gate-width
was set to 200 ns. All the kinetics exhibit biexponential risedecay character in a microsecond range and are fitted very well
in the frame of experimental accuracy by SOSDF model function (16) with B as the only one fit parameter. It demonstrates
that SOSDF is produced in process (4). The τΔ and τT parameters were set to fixed values (Table 2) obtained from 1O2
phosphorescence kinetics which were measured by setup no. 2
and fitted by function (15).
The DF intensity was quenched by 10 mM NaN3 by more
than 90% and the kinetics of the NaN3 containing samples
Table 2 Excitation wavelengths λexc, triplet lifetimes τT, 1O2 lifetimes τΔ, and
ratios R of DF to PF

AlPcS4
TPPS4
TMPyP
Rose bengal
Eosin Y

λexc [nm]

τT [µs]

τΔ [µs]

R × 103

675
423
437
543
517

1.9 ± 0.2
1.9 ± 0.2
2.0 ± 0.2
2.2 ± 0.2
2.1 ± 0.2

3.7 ± 0.2
3.7 ± 0.2
4.1 ± 0.2
4.0 ± 0.2
4.0 ± 0.2

1.1 ± 0.3
2.4 ± 0.6
2.9 ± 0.7
10 ± 3
1.8 ± 0.4
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Fig. 3 DF kinetics of PSs with matched absorbances (Aexc = 0.5 at 2 mm
cuvette) and concentrations. The signal was integrated over the whole ﬂuorescence spectral band. Kinetics are ﬁtted by SOSDF model (16). Kinetics of the
AlPcS4 sample containing 10 mM NaN3 is shown as well.

monoexponentially decay in all the samples. This is demonstrated by the trace for AlPcS4 with 10 mM NaN3 shown in
Fig. 3.
The ratio of overall SOSDF intensity and overall PF intensity
R = ISOSDF/IPF was determined as well. Luminescence intensity
was integrated over time-intervals 0–100 ns and 500 ns–20 µs
after the excitation pulse for PF and DF, respectively. The
obtained R values are listed in Table 2. The R value is the
lowest for AlPcS4, which can be explained by its comparatively
lower 1O2 quantum yield (ΦΔ = 0.22). The highest R value is
possessed by rose bengal, for which we have not found an easy
explanation. TMPyP and TPPS4 have comparable R values.
The ratio of DF integral intensity to PF integral intensity as
a function of TMPyP concentration is plotted in Fig. 4. The
sample was excited in its absorption maximum at 423 nm. The
ratio grows with concentration which points to a bimolecular
process. Nevertheless, signs of deviation from linear dependence can be seen at higher TMPyP concentrations, which
points to a saturation eﬀect.

Fig. 4 The ratio of DF to PF integral intensity dependent on the concentration
of TMPyP (423 nm excitation). The data are ﬁtted by a second-order polynomial.

This journal is © The Royal Society of Chemistry and Owner Societies 2013

Dissolved oxygen concentration eﬀect

The SOSDF kinetics calculated for several oxygen concentrations according to the simplified model (16) are shown in
Fig. 5 (dotted). The typical values of τΔ = 4 µs and τT = 2 µs
(air-saturated sample) were used. Nevertheless, a numerical
solution of the complete system of reactions (6)–(13) provides
very similar results. This point is documented by the solid
curve in Fig. 5, which represents a numerically computed kinetics based on the complete system (6)–(13) with the following
parameters: (i) an initial T1 state concentration of 15 µM,
which is one-half of the maximal concentration (30 µM) of the
ground state PS employed in section 3.2, (ii) an oxygen concentration of 280 µM corresponding to air-saturated water, (iii) a
rate constant for overall decay of the complex EC by processes
(11)–(13) as high as 1 × 1010 M−1 s−1, which equals the
diﬀusion limit calculated from a modified Debye equation
kdif = 4RT/η (compare with rate constant k(4) ∼1 × 109 M−1 s−1
for process (4) determined for TMPyP in section 3.7 and the
kT1Δ rate constant of ∼2 × 109 M−1 s−1 for process (8)), (iv) yield
of process (12) set to the value of triplet quantum yield ΦT =
0.75, which is a typical value for TMPyP or TPPS4. Indeed,
the simplified model (16), which neglects the influence of T1
and 1O2 quenching in reaction (4), can be used to fit SOSDF
kinetics because the concentrations of 1O2 in the investigated samples (≲10 µM) are substantially lower than the concentration of ground state oxygen (280 µM), which is the
main quencher of triplet states. Similarly, triplet states in relatively small concentrations (≲10 µM) cannot eﬃciently
compete with a fast electronic-to-vibrational15 deactivation of
1
O2 in water.
The SOSDF integral yield as a function of ground state
oxygen concentration in the water solution is plotted in the
inset of Fig. 5. Too high oxygen concentrations lead to short τT
and SOSDF may happen too fast to be observed and safely
distinguished from the usually much more intense PF and
scattering. Moreover, the SOSDF yield decreases in such cases
because triplets are quenched before 1O2 molecules can

Fig. 5 Kinetics calculated according to model (16) at diﬀerent oxygen concentrations. Inset: integral intensity of SOSDF emission as a function of oxygen
concentration.
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Fig. 6 DF kinetics of 100 µM TMPyP measured at 716 nm for air-, oxygen- and
nitrogen-saturated samples. The DF kinetics of the air-saturated sample is ﬁtted
by model (16) with ﬁxed lifetimes. The ﬁt of 1O2 phosphorescence at 1270 nm
is plotted for comparison. It is shown that DF kinetics is quenched by 10 mM
NaN3.

Photochemical & Photobiological Sciences

Fig. 7 Left: DF kinetics of TPPS4 (Aexc = 1.0 at 2 mm cuvette) in an air-saturated
sample and a sample containing ca. 10% oxygen. Right: normalized DF kinetics
of 100 µM TMPyP in H2O and D2O. The signals were integrated over the whole
ﬂuorescence spectral band.

3.4.
collide with them. In contrast, lowering the oxygen concentration leads to an increase of SOSDF yield, as long as the
oxygen concentration is still abundant in comparison to the
initial T1 concentration (15 µM). However, the S/N ratio gets
worse as the duration of SOSDF emission prolongs and peak
intensity decreases. Going even lower with oxygen concentration causes a drop in SOSDF yield because other processes
of the T1 state deactivation start to compete with the formation
of 1O2. Thus, air-saturated water seems to provide a good compromise regarding the oxygen concentration and triplet
lifetime.
Fig. 6 shows the DF kinetics of 100 µM TMPyP measured by
setup no. 2 (through a 716 nm bandpass filter) for air-, oxygen-,
and nitrogen-saturated samples. The emission had to be attenuated by five orders of magnitude in order not to overload
the photomultiplier by PF. The biexponential rise-decay kinetics of the air-saturated sample was again very well fitted by
SOSDF model function (16) with fixed parameters τT = 2.0 µs
and τΔ = 4.1 µs obtained from 1O2 luminescence kinetics. The
fit of 1O2 phosphorescence kinetics at 1270 nm is shown for
comparison. The nitrogen-saturated sample does not appreciably emit DF, similarly to the air-saturated sample containing
10 mM NaN3. The DF kinetics of the oxygen-saturated sample
has a substantially shorter lifetime and bigger amplitude compared to the air-saturated one, and its rise-section is overlaid
by the strong initial response of the photomultiplier to
PF. This behaviour corresponds well to the SOSDF model
(see Fig. 5).
Fig. 7 (left) shows the diﬀerence between the DF kinetics of
an air-saturated sample and a ≈10% oxygen saturated sample
of TPPS4 (Aexc = 1.0 at 2 mm cuvette). There is good qualitative
correspondence with Fig. 5. The sample with lowered oxygen
concentration was very well fitted by SOSDF model function
(16) with τT = 3.2 µs and τΔ = 3.7 µs. The triplet lifetime corresponds to an oxygen concentration of ≈12%. Analogous results
were obtained for TMPyP (data not shown).
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Isotopic exchange eﬀect

DF kinetics of 100 µM TMPyP in PBS–H2O substantially diﬀers
from that in PBS–D2O, which is demonstrated in Fig. 7 (right).
The isotopic exchange from H2O to D2O is known to increase
the 1O2 lifetime from τΔ(H2O) = 4 µs up to τΔ(D2O) = 60 µs,48
whereas its influence on triplet lifetime is small. Indeed, the
fit of 1O2 kinetics according to model (15) provided values of
τT(H2O) = 2.0 ± 0.2 µs and τT(D2O) = 2.3 ± 0.2 µs. The lifetime
of τΔ(D2O) = 30 ± 1 µs was achieved in our experiment. The DF
kinetics both at H2O and D2O are well fitted by SOSDF model
(16) with lifetimes fixed to experimental values of τT(H2O),
τT(D2O), τΔ(H2O), τΔ(D2O) obtained by fitting 1O2 luminescence kinetics. However, it is evident that even a large prolongation of 1O2 lifetime would not dramatically influence the
SOSDF kinetics, because the triplet lifetime is a limiting factor
in such a case.
3.5.

Triplet–triplet transient absorption

Triplet–triplet transient absorption (TTA) kinetics and DF kinetics of ∼7 µM TPPS4 (Aexc = 1.0 at 1 cm cuvette) were recorded
by setup no. 1 (Fig. 8). TTA kinetics (around 460 nm) is monoexponential with a lifetime of 2.0 ± 0.1 µs, whereas DF kinetics
holds the biexponential rise-decay character. This principal
diﬀerence between the shapes of the kinetics clearly demonstrates that the DF observed is neither E-type nor P-type DF. It
was also confirmed by measuring TTA kinetics that the TPPS4
triplets are not quenched by 10 mM NaN3 (the same
was checked for TMPyP), whereas DF is quenched almost
completely.
3.6. Delayed fluorescence and phosphorescence of rose
bengal
The inset in Fig. 9 displays the comparison of PF and DF
spectra of rose bengal from the experiment described in
section 3.2. The spectrum of DF recorded in the time interval
500 ns–20 µs after the excitation pulse is accompanied by a
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Fig. 8 Comparison of triplet–triplet transient absorption kinetics around
460 nm with DF kinetics around 650 nm of 7 µM TPPS4.

Fig. 9 Comparison of DF kinetics and kinetics of phosphorescence (Ph) from
the T1 state of rose bengal. Inset: spectrum of DF together with a T1 state phosphorescence band compared with the PF spectrum.

band around 720 nm. The 570 nm band is quenched by
10 mM NaN3 whereas the 720 nm band is not. It indicates that
the band around 720 nm can be identified with triplet state
phosphorescence of rose bengal, which is supported by previous observations of rose bengal phosphorescence at wavelengths around 740 nm.50,51 Fig. 9 shows that the kinetics of
phosphorescence of T1 states around 720 nm is a monoexponential decay with a lifetime of 2.4 ± 0.2 µs, whereas the DF
emission around 570 nm has a clear biexponential rise-decay
character and is very well fitted by model (16), which further
supports that SOSDF takes place.
3.7.

Rate constant for the SOSDF process

The rate constant k(4) of 1O2 quenching by T1 in reaction (4)
can be estimated on the basis of the ratio R of SOSDF to PF
quantum yields. To this end, the dependences of R on PS concentration and laser pulse energy have been measured. Two
experiments with samples of TMPyP have been performed: (a)
Samples of increasing TMPyP concentrations were excited by
laser pulses of fixed energy 0.5 mJ (Fig. 4, section 3.2).
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Fig. 10 Apparent rate constant k(4) of TMPyP extrapolated to zero TMPyP concentration (concentration dependence) and zero laser pulse energy (energy
dependence). The data were ﬁtted by a single exponential and a stretch exponential function, respectively.

(b) Samples at fixed 100 µM TMPyP concentration were excited
by laser pulses of increasing energy. The rate constant k(4) was
determined by extrapolation of apparent k(4) values to zero
TMPyP concentration and zero laser pulse energy in cases (a)
and (b), respectively, which is shown in Fig. 10.
The forthcoming analysis is based on the assumption that
the fluorescence quantum yield of a light-excited S1 state (ΦF)
is the same as that of an S1 state generated in process (4) (Φ′F)
which can be separated into a sequence of processes (10) and
(11). This assumption is supported by the observation that PF
and SOSDF spectra of TMPyP are identical (Fig. 2), which
suggests that the SOSDF is emitted from an unbound S1 state
of PS rather than from an EC complex of PS and oxygen.
The number of SOSDF generated photons is given by
ðððð
kð4Þ ½1 O2 ðt; x; y; zÞ½T1 
N SOSDF ¼ Φ′F
 ðt; x; y; zÞdt dx dy dz;

ð19Þ

where t is the time after the excitation pulse, x coordinate in
the direction of the light path, and y, z coordinates in the
plane of cross-section of the laser beam. The time dependence
is determined by functions (14) and (15). The dependence on
the y and z coordinates is determined by a spatial profile of
the laser beam. In the case of experiment (a), the concentration of excited states was assumed to converge with decreasing initial PS ground state concentration to a constant
distribution along the x axis. In the case of experiment (b), the
dependence on the x coordinate was assumed to converge with
decreasing laser pulse energy to a monoexponential attenuation governed by the Lambert–Beer law.
The number of PF photons is
N PF ¼ ΦF N abs ;

ð20Þ

where Nabs is the number of absorbed photons. The number
R = NSOSDF/NPF is accessible by experiment and corresponds to
the ratio of SOSDF integral intensity to PF integral intensity.

Photochem. Photobiol. Sci., 2013, 12, 1873–1884 | 1879

View Article Online

Published on 22 July 2013. Downloaded by Charles University in Prague on 07/01/2014 12:18:11.

Paper
The luminescence intensity was integrated over intervals 0–100 ns
and 500 ns–20 µs after the excitation pulse for PF and DF,
respectively.
Apparent rate constants k(4) were obtained by integration of
eqn (19) using ΦT = ΦΔ = 0.74,42 τΔ = 4 µs, τT = 2 µs, and Nabs
corresponding to the laser pulse energy. The extrapolation
(Fig. 10) of apparent k(4) values to zero PS concentration in
experiment (a) and zero laser pulse energy in experiment (b)
provides values k(4),a ≈ 1.5 × 109 M−1 s−1 and k(4),b ≈ 5 ×
108 M−1 s−1, respectively. The experimental determination of
k(4) is a nontrivial task. The real k(4) value tends to be underestimated by both experiments, especially by experiment (b),
which is consistent with k(4),a > k(4),b. Experiment (a) provides
more accurate results. Therefore, the real value of the rate constant can be concluded to be k(4) ≳ 1 × 109 M−1 s−1. Taking into
account the R values of other PSs from section 3.2, comparing it
with the R value for TMPyP, and considering their ΦΔ and ΦT
values, it can be concluded that k(4) ≳ 1 × 109 M−1 s−1 for all
the investigated PSs. Moreover, 2–4-fold larger k(4) values compared to that of TMPyP can be estimated for rose bengal and
AlPcS4.
3.8.

Near-infrared extended delayed fluorescence

Normalized near-infrared luminescence kinetics of air-saturated 100 µM TMPyP are plotted in Fig. 11 and compared with
the visible SOSDF kinetics from Fig. 3 and with the fit of the
visible SOSDF kinetics from Fig. 6. Moreover, both visible and
near-infrared long-lived luminescences are quenched by
10 mM NaN3 and are suppressed in nitrogen-saturated
samples (data not shown). It suggests that SOSDF of TMPyP
extends to near-infrared where it can override phosphorescence emission. We have previously reported on this
phenomenon for tetrapropylporphycene.21 Biexponential risedecay kinetics of the long-lived near-infrared TMPyP luminescence and its oxygen dependence have been reported before as
well.38 The overlap of DF and phosphorescence has also been
observed in solutions of thiazolyl-substituted porphyrins.21
Therefore, caution has to be exerted when attributing NIR

Fig. 11 Luminescence kinetics of 100 µM TMPyP at 900 nm and 1022 nm
compared to DF kinetics at 700 nm (dots) and ﬁt of DF kinetics from Fig. 6.
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Fig. 12

DF from a suspension of 3T3 mouse ﬁbroblasts incubated with TPPS4.

emission of fluorescent dyes to phosphorescence from triplet
states.
3.9.

Delayed fluorescence in suspension of living cells

Fig. 12 shows the DF signal from the cell suspension of
3T3 mouse fibroblasts incubated with TPPS4. DF was
measured with 50 µs gate and 500 ns delay after the excitation
pulse (0.5 mJ). The DF signal was substantially attenuated by
the addition of 10 mM of 1O2 quencher NaN3, which readily
penetrates cell membranes.36,48,52 The PF signal remained
unchanged on the addition of NaN3 (data not shown). The lack
of DF and PF signal in the supernatant proves that the DF
emission is indeed produced inside the cells. These results
indicate that SOSDF is produced in cells, which might be used
for the purposes of microscopy and imaging.

4.

Discussion

The DF of the investigated PSs is attributed to singlet oxygensensitized delayed fluorescence produced in process (4) on the
basis of the following evidence:
a) DF spectra indeed correspond to PF spectra (Fig. 2).
b) DF is quenched by 10 mM NaN3 – a specific 1O2 quencher
(Fig. 3 and 6), but triplet states of PSs are not (Fig. 8 and 9).
c) DF kinetics have a biexponential rise-decay character in
the microsecond range (Fig. 3), are oxygen dependent, and
obey the SOSDF model. DF lifetime decreases with increasing
oxygen concentration (Fig. 6) and DF disappears in a nitrogenbubbled sample (Fig. 6).
d) Triplet state kinetics follow monoexponential decay
(Fig. 8 and 9).
e) DF kinetics are moderately aﬀected by isotopic exchange
H2O–D2O according to the SOSDF model (16) (Fig. 7).
The points b), d) and e) exclude E-type as well as P-type
mechanisms (eqn (1) and (2)) of DF. The mechanism including
the reaction of the S0 state with two 1O2 molecules can be
excluded due to c) and e), because the DF decay lifetime
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should be half of the 1O2 lifetime in such a case.11 Besides
these reasons, point (4) leaves out a 1O2 dimol emission which
was reported at wavelengths of 703 nm and 635 nm53,54 as a
mechanism of DF.
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4.1.

SOSDF eﬃciency and lifetimes

Supposing that the concentration of ground state oxygen is
abundant, it is obvious from reaction (4) that the SOSDF intensity will be second-order dependent on the initial concentration of T1, because 1O2 is produced by energy transfer from
T1 as well. As a result, it is crucial to work with relatively high
PS concentrations and/or excitation energies in order to
produce a reasonable amount of SOSDF. It is also clear that
the duration of SOSDF emission is limited by the T1 lifetime,
which is often determined by the oxygen concentration in
solution. Fig. 7 (right) demonstrates an important point that
even a dramatic increase in 1O2 lifetime leads to a rather moderate change in SOSDF kinetics. Under the condition that τT ≪
τΔ neither SOSDF lifetime nor integral intensity is very sensitive to 1O2 lifetime.
4.2.

Evaluation of PSs as SOSDF emitters

The main factors that influence the quantum yield of SOSDF
(see Fig. 3) are 1O2 quantum yield ΦΔ, triplet quantum yield
ΦT, and fluorescence quantum yield ΦF (Table 1 lists the basic
photophysical properties). Eosin Y combines both large ΦΔ
and ΦF, which makes it an excellent SOSDF emitter. Nevertheless, its relatively poor photostability in solution is a drawback.
AlPcS4 is an outstanding SOSDF emitter too, despite its lower
ΦΔ, which is compensated by a large ΦF . AlPcS4 is considerably
photostable,33 which makes it possible to use high laser
powers and longer expositions. TPPS4 possesses excellent ΦΔ
and moderate ΦF. Moreover, its large peak absorption coeﬃcient allows us to achieve a high concentration of excited
states even in relatively diluted solutions. TMPyP is a poorer
fluorophore, but allows us to reach high concentrations
without aggregation, which is certainly an advantage for
SOSDF applications. Rose bengal possesses a rather poor ΦF
too – however, the ratio R of SOSDF to PF intensity is bigger
than that for other PSs, which makes it a good SOSDF emitter.
Methylene blue is a very poor SOSDF emitter probably due to
its strong aggregation in concentrations >10 µM, which are
needed to observe a reasonable SOSDF signal.
The ratio R of DF integral intensity to integral PF intensity
(see section 3.2), which reflects the eﬃciency of S1 state generation by reaction (4), is the lowest for AlPcS4, which might be
explained by its comparatively poor 1O2 quantum yield. On the
other hand, the ratio is the biggest for rose bengal. It is
approximately 5× bigger than that for the structurally closely
related eosin Y. Although the rose bengal 1O2 quantum yield is
higher than that of eosin Y, it is unlikely to account for the
5-fold diﬀerence. Moreover, porphyrins TMPyP and TPPS4 have
similar 1O2 quantum yields to rose bengal and the ratio R is
still 3–4-fold smaller. It should be remembered that the absolute values of the ratios R are dependent on concentration and
excitation energy.
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4.3.

Excited states energetics

The S1–T1 energy gap of a PS may crucially influence the
eﬃciency of reaction (4), which is followed by SOSDF emission.
The energy gap can be estimated on the basis of the diﬀerence
between the wavelengths of fluorescence and phosphorescence
maxima. The phosphorescence bands of rose bengal and eosin
Y were observed with maxima at around 720 nm (166 kJ mol−1)
and 690 nm (173 kJ mol−1), respectively. The maxima of phosphorescence bands of TPPS4, TMPyP and other free base porphyrins have been reported to be around 860 nm (139 kJ
mol−1).45,55,56 Triplet energy of phthalocyanines is mostly
found in the region 110–126 kJ mol−1.57 The fluorescence
maxima were found to be at 176 kJ mol−1, 187 kJ mol−1, 214 kJ
mol−1, and 223 kJ mol−1 for AlPcS4, TPPS4, rose bengal, and
eosin Y, respectively. The fluorescence band of TMPyP is very
broad without a sharp maximum. However, it can be assumed
from absorption spectra that the S1–T1 energy gap is approximately the same for TMPyP and TPPS4. Therefore, it yields an
S1–T1 energy gap of ∼48 kJ mol−1 for TPPS4, TMPyP and rose
bengal, ∼50 kJ mol−1 for eosin Y, and 50–66 kJ mol−1 for
AlPcS4. In all cases, the S1–T1 energy gaps of all the investigated compounds lie substantially below the 1O2 excitation
energy of 94 kJ mol−1. Therefore, reaction (4) is exothermic. It
is interesting to note that the value of kBT equals merely 2.4 kJ
mol−1 at room temperature, which makes the thermally activated process (1) highly improbable.
4.4.

Comparison of SOSDF and 1O2 phosphorescence yields

Taking into account the ratio R and the PF quantum yields, it
can be calculated that under the experimental conditions in
section 3.2 the SOSDF quantum yield ΦSOSDF corresponds to
ΦSOSDF ≈ 4 × 10−4 for eosin Y and AlPcS4. Even larger ΦSOSDF
were achieved for TMPyP at higher concentrations excited at its
absorption maximum. It is approximately three orders of magnitude larger than the quantum yield of 1O2 infrared phosphorescence in water, which is ca. 6.5 × 10−7.15 Moreover,
SOSDF is observable at visible wavelengths, which enables the
use of cheaper, more sensitive and less noisy detectors for
monitoring 1O2 and PS triplet states. SOSDF promises to be an
especially interesting tool in air-saturated water-based systems,
where triplet lifetime is suﬃciently long (several microseconds), but a short 1O2 lifetime makes it diﬃcult to observe
direct phosphorescence emission of 1O2 around 1270 nm. It is
preferable to use a gated detector for SOSDF experiments in
order to cut oﬀ the substantially stronger PF and scattered excitation light, which otherwise might overload the detector.
4.5.

SOSDF for dosimetry, diagnosis, and imaging

Indeed, several recent studies report on the possible applications of gated detection of DF. SOSDF kinetics from tumorous tissue incubated with xanthene dyes have been detected,
which may be applied to on-line dosimetry in PDT or tumor
diagnosis.22,23,58 Measurement of oxygen dependent quenching of protoporphyrin IX delayed fluorescence lifetime (attributed to E-type process (1) or with no specification of the
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molecular mechanism) has been studied in a series of works
as a tool for determining ground state oxygen concentration in
in vivo tissues,59–63 which can serve among others as an indicator of vascular damage during the application of PDT. SOSDFbased confocal microscopy has been used to monitor 1O2 generation in tetraphenylporphyrin-doped polyurethan nanofibers
designated for use in self-sterilizing antibacterial fabrics.18,27

5.

Conclusions

It was demonstrated that a wide range of water-soluble porphyrin- and non-porphyrin-based 1O2 photosensitizers for PDT
(5,10,15,20-tetrakis(1-methyl-4-pyridinio) porphine, meso-tetrakis(4-sulfonathophenyl)porphine, Al(III) phthalocyanine chloride tetrasulfonic acid, eosin Y, rose bengal, and methylene
blue) exhibits singlet oxygen-sensitized delayed fluorescence.
SOSDF occurs in air-saturated water solutions of the PSs at
physiological pH as well as in living cells incubated with the
PSs. It was shown that SOSDF is the main source of DF emission in the studied systems and that the underlying mechanism consists in an encounter of the triplet state of PS with a
1
O2 molecule, giving rise to the S1 state of the PS (reaction (4)).
SOSDF microsecond rise-decay kinetics and overall intensity
reflect lifetimes of PS triplet state and 1O2, as well as their
quantum yields. SOSDF emission up to three orders of magnitude stronger than the emission of 1O2 infrared phosphorescence has been observed in water. The fact that SOSDF is
emitted in the visible spectral region also makes its detection
less experimentally demanding. These features of SOSDF pave
the way for noninvasive optical on-line monitoring and dosimetry of PDT in the visible spectral region. Moreover, these
features of SOSDF oﬀer new approaches to microscopy and
imaging of living cells.
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The singlet-oxygen-sensitized delayed
ﬂuorescence in mammalian cells: a time-resolved
microscopy approach
Marek Scholz,*a Anna-Louisa Biehl,a,b Roman Dědica and Jan Hálaa
The present work provides a proof-of-concept that the singlet oxygen-sensitized delayed ﬂuorescence
(SOSDF) can be detected from individual living mammalian cells in a time-resolved microscopy experiment. To this end, 3T3 mouse ﬁbroblasts incubated with 100 μM TPPS4 or TMPyP were used and the
microsecond kinetics of the delayed ﬂuorescence (DF) were recorded. The analysis revealed that SOSDF
is the major component of the overall DF signal. The microscopy approach enables precise control of
experimental conditions – the DF kinetics are clearly inﬂuenced by the presence of the 1O2 quencher
(sodium azide), H2O/D2O exchange, and the oxygen concentration. Analysis of SOSDF kinetics, which
was reconstructed as a diﬀerence DF kinetics between the unquenched and the NaN3-quenched
samples, provides a cellular 1O2 lifetime of τΔ = 1–2 μs and a TPPS4 triplet lifetime of τT = 22 ± 5 μs in
agreement with previously published values. The short SOSDF acquisition times, typically in the range of
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tens of seconds, enable us to study the dynamic cellular processes. It is shown that SOSDF lifetimes
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increase during PDT-like treatment, which may provide valuable information about changes of the intracellular microenvironment. SOSDF is proposed and evaluated as an alternative tool for 1O2 detection in
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biological systems.

1.

Introduction

Singlet oxygen (1O2), the first excited state 1Δg of molecular
oxygen, is a strong oxidant which readily reacts with various
biomolecules (lipids, proteins, nucleic acids etc.), and as such
it is a potent cytotoxic agent. 1O2 is eﬃciently produced by
energy transfer from light-excited states (namely triplet states)
of a wide range of chromophores, the so-called photosensitizers (PS), and thus generation of 1O2 is a concern in virtually
any system involving light and a chromophore. 1O2 is a byproduct of photosynthesis and organisms have evolved elaborate mechanisms to protect themselves against it.1–3 The cytotoxicity of 1O2 is utilized in photodynamic therapy (PDT) of
cancer and other diseases where PS is administered to the
target tissue which is then illuminated and the production of
1
O2 leads to selective eradication of the diseased cells.4 A
detailed understanding of these processes requires tools to
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detect and monitor the production and deactivation of 1O2 in
biological systems on the cellular level.
Singlet oxygen emits a very weak near-infrared phosphorescence around 1275 nm which can be directly detected only
by highly sensitive detectors. In biological systems, the
quantum yield of the phosphorescence is smaller than 10−6
enabling detection of only high amounts of 1O2.5,6 The 1O2
phosphorescence kinetics have been successfully recorded
from suspensions of cells incubated with a PS,7–11 as well
as microscopically from individual cells.11–13 Steady-state
microscopy imaging of 1O2 in single cells pioneered by Ogilby
et al.5,14,15 has been further improved in our recent work.16
The direct detection of the 1O2 phosphorescence has also been
performed macroscopically in tissues in vivo, which can be
potentially used for PDT dosimetry.7,17–19 However, the direct
approach generally suﬀers from very low levels of signal and a
low signal-to-noise ratio.
Indirect methods of 1O2 detection are usually based on
chemical reaction of 1O2 with a probe molecule leading to a
change in the absorption spectrum, fluorescence spectrum, or
fluorescence quantum yield of the probe. Recently, the commercially available fluorescence probe “Singlet oxygen sensor
green” (SOSG®) has received considerable attention20–23 and
was used for imaging of 1O2 in various biological systems, e.g.
plant leaves22 or cultured animal cells.23 Generally, indirect
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Fig. 1 Scheme of the processes involved in SOSDF generated in reaction (1) after pulsed laser excitation. Adapted from ref. 29.

methods can provide several orders of magnitude stronger
signals than the direct method, but may suﬀer from various
problems, such as lack of specificity, production of 1O2 by the
probe itself, problems with co-localization of the probe with
the site of 1O2 production, and in the case of in vivo applications the necessity to administer another drug apart from
the PS.20,21
Singlet oxygen-sensitized delayed fluorescence (SOSDF) is a
delayed emission from the S1 state of the PS populated by
reversed energy transfer from 1O2. A singlet oxygen feedback
mechanism24–29
T1 þ 1 O2 ! S1 þ 3 O2 ! S0 þ 3 O2 þ hν;

ð1Þ

(3O2 is ground state oxygen and T1, S1, and S0 are excited
triplet, excited singlet, and ground singlet states of PS,
respectively) has been shown in our recent paper30 to be a
general phenomenon in water-soluble PSs. Furthermore, it has
been proposed as an alternative method for 1O2 detection in
water-based systems. Fig. 1 presents a scheme of the excited
state processes involved in generation of SOSDF: a light-excited
S1 state of the PS undergoes the intersystem-crossing to the T1
state which transfers its energy to the ground state oxygen
giving rise to 1O2. The 1O2 molecule then encounters another
light-excited T1 state of PS and transfers its energy to give rise
to the S1 state of the PS (reversed intersystem-crossing), which
may then emit fluorescence. The process (1) is thermodynamically favored if the S1–T1 energy gap is smaller than the 1O2
energy, which is fulfilled for a wide range of common PSs. The
SOSDF spectrum matches the prompt fluorescence (PF) spectrum, but it happens in the microsecond time-range which is
characteristic of phosphorescence.30 † Therefore, a typical
setup for SOSDF will consist of a pulsed laser for excitation
and a detector with nanosecond time resolution, preferably
allowing for a gated regime in order to cut oﬀ the much stronger PF which otherwise might overload the detector.
SOSDF features a characteristic rise-decay kinetics whose
analysis can provide valuable information about lifetimes of
1
O2 and PS triplet states. Properties of SOSDF in solutions
were investigated and summarized in our previous papers.30,32
By its nature, SOSDF can be considered a semi-direct
method for 1O2 detection since the PS itself acts as a specific
† We have shown in our earlier papers that the NIR-extended tail of DF may be
confused with phosphorescence.30–32
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O2 probe. This eliminates most of the problems associated
with the indirect methods as outlined in the previous paragraph. Moreover, SOSDF provides kinetic parameters similar
to direct 1O2 detection. The intensity of SOSDF emission is
estimated to be up to several orders of magnitude stronger
than 1O2 phosphorescence, however still several orders of magnitude weaker than the signal from indirect fluorescence
probes. SOSDF has been previously used for microscopic
imaging of 1O2 production in tetraphenylporphyrin-loaded
polymeric nanofibers.29,33 DF kinetics recorded macroscopically from cancerous tissue treated with xanthene dyes have
been proposed as a potential diagnostic and dosimetric tool
for PDT.34–37
SOSDF can be accompanied by other types of delayed
fluorescence (DF) of the PS,34,35 namely thermally-activated
delayed fluorescence (thermDF)
therm

T1 ! S1
and triplet–triplet
(TTA-DF)38

annihilation

ð2Þ
delayed

T1 þ T1 ! S1 þ S0 :

fluorescence
ð3Þ

SOSDF, thermDF and TTA-DF have been shown to take
place simultaneously in macroscopic experiments with tumorous and healthy tissues treated with xanthene dyes.34,35
Another type of delayed luminescence is an emission from
1
O2-dimols, which exhibits characteristic bands at 634 nm and
703 nm.39–41 Unlike the previously presented types of DF, the
1
O2-dimol emission does not directly involve excited states of
the PS. Each type of DF exhibits diﬀerent kinetic properties,
which enables their separation during kinetic data processing.
Anyway, caution has to be always exercised when assigning the
observed delayed emission to a particular type of DF.
The long-term goal of our research group is to develop techniques for 1O2-based microscopy and PDT dosimetry. This contribution extends our previous work on SOSDF in solutions to
living mammalian cells. The aim is to provide a proof-ofconcept that time-resolved SOSDF kinetics can be detected
from individual living mammalian cells loaded with a PS. We
establish a basic framework for time-resolved SOSDF experiments and their interpretation on the cellular level. Our microscopic approach enables to detect SOSDF from single cells and
allows for a precise control over the sample and experimental
conditions. To illustrate the potential of the technique, the
measured SOSDF kinetics are used to estimate the cellular lifetimes of 1O2 and PS triplet states.

2. Materials and methods
2.1.

Compounds

meso-Tetrakis(4-sulfonathophenyl)-porphine (TPPS4, SigmaAldrich) and 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphine
(TMPyP, Porphyrin Systems), well-known water-soluble porphyrins which are taken up by cells, were used as 1O2 photo-
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sensitizers.5,8,10,13,42,43 Sodium azide (NaN3, Sigma-Aldrich) of
10–40 mM concentration was used as a specific 1O2 quencher
which readily penetrates through cell membranes.8,12 NaN3
was previously shown not to quench triplet states of TPPS4.30
Bovine serum albumin (BSA, Sigma-Aldrich) used in 0.77 mM
concentration is an acknowledged extracellular 1O2
quencher,8,12 which in contrast does not penetrate into the
cells. A D2O-based phosphate buﬀered saline solution
(PBS-D2O) was prepared from PBS tablets (Sigma-Aldrich) and
deuterium oxide (Sigma-Aldrich). The pH was adjusted to a
physiological value of 7.4. A regular H2O-based phosphate
buﬀered saline solution (PBS-H2O) was used as purchased
(PAA Laboratories GmbH).
2.2.

Cell samples preparation

3T3 mouse fibroblast cells (ATCC: CCL 92) were cultivated in
DMEM (PAA Laboratories GmbH, high-glucose) supplemented
with 10% fetal bovine serum, L-glutamine and antibiotics.
During the subculture, the cells were seeded out into special
Petri dishes (IBIDI, μ-dish) at ≈10–20% cell density. After
≈36 hours, at ≈50% confluence, an aliquot of 100 μM TPPS4 or
TMPyP was added into the cultivation medium and the cells
were incubated for additional 20 hours.8,10 Prior to imaging
experiments, the monolayer of cells covering the bottom of the
dish was washed three times with PBS-H2O to remove any
extracellular PS. Then the dish was filled either with (i) a standard medium DMEM (Gibco, w/o phenol red), (ii) PBS-H2O
with 5 mM glucose,44 or (iii) the H2O/D2O exchange was performed. To exchange H2O for D2O, the cells in the dish were
first treated for 5 minutes with a hypertonic PBS-D2O14 and
then the dish was filled with PBS-D2O supplemented by 5 mM
glucose. The imaging experiments were performed
30–120 minutes after sample preparation. The Trypan blue
staining test16 verified that more than 85% of the cells in the
dish were intact after the experiment. Experiments conducted
in cells treated with DMEM and PBS-H2O provide analogous
results and therefore only DMEM-treated cells will be discussed in the following text.
2.3.

Experimental setup

Fig. 2 presents the experimental setup, which is built around
an inverted fluorescence microscope (Olympus, IX71). The

Fig. 3 Normalization of the kinetics to the fast initial spike of the
unquenched kinetics (sum over four channels – 20 ns).

excitation laser—pulsed excimer laser-pumped dye laser
(Lambda Physik, FL1000) at 420 nm with 7 ns pulses, 100 Hz
repetition rate, and pulse energy of ≈20 μJ—was passed
through a set of ND filters (OD = 0.5 for cell experiments) and
coupled into the objective OBJ (Olympus, LMPlan IR, 50×/0.55)
by a 500 nm dichroic longpass mirror DLP (Edmund Optics).
The lens L1 (Thorlabs, f = 50 mm) was inserted into the excitation path to enlarge the illuminated spot on the sample S to
diameter of 120 μm (i.e., shifting the laser focal plane out of
the sample focal plane), providing laser power density of ≈0.1
W cm−2. The sample’s exposure was controlled by a mechanical shutter (SH) in the excitation beam path. The luminescence emission from the sample is collected by the objective
OBJ and focused on the entrance slit of the imaging spectrograph (Princeton Instruments, Acton SP 2300i).‡ To obtain
bright-field and fluorescence images, the output of the
spectrograph was directed to a back-illuminated silicon
camera (Princeton Instruments, Spec-10:400B) and the grating
(300 g mm−1, 500 nm blaze) was set to 0 nm (zero-order diﬀraction). To measure DF kinetics, the grating was set to the
desired wavelength (mostly 650 nm) and the output of the
spectrograph was directed to a gated photomultiplier (Hamamatsu, H11526-20-NF). The photomultiplier output is fed into
a multichannel counter (Becker & Hickl, MSA300), which is
synchronized by the laser pulse using a beam-splitter BS (Thorlabs) and a PIN diode (Becker & Hickl, PDM-400). The synchronization pulse from the PIN diode triggers also the delay
generator (Stanford Research Systems, DG535), which produces the gate pulse for the PMT keeping it in the on-state for
100 μs with 250 ns delay after the laser excitation pulse (i.e.
PMT is blind up to 250 ns after the excitation pulse – see
Fig. 3).
2.4. Experimental procedure for SOSDF and imaging
experiments
First, a bright-field image and a fluorescence image (1 s exposition using the pulsed laser excitation) of an appropriate spot
on the sample were acquired using the camera and the
spectrograph set to 0 nm (zero-order diﬀraction), for example
Fig. 6 and 7. The investigated area is defined by the width of

Fig. 2 The scheme of the setup for time-resolved delayed ﬂuorescence
with microscopic resolution. The detailed description is in the text.
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‡ The 1000 nm short-pass dichroic mirror DM reflects the NIR portion of the
emission to a separate experimental path,16 which however has not been used in
the presented experiments.
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the entrance slit of the spectrograph (typically 1 to 3 mm,
corresponding to 20 and 60 μm on the sample, respectively) in
the x-direction and by the height of the circular laser excitation
spot (diameter ≈ 120 μm) in the y-direction. To measure
SOSDF kinetics from this area, the grating was then moved to
650 nm (fluorescence maximum of TPPS4 and TMPyP) and the
output of the spectrograph was directed to the gated PMT. The
exit slit of the spectrograph was set to 3 mm providing a bandwidth of ≈30 nm. The SOSDF kinetics were accumulated in
five consecutive 50 s time intervals, collecting 5000 laser
pulses in each.
2.5.

Analysis of the kinetics

The detailed analysis of the SOSDF mechanism and the resulting models of SOSDF kinetics have been discussed elsewhere.29,30,33 We provide a basic overview with emphasis on
specifics of the cellular environment. In the first approximation,30 the SOSDF kinetics can be described as a product of
PS triplet monoexponential decay and 1O2 biexponential
kinetics
I SOSDF ðtÞ ¼ B½T1 ðtÞ  ½1 O2 ðtÞ
¼ B expðt=τT Þ  ½expðt=τT Þ  expðt=τΔ Þ
¼ B½expðt=τ1 Þ  expðt=τ2 Þ

ð4Þ

yielding a rise-decay biexponential function with lifetimes
τ1 ¼ τT =2
τ2 ¼ τT τΔ =ðτT þ τΔ Þ:

ð5Þ

Therefore, τΔ and τT can be estimated on the basis of
SOSDF kinetics fit parameters:
τT ¼ 2τ1
τΔ ¼ 2τ1 τ2 =ð2τ1  τ2 Þ:

ð6Þ

If τΔ > τT (B < 0, typically in H2O or organic solutions), then
the τ1 parameter corresponds to the rise-time of the SOSDF
kinetics and τ2 corresponds to the decay time. However, if τΔ <
τT (B > 0, situation typical for H2O-based cellular environment8,45), then τ1 corresponds to the decay time of SOSDF
kinetics and τ2 to the rise-time. This always has to be taken
into account when assessing τΔ and τT from SOSDF kinetics fit
parameters. It is useful to discuss two special cases:
(a) If τT ≪ τΔ then the SOSDF rise time τrise and the SOSDF
decay time τdecay can be expressed according to (5) as
τrise ¼ τT =2; τdecay  τT :

ð7Þ

(b) If τT ≫ τΔ then
τrise  τΔ ; τdecay ¼ τT =2:

ð8Þ

These approximations can provide quick estimates of τT
and τΔ on the basis of SOSDF lifetimes. It is noteworthy that
the determination of τΔ is very troublesome in the case τT ≪ τΔ
since the SOSDF lifetimes are then governed by τT. The case
τT ≫ τΔ is more favourable for determination of τΔ.
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However, in a complex cellular environment, the simple
model (4) may not describe accurately the DF kinetics due to
the following: (a) SOSDF kinetics is overlaid with other sources
of DF emission (e.g. TTA-DF and/or thermDF),35 which cannot
be easily separated from SOSDF. (b) Several populations of PS
triplet states with diﬀerent τT may be present leading to a
multi-exponential PS triplet decay. The cellular 1O2 decay also
may consist of several components.
It is possible to tackle the point (a) by adding a specific 1O2
quencher (e.g. NaN3) to the sample and comparing the DF
kinetics with and without the quencher. The diﬀerence
between these two kinetics should correspond to the SOSDF
kinetics, assuming that NaN3 quenches 1O2 completely and
1
O2-dimol emission is negligible. Since the DF kinetics with
and without the quencher are acquired either from diﬀerent
spots of the cell sample or in diﬀerent stages of photobleaching, the kinetics have to be normalized before they are compared and subtracted. The most straightforward way, although
not perfect (discussed in section 3.5), is to normalize the
quenched kinetics to the fast initial spike of the unquenched
sample (Fig. 3).
In thermDF and TTA-DF, only PS triplet states are involved,
not 1O2. The kinetics of thermDF (reaction (2)) features the
same shape as the PS triplet kinetics—the lifetime of thermDF
is the same as the lifetime of PS triplets. TTA-DF (reaction (3))
originates in a bimolecular collision of two PS triplet states.
Therefore the intensity of TTA-DF is proportional to the
squared PS triplet concentration and its lifetime is one half of
the PS triplet lifetime. Analogically, the intensity of 1O2-dimol
emission is proportional to the squared 1O2 concentration.
These diﬀerent kinetic properties enable us to distinguish
among diﬀerent types of DF. Anyway, caution has to be always
exercised when assigning the observed delayed emission to a
particular type of DF.

3. Results
3.1.

SOSDF from TPPS4 and TMPyP in solution

The ability of the experimental setup to detect SOSDF kinetics
was first verified by measuring SOSDF kinetics from solutions
of 100 μM TPPS4 and TMPyP placed in 0.1 mm pathlength cuvettes on the microscope stage. Fig. 4 displays delayed luminescence kinetics of TPPS4 either in PBS-H2O or PBS-D2O and in a
sample containing 10 mM NaN3, a specific 1O2 quencher.46
The model of 1O2-phosphorescence kinetics around 1275 nm
in PBS-H2O is also shown for comparison.30,47
The unquenched DF kinetics manifest a clear rise–decay
character and were fitted by two exponentials. The isotopic
eﬀect of D2O is known to prolong significantly the 1O2 lifetime
with respect to H2O (≈60 μs vs. 3.5 μs),46 unlike 1O2 lifetime,
the SOSDF decay time is increased only moderately (2.2 ±
0.3 μs vs. 1.5 ± 0.2 μs in D2O and H2O, respectively). This is in
line with the theoretical calculation according to (5) which
yields τ2 = 1.9 μs and 1.3 μs, respectively. The SOSDF decay
time in D2O is governed mainly by triplet lifetime τT since τT
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Fig. 4 DF kinetics from 100 μM solution of TPPS4 in PBS-H2O (blue),
PBS-D2O (red), PBS-H2O with addition of 10 mM NaN3 (green), and the
latter at decreased O2 concentration (cyan). The model of 1O2 phosphorescence kinetics around 1275 nm in PBS-H2O is shown for comparison (black dashed). The maximum of the H2O kinetics and 1O2phosphorescence kinetics were normalized to the maximum of the D2O
kinetics. The inset demonstrates the match of prompt ﬂuorescence
spectrum (line) and delayed ﬂuorescence spectrum (circles).

≪ τΔ. The rise-time τ1 of the SOSDF kinetics is 1.0 ± 0.1 μs
both in D2O and H2O. According to (6) this yields the correct
triplet lifetime of 2.0 μs.30,47 The rise–decay character of the
kinetics, the isotopic eﬀect, and the NaN3 eﬀect prove that
SOSDF ( process (1)) is indeed the main source of the delayed
emission.30
The much weaker DF kinetics in the NaN3-quenched
sample features a monoexponential decay with a lifetime 1.0 ±
0.1 μs, a half of a TPPS4 triplet lifetime,30,47 which is consistent
with either the TTA-DF mechanism or the SOSDF mechanism
(eqn (5), τΔ → 0). Decreasing oxygen concentration leads to a
prolonged lifetime and further reduction of DF kinetics amplitude in the NaN3-quenched sample. The reduced amplitude is
consistent neither with the TTA-DF nor with the thermDF
mechanism. Therefore, SOSDF is still an important contribution to DF in the air-saturated NaN3-quenched sample.
The inset in Fig. 4 demonstrates that the DF spectrum
matches the PF spectrum, which rules out 1O2-dimol emission
as an underlying mechanism of the delayed emission.39,41
This is further reinforced by the observation that the DF kinetics clearly does not correspond to the squared momentary
concentration of 1O2. The presented results are in accordance
with our previous observations30 and confirm the ability of the
setup to detect SOSDF.
3.2.

Relocalization of TPPS4 in cells

Fig. 5(top) shows the time-evolution of fluorescence from
TPPS4-loaded cells during the course of irradiation. The
fluorescence images demonstrate the changes of TPPS4 distribution in the cell: the fluorophore is localized in lysosomes at
the beginning, which is manifested by the granular structure
of the fluorescence image.8,11,48 The photodynamic eﬀect
causes the release of PS into cytosol during the
irradiation,11,49–52 which leads to rather diﬀuse distribution of
PS and the blurry appearance of the fluorescence image.11,52
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Fig. 5 The ﬂuorescence images in the top part show relocalization of
TPPS4 during the irradiation. A bright-ﬁeld (BF) image of cells is also displayed. The graph in the bottom displays time-dependent photobleaching of the total ﬂuorescence intensity of TPPS4 in cells treated either
with DMEM (red squares), DMEM with addition of 10 mM NaN3 under a
nitrogen atmosphere (green circles), or PBS-D2O (blue triangles). The
top part shows the bright-ﬁeld image (BF) and ﬂuorescence images at
diﬀerent times after beginning of laser irradiation, which documents the
relocalization of TPPS4 during the irradiation.

TPPS4 relocalizes into cytosol surrounding the lysosomes,
which is accompanied by an increase in the TPPS4 fluorescence intensity. Therefore, the anticipated decrease of
TPPS4 concentration in lysosomes cannot be observed in the
fluorescence images (this is in contrast with TMPyP, section
3.8). The release of TPPS4 from lysosomes is not caused by
light dose itself since cells without TPPS4 treated with a
specific lysosomal fluorescence marker LysoTracker® Green
retained the granular pattern of the fluorescence image even
under three times larger fluence rates and irradiation doses
(data not shown). The time-dependence of the total fluorescence intensity is nontrivial. Fig. 5(bottom) displays the
traces for cells treated with PBS-D2O, DMEM, and DMEM supplied with 10 mM NaN3 under a nitrogen atmosphere. After an
initial drop in the signal, there is a remarkable increase in the
fluorescence intensity,5,52 which correlates in time with the
release of TPPS4 from lysosomes to the surrounding cytosol
observed in the sequence of fluorescence images. TPPS4 in
lysosomes and in cytosol faces diﬀerent pH (≈5 vs. 7.2)
and local concentration, which can significantly alter its
photophysical properties,8,48,53–55 including the fluorescence
quantum yield. On the other hand, Gensch et al.53,54 showed
that the quantum yield of 1O2 does not diﬀer significantly in
neutral pH = 7 and acidic pH = 3.5. The release of TPPS4 from
lysosomes and the corresponding increase of the fluorescence
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intensity are significantly slowed down in the sample treated
with DMEM + NaN3 under low oxygen, which supports the
hypothesis that it is the oxidative damage by 1O2 that causes
the release of the PS from lysosomes. On the other hand, the
increase of fluorescence intensity is slowed down also in
PBS-D2O compared to DMEM. D2O is known to enhance the
1
O2 lifetime and should therefore speed up the oxidative
damage instead. This indicates that the release of TPPS4 from
lysosomes may be due to a complex biological response to
1
O2.51,52 However, a more detailed analysis of this eﬀect is
beyond the scope of this work.
3.3.

DF kinetics in single cells

Fig. 6 presents the DF kinetics measured from single cells
treated with DMEM or PBS-D2O and shows the corresponding
bright-field and fluorescence images. The intracellular microenvironment and localization of PS change during the
irradiation, which are reflected by changes in DF lifetimes and

Fig. 6 Delayed ﬂuorescence kinetics and corresponding bright-ﬁeld
(BF) and ﬂuorescence images of single cells incubated with TPPS4 and
treated either with DMEM or PBS-D2O. Kinetics from the spots without
cells (only surrounding medium) are shown for comparison (gray). Only
a part of a single cell was investigated in sample b – the signal was collected from the area highlighted by the green rectangle in the ﬂuorescence image.
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intensity. Therefore, the DF was recorded in five consecutive
time-intervals after the beginning of irradiation: 0–50 s,
50–100 s, 100–150 s, 150–200 s and 200–250 s. An enhancement of the SOSDF signal has been observed in PBS-D2Otreated samples and also in several DMEM-treated ones during
irradiation. The DF kinetics feature the characteristic risedecay shape both in DMEM and PBS-D2O. Moreover, the DF
lifetimes are enhanced in PBS-D2O. These are clear fingerprints of SOSDF. The course of time evolution of SOSDF kinetics significantly diﬀers among the displayed cells, which
reflects the individuality of living cells and may depend on a
number of factors, such as the amount of uptaken PS, the
stage of the cell cycle etc. To our knowledge, this is the first
observation of SOSDF kinetics from single cells. The intensity
of SOSDF from the surrounding medium with no cells (gray
trace) is markedly weaker, which proves that the SOSDF signal
originates inside the cells.
3.4.

DF kinetics summed over ensemble of cells

As was shown in the previous paragraph, the DF kinetics inevitably vary among diﬀerent investigated cells as each of these is
inherently unique. To reveal general changes of DF kinetics
during irradiation, Fig. 7 displays the DF kinetics in cells
treated with DMEM or PBS-D2O summed over ≈30 cells in five
diﬀerent spots (such a spot is displayed in Fig. 7, left).
Samples containing NaN3,§ a specific 1O2 quencher, were also
investigated. Moreover, another sample treated with NaN3 was
studied under a low oxygen atmosphere.
The NaN3-quenched kinetics were normalized to the initial
PF spikes of the unquenched kinetics. It is demonstrated that
DF is undoubtedly quenched by NaN3, although not completely, thus showing that SOSDF takes place. The NaN3quenched kinetics still partly retains the rise–decay character
in the first time-interval 0–50 s, indicating that the quenching
of SOSDF by NaN3 is less eﬃcient inside lysosomes. Moreover,
decrease of the oxygen concentration leads to further
reduction of amplitude of DF kinetics in NaN3-quenched
samples, which also suggests that NaN3 did not quench
SOSDF completely.
The eﬃciencies η of quenching by NaN3 (Table 1) were
calculated as η = 1 − r, where r is the ratio of integral DF intensities in NaN3-quenched and unquenched samples. Eﬃciency
η corresponds to the lower limit for the contribution of SOSDF
to the overall DF emission. SOSDF is therefore the most important source of delayed emission in our experiments. According
to expectations, the contribution of SOSDF is even larger in
PBS-D2O.
Three and two exponentials were required to fit the
unquenched and the quenched kinetics, respectively. The fit
results are summarized in Table 2. The fit function is more
complex than the SOSDF model function (4) because also
§ 10 mM NaN3 for PBS-H2O and PBS-D2O samples, 30 mM for DMEM. 30 mM
NaN3 was used in DMEM because it was observed that 10 mM NaN3 is not
suﬃcient to quench SOSDF possibly due to potential interactions of NaN3 with
DMEM leading to a decreased eﬀective NaN3 concentration.
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Fig. 7 DF kinetics at diﬀerent time-intervals from cells incubated with TPPS4 treated either with DMEM or PBS-D2O summed over ≈30 cells in ﬁve
diﬀerent spots. Quenching of SOSDF kinetics by NaN3 is demonstrated. A typical spot from which the signal is collected is shown on the left.

Table 1 Eﬃciencies η of SOSDF quenching by NaN3 in diﬀerent time
intervals. These also correspond to lower limits for contributions of
SOSDF to the overall DF emission

DMEM
PBS-D2O

0–50 s

50–100 s

100–150 s

150–200 s

200–250 s

43%
46%

62%
79%

70%
84%

68%
85%

63%
84%

Table 2 Average DF lifetimes at diﬀerent time-intervals from cells incubated with TPPS4 treated either with DMEM or PBS-D2O

a1

τ1 [μs]

a2

τ2 [μs]

a3

τ3 [μs]

DMEM
0–50 s
50–100 s
100–150 s
150–200 s
200–250 s

3234
2373
1222
2436
494

3.61
4.09
5.97
5.21
7.97

−2229
−1444
−851
−2225
−621

0.77
0.99
1.52
3.76
1.63

529
744
605
527
276

11.36
11.95
16.02
16.84
16.72

+NaN3
0–50 s
50–100 s
100–150 s
150–200 s
200–250 s

355
652
455
367
231

9.43
6.38
7.21
7.85
8.36

1778
1076
729
809
596

3.38
1.99
1.39
0.97
1.03

—
—
—
—
—

—
—
—
—
—

τ2 [μs]

a3

τ3 [μs]

a1

τ1 [μs]

a2

PBS-D2O
0–50 s
50–100 s
100–150 s
150–200 s
200–250 s

1022
1401
1395
1267
1083

5.51
10.10
17.93
20.91
22.26

−944
−1162
−917
−1247
−887

1.57
1.57
2.52
4.44
5.23

635
899
381
373
—

17.80
27.08
24.85
22.38
—

+NaN3
0–50 s
50–100 s
100–150 s
150–200 s
200–250 s

1575
1661
1021
742
553

4.23
2.20
1.92
1.69
1.25

224
551
454
362
268

15.93
7.30
7.30
7.85
7.73

—
—
—
—
—

—
—
—
—
—
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other minor sources of delayed emission are present besides
SOSDF. Moreover, several populations of PS triplet states with
diﬀerent oxygen accessibilities and lifetimes may be present.
DF lifetimes generally increase during the irradiation in
unquenched samples, which reflects increasing T1 and 1O2
lifetimes due to gradual relocalization of TPPS4, depletion of
ground state O2 and intracellular 1O2 quenchers, and
increased viscosity in cells exposed to the photodynamic
eﬀect.11,45,56
In the samples treated with DMEM, the distinct rise parts
of SOSDF kinetics in time-intervals 0–50 ns and 50–100 ns
allow for the determination of rise times and provide a first
rough estimate of 1O2 lifetimes τΔ ≈ 0.8 μs and τΔ ≈ 1.0 μs,
respectively, according to (8). Rise parts of kinetics in later
time-intervals are not pronounced enough to provide accurate
rise times and τΔ lifetimes (this in turn increases also the inaccuracy of decay times). The triplet lifetimes correspond to
the double of the SOSDF decay time according to (5) and (8).
There are two decay components in the DF kinetics. This may
be due to the presence of several populations of PS triplet
states and/or due to other minor sources of DF besides SOSDF.
The shorter-lived and stronger component τ1 provides according to (8) approximate values of τT gradually increasing from
τT ≈ 7 μs to τT ≈ 16 μs during the irradiation.
Similar to solutions, the replacement of H2O with D2O was
reported to increase significantly the 1O2 lifetime also in cells
(<3 μs vs. ≈30 μs8,12,45) and it is expected to enhance SOSDF lifetimes as well. The prolongation of SOSDF lifetimes by the isotopic eﬀect of D2O is clearly manifested. The isotopic
enhancement of SOSDF lifetime is more obvious in cells than in
solutions because of the significantly longer triplet lifetime τT.
The fact that the detected DF is produced inside the cells
and not in the surrounding medium has been proven by the
following observations: (i) no significant DF signal can be

This journal is © The Royal Society of Chemistry and Owner Societies 2015

Photochemical & Photobiological Sciences

detected from the regions of dish containing just the surrounding medium with no cells (gray traces denoted medium).
(ii) Lifetimes of DF from PS solutions are much shorter than
those from cells (Fig. 7, black dashed trace). (iii) No significant
changes in SOSDF kinetics from cells treated with PBS have
been observed upon addition of 0.77 mM BSA, an extracellular
1
O2 quencher which does not penetrate into the cells8,11,57
(data not shown). Finally, it was verified that delayed auto fluorescence from cells without TPPS4 is negligible.
Apart from reactions (1)–(3), another potential source of DF
is the 1O2-dimol emission featuring two characteristic emission bands at 635 nm and 703 nm.39,41 The DF spectrum from
TPPS4-incubated fibroblast cells reported in our previous
paper30 matches the PF spectrum, which rules out that 1O2dimol emission plays a significant role in cells (moreover, in
section 3.1 we show that the 1O2-dimol emission was not
observed in solutions). Finally, we compared DF kinetics
recorded at 660 nm and 630 nm with 20 nm bandwidth (data
not shown) finding out that the DF kinetics at 630 nm were
≈3× weaker than those at 660 nm, although this alone might
not be a suﬃcient proof of absence of 1O2-dimol emission, as
it was shown that the 635 nm band may not be observable in
solutions of certain PSs.41,58
3.5. Diﬀerence kinetics and determination of 1O2 and T1
lifetimes
The lifetime τΔ of 1O2 inside living cells under normal conditions is still a subject to debate. Several contradictory results
of τΔ spanning from ≈40 ns to ≈3 μs have been reported.11 A
recent study by Hackbarth et al.45 shows that the τΔ depends
strongly on irradiation conditions. It is tempting to use SOSDF
kinetics together with eqn (6) to derive the cellular τΔ.
The determination of the 1O2 lifetime τΔ from SOSDF kinetics requires an accurate separation of SOSDF from other
sources of delayed emission. To this end, the diﬀerence kinetics between the unquenched and NaN3-quenched kinetics
have been calculated. The NaN3-quenched kinetics has to be
normalized in order to account for unequal fluorescence intensity in the samples before it can be subtracted. The NaN3quenched kinetics can be normalized to the fast initial spike
of the unquenched one (see section 2.5). However, SOSDF
itself contributes ≈4% to the intensity of the initial spike in
the unquenched sample. Therefore, the NaN3-quenched kinetics should be multiplied by a factor q = 0.96 to account for this
before subtraction. If the quenching by NaN3 is not complete,
then the factor q will be slightly larger, generally 0.96 < q < 1.
Fig. 8 shows the diﬀerence kinetics in samples treated with
DMEM at time-intervals 100–150 s, 150–200 s, and 200–250
s. The diﬀerence kinetics have a clear rise-decay character and
represent approximate SOSDF kinetics purified from other
sources of DF, assuming that the 1O2 is completely quenched
in NaN3-treated samples. As was discussed in section 3.4,
SOSDF is quenched only partly in time-intervals 0–50 s and
50–100 s and therefore it does not make a good sense to calculate the diﬀerence kinetics for these time-intervals. However,
even in the other time-intervals the quenching of SOSDF by
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Fig. 8 SOSDF diﬀerence kinetics ﬁtted with model function (9). The
cells were incubated with TPPS4 and treated with DMEM.

Table 3 Lifetimes of DF diﬀerence kinetics in samples treated with
DMEM and the resulting T1 and 1O2 lifetimes

100–150 s
150–200 s
200–250 s

a

τ1 [μs]

b

τ2 [μs]

τT [μs]

τΔ [μs]

1108
935
517

10.31
10.96
11.56

−1520
−1113
−718

1.11
1.79
1.71

20.6
21.9
23.1

1.2
1.9
1.8

NaN3 is probably not absolutely perfect. The rise time of the
residual SOSDF kinetics in the NaN3-quenched sample will
correspond to τ′Δ, the 1O2 lifetime in the NaN3-quenched
sample, whereas the decay time τT/2 remains the same as in
the unquenched SOSDF (see (8)), because NaN3 does not alter
the PS triplet lifetime. To account for the non-perfect quenching, the diﬀerence kinetics can be fitted by a biexponential
function with two diﬀerent amplitudes
f ðtÞ ¼ a expðt=τ1 Þ  b expðt=τ2 Þ

ð9Þ

instead of (4) in the case that τ′Δ ≪ τΔ.¶ Another possibility is
to introduce a third fitting exponential with a lifetime of ≈τ′Δ.
However, a detailed discussion of such fitting is beyond the
scope of this work.
The data were satisfactorily fitted by the fit function (9) and
the results are summarized in Table 3. The τT and τΔ lifetimes
were calculated according to eqn (6). It is possible that several
populations of PS triplets and 1O2 with diﬀerent lifetimes are
present in cells. The calculated values of τT and τΔ represent
eﬀective lifetimes. The resulting T1 lifetime τT = 22 ± 5 μs is in
line with previously published values.8 Lifetimes of 1O2 were
determined to be τΔ = 1.2 ± 0.5 μs for the 100–150 s interval
and τΔ = 1.9 ± 0.9 μs, for 150–200 s and 200–250 s intervals.
These values are also in agreement with previous reports
within the experimental accuracy.8 The experiments suggest
that 1O2 lifetimes increase during PDT-like treatment,45,56
since the τΔ lifetimes estimated for the first two time intervals
were 0.8 and 1.0 μs (see section 3.4). As discussed earlier, this
may be due to PS relocalization, depletion of intracellular antioxidants, or increased intracellular viscosity.9,45,56,59 The rela¶ The beginning of the fit range has to be ≫τ′Δ.

Photochem. Photobiol. Sci., 2015, 14, 700–713 | 707

Paper

Photochemical & Photobiological Sciences

tively large inaccuracies of the τΔ and τT values are due to
diﬃculties with separation of SOSDF from other sources of
delayed emission.

remembered that the SOSDF quantum yield strongly depends
on irradiation conditions, PS and oxygen concentration, or viscosity, i.e. it is specific to a particular experiment.

3.6. Oxygen concentration dependence of SOSDF kinetics in
cells

3.8.

The DF lifetime drops with increasing oxygen concentration
(Fig. 9, PBS-D2O-treated sample) which is in line with expectations due to a well-known inverse relation between the triplet
lifetime and oxygen concentration. The kinetics are normalized to the initial PF spike of the air-saturated sample (see
section 2.5). The DF decay-time τ1 = 12 μs of the air-saturated
PBS-D2O-treated sample drops to τ1 = 4.7 μs under an
increased oxygen atmosphere (≈50% O2). In contrast to the
lifetime, the amplitude of the DF kinetics increases with
increasing oxygen concentration.28,30,60 Analogically, the DF
decay time is enhanced and the amplitude reduced under a
nitrogen atmosphere. This is consistent with the expected
oxygen dependence of SOSDF.30
3.7.

Quantum yield of DF and PF

To measure SOSDF, the PMT was operated in a gated-regime to
cut oﬀ the much stronger PF. Nevertheless, the PMT can be
operated also in a non-gated regime to measure PF. In this
case, the signal was attenuated with neutral density filters by
four orders of magnitude in order not to overload the detector
and/or the photon counting board. First, the PF from a particular spot at the cell sample was acquired in a non-gated
regime (two thousand laser pulses collected). Then SOSDF was
acquired in a gated-regime (ten thousand laser pulses collected) and subsequently PF was collected again. The integral
PF intensity from cells was found to be ∼103× stronger than
the integral DF intensity (under the applied experimental conditions). Taking into account the fluorescence quantum yield
ΦF ≈ 0.11 of TPPS4 in water solution, it can be estimated that
the DF quantum yield is around 10−4. Although this is a small
number, it is still by two or three orders of magnitude larger
than the 1O2 phosphorescence quantum yield.6 It has to be

Fig. 9 DF kinetics from cells at three diﬀerent levels of oxygen concentration. The cells were incubated with TPPS4 and treated with PBS-D2O.
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SOSDF in TMPyP-loaded cells

SOSDF experiments in cells were conducted also with a cationic photosensitizer TMPyP. SOSDF kinetics in TMPyP-incubated cells features the same basic properties as in TPPS4incubated cells: rise–decay character and strong quenching by
NaN3.
For illustration, Fig. 10 shows the DF kinetics from cells
incubated with TMPyP. The sample was afterwards treated
with PBS-D2O and held under an atmosphere with elevated
oxygen (≈40% O2). Firstly, the bright-field and fluorescence
images were acquired and subsequently the SOSDF kinetics
was being collected for 150 s with resulting lifetimes τrise =
1.3 μs and τdecay = 5.6 μs. Then the sample was left in the dark
for ten minutes and the experimental sequence was repeated
at the same spot of the sample providing SOSDF lifetimes τrise
= 1.5 μs and τdecay = 6.0 μs. Irradiation-induced relocalization
of TMPyP from lysosomes to the nucleus can be observed in
the fluorescence images (TMPyP has high aﬃnity for nucleus
due to its positive charge).11,61 The relocalization of TMPyP
to the nucleus leads to a decreased fluorescence intensity in
its original location (lysosomes). This is in contrast with
TPPS4-incubated cells, where the depletion of fluorescence in

Fig. 10 SOSDF kinetics from cells incubated with TMPyP at two stages
of PDT-like treatment. The cells were treated with PBS-D2O, and held
under an ≈40% oxygen atmosphere. The ﬂuorescence images demonstrate the irradiation-induced relocalization of TMPyP from lysosomes to
the nucleus.
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lysosomes was not observed since TPPS4 was relocalized more
or less homogenously into the cytosol which surrounds the
lysosomes, instead of being drained from cytosol into the
nucleus.

4.

Discussion

SOSDF is proposed as an alternative tool for 1O2 detection and
monitoring in biological systems. As already mentioned in the
Introduction, it may be considered a semi-direct method
because it combines some features of both direct and indirect
methods. Below are summarized the main advantages and disadvantages of SOSDF as a tool for 1O2 monitoring.
Advantages:
• The PS triplet state itself acts as a 1O2-specific fluorescence probe, so no additional molecule has to be added to
the system and the probe is always co-localized with the site of
1
O2 production.
• SOSDF kinetics provides information about PS triplet and
1
O2 lifetimes, which are otherwise accessible only by direct
detection of 1O2 near-infrared phosphorescence kinetics.
• Compared to direct 1O2 phosphorescence detection,
SOSDF can be substantially more intense and moreover it
occurs in the visible spectral region, which makes the detection less experimentally demanding.
Disadvantages:
• SOSDF emission is relatively weaker than emission from
conventional 1O2 fluorescence probes.
• SOSDF requires the use of time-resolved techniques,
which are relatively more experimentally demanding than
indirect steady-state methods.
• SOSDF may be overlapped with other types of DF which
are not 1O2-dependent. This significantly complicates the
interpretation and analysis of the SOSDF signal.
• SOSDF originates upon encounter of two excited states
and therefore relatively high concentrations of both PS triplets
and 1O2 have to be achieved to produce a suﬃciently intense
SOSDF signal, which is nonlinear with excitation intensity and
concentration.
We assumed that relatively high fluence rates would be
necessary to induce measurable SOSDF in cells. A fluence rate
of 0.1 W cm−2 was used in this study. Fifty seconds of acquisition corresponds to the total fluence of 5 J cm−2, which is
suﬃcient to induce detectable rise-decay SOSDF kinetics in
single cells (Fig. 6). Interestingly, it was found that three times
larger fluence rates and total fluencies actually provide a worse
SOSDF signal with more background and less pronounced
rise-decay character. Fluencies of several J cm−2 have been
commonly used in conventional fluorescence microscopy of
cells incubated with TPPS4. The studies of intracellular TPPS4
relocalization by Rück et al. were done with a dose of 2.5 J
cm−2 (ref. 48 and 62). Expositions ranging from 1 J cm−2 to 5 J
cm−2 were used by Kolarova et al. for microscopic investigations of reactive oxygen species production by TPPS4 in
G361 human melanoma cells in vitro.63,64 Fluencies of ≈10 J
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cm−2 were needed to obtain an image of 1O2 NIR phosphorescence in cells in a steady-state experiment.16 Clinical doses
in PDT65 with various PSs are usually in the range of tens to
hundreds J cm−2, which is significantly more than what is
needed to detect SOSDF. Lapeš et al.66 were using a fluence
rate of 312–680 mW cm−2 and a total fluence of 150 J cm−2 for
PDT of cutaneous metastases of breast cancer after local application of TPPS4, although they were exciting at 630 nm and the
laser was operated in CW mode, which makes a direct comparison troublesome. DaSilva et al.11 used a fluence of 7 kJ
cm−2 at 420 nm to measure 1O2-phosphorescence kinetics in
TMPyP-incubated single cells in a microscopic experiment,
which is almost three orders of magnitude larger compared to
this study, but it has to be remembered that DaSilva et al.11
were using a focused excitation, whereas in this work we
inserted the lens L1 in order to enlarge the excitation spot and
thus reduce the fluence in the excited area. In contrast, Hackbarth et al.45 used very low irradiation doses of 40 nJ per cell
(given the size of the cells, this would roughly correspond to
fluence in the range of ∼10−2 J cm−2) to detect 1O2-phosphorescence kinetics in suspension of Jurkat cells, showing that
the measured 1O2 lifetime strongly depends on the applied
fluence. In conclusion, our experiments indicate that the
fluence rates and fluencies needed for SOSDF detection are
within the scope of practical applications.
Moreover, the presented microscopic setup can be significantly improved by several modifications. Using an immersion
objective with N.A. >1 would enhance the collection
eﬃciency ≈4× compared to the current arrangement. Employing broadband filters with large transmittance instead of a
spectrograph with ≈30 nm bandwidth would further increase
the throughput of the system >3×. Hence, the collection
eﬃciency can be further enhanced by more than one order of
magnitude, which will broaden the scope of possible applications. Replacement of the lens L1 from the illumination
path will result in a focused illumination instead of wide field
illumination which was used in the current arrangement.
Focused illumination will enable to aim at subcellular
domains and will reduce the background owing to a smaller
illuminated area. XY-scanning of the sample in focused illumination mode would enable to perform SOSDF lifetime
imaging. Nevertheless, it will be necessary to address the
problem of excitation light scattering in the sample since this
substantially enlarges the illuminated area. SOSDF was shown
to be the main source of DF under our experimental conditions, which promotes it as a potential tool for imaging of
1
O2. Apart from the scanning technique, 1O2 imaging could be
realized using an intensified gated camera instead of a photomultiplier for detection.
It was shown that SOSDF lifetimes change during PDT-like
treatment, which reflects important parameters such as
oxygen concentration, intracellular viscosity, and the level of
intracellular 1O2 quenchers. SOSDF thus reports on the changing intracellular microenvironment during the treatment.
Naturally, SOSDF also reports on the amount of 1O2 produced.
Together with changes in the prompt fluorescence spectrum
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and intensity this may be used to guide the light dose and
monitor the treatment outcome in clinical PDT.
Although SOSDF is by far the most important source of DF
under our experimental conditions, an accurate determination
of T1 and 1O2 lifetimes on the basis of SOSDF is diﬃcult due
to the presence of other minor sources of delayed emission.
Precise separation of SOSDF from other DF sources is a
problem which still needs to be studied more in detail. SOSDF
is not suitable for determination of the 1O2 lifetime τΔ if
τΔ ≫ τT, which is its inherent shortcoming.
We have focused on SOSDF from water-soluble PSs in this
work and in the previous one,30 but in principle it should be
possible to detect SOSDF also from cells incubated with lipophilic PSs, although it has to be remembered that the 1O2 and
PS triplet lifetimes may diﬀer significantly. Protoporphyrin IX
is one of the most important lipid-soluble PSs for PDT.
Measuring the lifetime of thermally-activated DF of PpIX has
been proposed as a method for determination of mitochondrial oxygen tension with potential application in perioperative
medicine, intensive care medicine, and real-time PDT
monitoring.67–72 Given that SOSDF is manifested in a wide
range of PSs,26,27,29,30,32,73 our future plans are aimed to investigate whether PpIX exhibits also SOSDF to some extent
besides the thermally-activated DF.

5. Conclusions
Proof-of-principle experiments on time-resolved microscopic
detection of SOSDF from single living cells have been successfully performed. For this purpose, 3T3 mouse fibroblast cells
were incubated with water-soluble porphyrin photosensitizers
TPPS4 and TMPyP. It was shown that SOSDF originating in an
encounter of 1O2 with the PS triplet was the most important
source of DF emission in cells, the DF kinetics being clearly
influenced by the presence of 1O2 quenchers, isotopic
exchange H2O/D2O, and oxygen concentration. SOSDF is proposed as an alternative method for 1O2 detection in biological
systems—it can be considered a semi-direct method because
the photosensitizer itself acts as a 1O2 probe, which allows
overcoming some problems associated with indirect methods
of 1O2 detection. Moreover, SOSDF kinetics provide information about T1 and 1O2 lifetimes, which are otherwise
accessible only by direct detection of 1O2 near-infrared phosphorescence kinetics. PS triplet and 1O2 lifetimes derived from
the SOSDF kinetics are in line with previously published
results, although an accurate determination of 1O2 and T1 lifetimes is complicated due to the presence of other minor
sources of delayed emission. SOSDF lifetimes were shown to
report on the changes of intracellular microenvironment in
cells during the PDT eﬀect, which highlights its potential for
PDT dosimetry. This work provides a basic framework for
future investigation of SOSDF and delayed fluorescence in
general in cells and tissues and paves the way to a potential
use of SOSDF-based microscopy of 1O2, PDT dosimetry, and
DF-based diagnosis.
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Abstract
The chapter provides a review on Singlet oxygen-sensitized delayed fluorescence
(SOSDF). Molecular mechanism, kinetics properties, experimental instrumentation, and
specific applications of SOSDF are overviewed. Concurrent types of delayed fluorescence
which may overlap with SOSDF are also discussed. It provides a framework for distinguishing
among different types of delayed fluorescence, which is necessary for correct analysis of the
experimental data.
SOSDF of a photosensitizer offers an alternative method for singlet oxygen (1O2*)
detection and monitoring employing the photosensitizer itself as a probe. SOSDF allows to
determine the rate constants of 1O2* formation and deactivation in a time-resolved
experiment similarly to direct 1O2* near-infrared phosphorescence. However, SOSDF can be
orders of magnitude more intense and manifests itself in the visible spectrum, which makes
the detection less experimentally demanding. SOSDF has been observed in a wide range of
systems, including living cells and tissues incubated with photosensitizers. These properties
make SOSDF a promising method for online monitoring during photodynamic therapy
treatment.
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28.1 Introduction

A fluorescent molecule excited to its first singlet state (S1) by a short light pulse emits
fluorescence usually within several nanoseconds due to the short lifetime of the S1 state.
This emission occurring immediately after the excitation pulse is called prompt fluorescence
(PF). However, the S1 state can also undergo intersystem-crossing to the metastable first
triplet state (T1). Moreover, either the S1 or T1 state may further transfer the excitation
energy to other molecules within the system. These intermediate metastable excited states
may subsequently transfer the energy back to the fluorophore, leading to repopulation of
the S1 state, which might then emit fluorescence. This fluorescence occurs on much longer
timescales after the excitation pulse (microseconds to seconds) than the intrinsic S1 state
lifetime and is therefore called delayed fluorescence (DF). The spectrum of DF is usually
identical or very similar to the PF spectrum, but the timescale of DF decay corresponds to
phosphorescence.
Various intermediate states and different mechanisms of fluorophore S1 state repopulation
may be involved in producing DF. Nevertheless, our primary interest will be focused on
mechanisms involving singlet oxygen (1O2*) and T1 states of photosensitizers (3PS*) as the
intermediates. “Singlet-oxygen-sensitized delayed fluorescence” (SOSDF) or “Singlet-oxygenmediated delayed fluorescence” is the delayed emission from excited singlet states of a
fluorophore, which are repopulated by energy transfer from 1O2* acting as an intermediate
energy carrier. The two most important cases of SOSDF can be distinguished:1 a) “Singlet
oxygen feedback-induced DF (SOFDF)”2–4 or Kautsky-Müller5 type DF, where 1O2* generated
by a light-excited 3PS* reacts with another 3PS* giving rise to the fluorescent 1PS*; b) “DF
sensitized by two singlet oxygen molecules” (SO2DF) or Ogryzlo-Pearson6 type DF, where the
energies of two 1O2* molecules are summed to bring a fluorophore from the ground state to
the fluorescent excited singlet state.
Special attention will be paid to SOFDF, which has been observed in oxygen-containing
systems of numerous different PSs3,4,7–13 and thus can be considered a general phenomenon.
The intensity and lifetimes of SOFDF are closely related to the concentrations and lifetimes
of 1O2* and 3PS* and thus reveal important information on the generation and deactivation
of 1O2*. Remarkably, the PS itself can report on the production of 1O2* and act as a 1O2*
probe by means of SOFDF. These features promote SOFDF as an alternative tool for 1O2*
monitoring in numerous systems, including living cells and tissues.

28.2 Different Kinds of Delayed Fluorescence
Various repopulation mechanisms and intermediate states give rise to DF.14 Moreover, a
particular PS may exhibit several of them at the same time.13,15,16 It is necessary to
experimentally distinguish individual types of DF to correctly analyze the DF signal.

28.2.1 Thermally Activated DF (thermDF)
Thermally activated DF (thermDF) or E-type DF was first observed in eosin.14 The T1 state
fluorophore is brought to a fluorescent S1 state by thermally activated reversed intersystem
crossing
kBT

T1  S1 .

(28.1)

The rate of this process is proportional to the Boltzmann factor exp(-ΔEST/kBT),14,17 where
ΔEST is the S1-T1 energy gap. Therefore, the intensity of thermDF is strongly enhanced with
increasing temperature. For example, fullerene C70, which was estimated to emit thermDF
with relatively high yields of approximately 1% in degassed samples at room temperature
(kBT ≈ 2.4 kJ/mol), possesses ΔEST ≈ 26 kJ/mol.18,19 The instant intensity of thermDF is
directly proportional to the concentration of T1 states and thermDF lifetime equals
phosphorescence lifetime. ThermDF is exhibited, for example, by xanthene dyes,14
protoporphyrin IX,20 and fullerenes.18,21,22
Recently, the thermDF of elaborate molecular constructs employing intramolecular charge
transfer states has been intensively studied as a way of harvesting the energy trapped in
triplet states of the fluorophore for highly efficient organic light emitting diodes (OLED).23–26
The thermDF of fullerenes, especially C70, can be used in oxygen22,27 and temperature19
sensors. Mik et al. 20,28–32 employed the oxygen-dependent thermDF lifetime of endogenous
protoporphyrin IX to determine mitochondrial oxygen tension in patients. DCF-MPYM, a
fluorescein derivative with an exceptionally small S1-T1 gap of 2.7 kJ/mol which efficiently
emits thermDF, has been proposed to replace luminescent lanthanide complexes in longlifetime time-resolved fluorescence imaging of living cells.33

28.2.2 Triplet-Triplet Annihilation DF (TTADF)
Triplet-triplet annihilation DF (TTADF) or P-type DF, which has been studied especially in
aromatic hydrocarbons such as pyrene, anthracene etc.,14,34–39 arises from the encounter of
two triplet states
(28.2)
T1  T1  S1  S0 .
TTADF is a bimolecular process which is second order in the concentration of excited triplet
states. Therefore, the rate of TTADF decay is twice that of T1 decay (the DF lifetime is one
half of the T1 lifetime). Sensitized TTA40 is a process where the T1 state of acceptor (3A*) is
sensitized by energy transfer from the T1 state of donor (3D*) and subsequently the two T1
state acceptors annihilate each other to give rise to the fluorescent S1 state (1A*):
3
3

D*  1 A  1 D  3 A*

A*  3 A*  1 A  1 A*

(28.3)

(28.4)
This process has recently received considerable attention as a means of light upconversion
(anti-Stokes photoluminescence) for applications in UV and blue light-emitting devices and
as a route towards converting low energy solar photons into higher energy ones suitable for
photovoltaics.37–39,41–43 If the annihilating triplets belong to different compounds, then we
refer to hetero-TTA.41

28.2.3 Direct 1O2*-Dimol Emission
Singlet oxygen dimols or dimers (1O2*)2 have been reported to emit luminescence with two
principal peaks around 634 nm and 703 nm, corresponding to the 0,0 and 0,1 bands of the
dimol transition from (O2(1g))2 to the ground state (O2(3Σg-))2.44–51 The 0-0 transition
wavelength is approximately one half of the 1O2* monomol phosphorescence wavelength
emitted around 1270 nm. The lifetime of 1O2* dimer is supposed to be in the picosecond
time-range 50,52. 1O2*-dimol emission is second-order in 1O2* concentration and the kinetics
of 1O2*-dimol luminescence corresponds to a squared 1O2* phosphorescence kinetics.
Krasnovsky et al. studied air-saturated solutions of non-fluorescent PSs and suggested that
luminescence arising from the direct collision of two 1O2* molecules with a maximum
around 635 nm predominates under high rates of 1O2* formation, whereas a more complex
mechanism involving the interaction of two 1O2* molecules with one ground state dye
molecule prevails under lower excitation rates with an emission maximum at 703 - 706
nm.48,53
It is important to note that in the case of the 1O2*-dimol the photon is emitted directly from
the dimol, not from an excited state of a fluorophore. Nevertheless, it is useful to consider
1
O2*-dimol emission in the context of the DF of fluorophores, since 1O2*-dimols spectrally
and temporally overlap with PS fluorescence, as, for example, in the case of porphyrins.
Moreover, it has been argued that the 1O2*-dimol may sensitize the production of S1 states
of fluorophores. (see section 28.2.4.2).

28.2.4 Singlet-Oxygen-Sensitized Delayed Fluorescence (SOSDF)
SOFDF and SO2DF, the two most important cases of SOSDF, proceed via different molecular
mechanisms. Nevertheless, both are very efficiently quenched by 1O2* quenchers, such as
sodium azide, and provide valuable information about 1O2* and 3PS* lifetimes in timeresolved experiments.

28.2.4.1

Singlet Oxygen Feedback-induced Delayed Fluorescence (SOFDF)

Figure 28.1 presents the SOFDF mechanism. The photogenerated T1 state of PS transfers its
energy to ground state oxygen giving rise to 1O2* in the photosensitizing process

T1  3 O2  S0  1 O*2 .

(28.5)

1

O2* then diffuses through the medium and repopulates the S1 state of PS in collision with
another T1 state of PS (feedback mechanism)

T1  1 O*2  S1*  3 O2 ,

(28.6)

which gives rise to DF.
The PS T1 state energy ET has to be larger than the 1O2* energy EΔ (= 94 kJ/mol) in order to
efficiently sensitize 1O2* in the reaction (28.5). The SOFDF reaction (28.6) is exothermic if
ΔEST < EΔ = 94 kJ/mol. This condition is fulfilled for a wide range of PSs (e.g. ΔEST ≈ 50 kJ/mol
for TMPyP or AlPcS4).12 The reaction (28.6) is also spin-allowed according to Wigner’s
conservation rule.9 The reverse reaction to (28.6), i.e. the process of 1O2* photosensitization
from 1PS* (oxygen quenching of 1PS*), has been shown to occur with rate constants close to
the diffusion limit (rate constant > 1010 M-1s-1 in organic solvents) in numerous PSs which
feature ΔEST > EΔ = 94 kJ/mol.54 Thus, the SOFDF reaction (28.6) should also proceed very

efficiently.9 The rate constant kSOFDF was estimated to be in the order of 1×109 M-1 s-1 or
larger in aqueous solutions of a porphyrin dye.12
The SOFDF mechanism is a bimolecular reaction of two excited states (two triplets are
needed to generate one delayed photon; see Figure 28.1) and thus SOFDF is second order in
excitation intensity and PS concentration. In this respect, SOFDF is very similar to TTADF, but
with 1O2* acting as a long-range intermediate energy carrier. Therefore, relatively high
excitation intensities and/or PS concentrations are needed to induce sufficiently strong
(detectable) SOFDF. The quantum yield of SOFDF strongly depends on the particular sample
and experimental conditions. We have reported SOFDF quantum yields in the order of 10-4 in
our recent experiments.12
[Figure 28.1 near here]

Figure 28.1: Singlet oxygen-feedback delayed fluorescence (SOFDF) in a system containing
the PS and oxygen. Adapted according to Scholz et al. 12 with permission from the
European Society for Photobiology, the European Photochemistry Association, and The
Royal Society of Chemistry.
After a laser excitation pulse, 3PS* kinetics and 1O2* kinetics are often expressed by the
functions55
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where τT and τΔ are the 3PS* and 1O2* lifetimes, respectively. SOFDF intensity is proportional
to the rate of bimolecular collisions between 1O2* and 3PS* and, therefore, the SOFDF
kinetics can be described as a product of [T1](t) and [1O2*](t):
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This yields a biexponential rise-decay function with lifetimes τ1, τ2.‡ The SOFDF lifetimes are
inter-related with τΔ and τT according to

 T  2 2 ,  Δ 

‡

21 2
2 2  1

.

(28.9)

If τΔ > τT, then τ1 and τ2 correspond to SOFDF decay-time and rise-time, respectively. If τΔ < τT,
then τ1 stands for the rise-time and τ2 for the decay-time.

The rise-decay character of the kinetics is a fingerprint of SOFDF. Equation (28.9) enables us
to determine the τΔ and τT lifetimes, the crucial parameters in 1O2*-related photophysics and
photochemistry, from SOFDF kinetics. However, an accurate derivation of τΔ may be
troublesome if τΔ ≫ τT, since SOFDF is then governed mainly by τT. 12,13 The presented simple
kinetic model based on equations (28.7) assumes that the SOFDF process (28.6) is not a
significant pathway of 3PS* and 1O2* quenching, which would otherwise result in deviations
from (28.7). Nevertheless, this approximation is often shown to be relevant12 (for more
detailed discussion see 4,10,12). The experimental kinetics of [T1](t), [1O2*](t), and ISOFDF in an
air-saturated water solution of TPPS4 are displayed in Figure 28.2 Left.

[Figure 28.2 near here]

Figure 28.2: Left: Experimental kinetics of SOFDF, 3PS*, and 1O2* in an air-equilibrated
water solution of TPPS4.12,13 SOFDF was fitted by two exponentials. Right: the calculated
dependence of SOFDF kinetics on oxygen concentration in a water solution of TPPS4. Inset:
the estimated quantum yield of SOFDF in dependence on oxygen concentration.
Reproduced from Scholz et al. 12 with permission from the European Society for
Photobiology, the European Photochemistry Association, and The Royal Society of
Chemistry.
SOFDF kinetics are strongly dependent on oxygen concentration (Figure 28.2 Right). Oxygen
quenches the 3PS*, which leads to a shortened SOFDF lifetime. However, at the same time,
higher oxygen concentration leads to the increased formation of 1O2* and consequently
the increased amplitude of SOFDF.4,8,12,56 Unlike thermDF, SOFDF exhibits no explicit
dependence on temperature; however, temperature may strongly affect the viscosity of the
environment, which in turn influences both SOFDF amplitude and lifetime.
A good SOFDF emitter should meet several conditions: a) a large absorption coefficient; b)
large quantum yields of triplet state and 1O2* production; c) a reasonable quantum yield of
fluorescence; d) ΔEST < 94 kJ/mol as discussed earlier (at the same time, ΔEST should be
significantly larger than kBT, otherwise thermDF may compete with SOFDF and overlap it);9
e) non-aggregating at larger concentrations. These are fulfilled by numerous porphyrins,
phthalocyanines, xanthene dyes etc.
SOFDF was first observed by Kautsky and Müller, who exposed phosphorescing dye
molecules adsorbed on silicagel to a sudden inflow of oxygen and observed a burst of red
luminescence.5 Later, Geacintov et al. reported an unexpected 10% enhancement of the

steady-state fluorescence of dibenzanthracene in polyvinyl-acetate exposed to air compared
to an evacuated sample, which was in contrast to the well-known fluorescence quenching by
oxygen.57 Bolton, Kenner and Khan subsequently studied dibenzanthracene in various
polymer matrices and proposed the singlet oxygen feedback mechanism (28.6) to explain
the fluorescence enhancement.2 Kenner and Khan then established this mechanism beyond
doubt in dibenzanthracene, chrysene, fluoranthene, and several other polycyclic aromatic
hydrocarbons in polymer matrices.3,7,58 The flash of DF upon the sudden exposure of the
sample to oxygen during dye phosphorescence decay was studied in a time-resolved
experiment using a rotating can phosphoroscope and photomultiplier. In some cases, the
spectrum of delayed emission did not correspond to the spectrum of dye monomer
fluorescence, which was explained by the effect of singlet oxygen sensitized excimer
emission (e.g. in pyrene or fluorene) and the oxciplex emission of naphthalene.58–60
Bryukhanov et al.8 and Nickel and Prieto9 detected microsecond rise-decay SOFDF kinetics in
a time-resolved laser-pulsed experiment in solutions of eosin and erythrosine in propanol,
and organic solutions of fluoranthene. Levin and Costa et al. 4,61–63 reported on efficient
SOFDF emission from gas-solid interfaces, e.g. Zn-tetraphenylporphyrin adsorbed on silica or
zeolites, or eosin and meso-tetraphenylporphyrin on alumina, observing the oxygen
concentration dependence of the microsecond rise-decay SOFDF kinetics. Mosinger and
Kubát et al. used SOFDF for the microscopic imaging of 1O2* production in
tetraphenylporphyrin-loaded polymeric nanofibers for application in antimicrobial selfsterilizing fabric [REFERENCE TO CHAPTER 15 BY KAMIL LANG].10,56,64 Letuta et al.
investigated SOFDF and DF in general from normal and tumorous tissues and proposed
SOFDF as a potential diagnostic tool.16,65–68 Lately, Scholz et al. detected SOFDF in organic
solutions of tetrapropylporphycene11 and in aqueous solutions of a wide range of
photosensitizers12 (porphyrins, phthalocyanines, and xanthene dyes), establishing SOFDF as
a general phenomenon. Most recently, in a microscopic experiment, we detected
nanosecond time-resolved SOFDF from individual living fibroblast cells incubated with
porphyrins TPPS4 and TMPyP.13 The work established a basic framework for SOFDF studies in
biological systems and proposed SOFDF as an alternative method for 1O2* detection. Cellular
lifetimes of 1O2* and 3PS* were estimated on the basis of SOFDF kinetics analysis.

28.2.4.2

DF Sensitized by Two 1O2* Molecules (SO2DF)

Ogryzlo and Pearson6 observed a red glow of luminescence in a solution of violanthrone
exposed to a stream of 1O2* generated by microwave discharge. The luminescence spectrum
was identical to the fluorescence spectrum of violanthrone (a similar phenomenon was then
also observed in other fluorophores, e.g. rubrene and chlorophyll69–71). Ogryzlo and Pearson
found that the intensity of steady-state luminescence was second order in 1O2*(1Δg)
concentration and strongly quenched by ground state oxygen. It was concluded that the
luminescence was most likely due to sequential energy transfer from two 1O2* molecules to
the violanthrone ground state S0, giving rise to a fluorescent S1 state of violanthrone, with
the T1 state as an intermediate:
a) S0  1 O*2  T1  3 O2 , b) T1  1 O*2  S1*  3 O2 .
(28.10)
The first step is the reversed reaction to 1O2* photosensitization (28.5) and the second step
is identical to the SOFDF reaction (28.6). The first step requires the fluorophore’s T1 energy
ET < 94 kJ/mol for exothermic energy transfer, in contrast to reaction (28.5). This is quite
limiting since very few organic molecules have triplet energies below 94 kJ/mol.72 The
equilibrium established in (28.10)a) is displaced relatively more to the right for SO2DF
fluorophores (therefore, they act rather as 1O2* quenchers1), whereas more to the left for

PSs manifesting SOFDF. The second step (28.10)b) requires ΔEST to be less than EΔ (94 kJ/mol)
in order to be exothermic, identically to SOFDF.
Two decades later, Krasnovsky et al. reported a series of works on SO2DF from
phthalocyanines, naphthalocyanines, porphyrazines and bacteriochlorins in solutions.1,72–77
The SO2DF yields varied within up to eight orders of magnitude depending on the nature of
the dye.77 Tetra-tert-butylphthalocyanine (TBPc) was studied most thoroughly and was
found to be an exceptionally good SO2DF emitter with SO2DF quantum yields reaching up to
0.2 in C6D6 under appropriate conditions. 1O2* was produced by thermolysis of
endoperoxides 72, by direct excitation of 1O2* at 1270 nm 1,75, by using non-fluorescent PSs
such as fullerenes or phenalenone,1,73,74 or directly by photosensitization with the SO2DF
emitter.74 The SO2DF of TBPc and other intense SO2DF emitters has been proposed as a tool
for 1O2* monitoring and for measuring 1O2* quenching rate constants.1,73,77 In their earlier
works,72,78 Krasnovsky et al. came out in favor of a 1O2*-dimol sensitized DF mechanism

S0  (1 O*2 )2  S1*  3 O2  3 O2 ,

(28.11)

which was earlier theoretically proposed by Khan and Kasha.79 However, it was not clear
whether the 1O2*-dimol is sufficiently stable and long-lived to support this mechanism.52 An
alternative mechanism was proposed ― the formation of a complex or exciplex of 1O2* with
ground state fluorophore and the consequent reaction of a second 1O2* molecule with the
complex ― but there was no evidence for the formation of such a long-lived complex.72,78
The correct molecular mechanism of SO2DF has been hotly debated and the validity of the
dimol-sensitized mechanism (28.11) has been disputed.52,80–82 Various researchers came out
in favor of the stepwise triplet-intermediate mechanism (28.10).80,81,83 Notably, Murphy et
al. 81 detected an intermediate in the SO2DF process which was identified as the TBPc triplet
(ET ≈ 95 kJ/mol 83; TBPc was used as the SO2DF emitter and C60 as the 1O2* sensitizer).
Nevertheless, to the best of our knowledge, no definite conclusion has been drawn up to
now.
Regardless of the underlying molecular mechanism of SO2DF, the S1 state fluorophore
energy has to be smaller than twice the energy of 1O2* (≈188 kJ/mol; 635 nm) for
exothermic energy transfer. After an excitation pulse, the SO2DF kinetics is identical to the
kinetics of 1O2*-dimol emission (section 28.2.3) and proportional to the squared
concentration of 1O2*. Triplet states of SO2DF emitters often sensitize 1O2* to some extent,
which has to be taken into account in potential applications of SO2DF for 1O2* detection.

28.2.5 Recombination DF
In contrast to the DF mechanisms involving reversed intersystem crossing, recombination DF
involves charge transfer complexes, radicals, or ions as intermediate states. The
(photo)excited state of a fluorophore may undergo radical dissociation, or release e- or H+.
Recombination of the products repopulates the excited state fluorophore and gives rise to
DF. This phenomenon is well known and has been thoroughly studied in the field of
photosynthesis.84

28.2.6 Distinguishing Among Different DF Types
The correct analysis of experimental results requires us to identify the underlying DF
mechanism. A single fluorophore may exhibit several different types of DF at the same

time.13,16 Figure 28.3 displays the normalized calculated kinetics of different DF types in a
system where 3PS* and 1O2* follow the kinetics described by (28.7). The shape of the kinetics
together with its lifetimes is the basic footprint of the particular DF mechanism. The
following summary provides a basic framework for distinguishing among different types of
DF.
[Figure 28.3 near here]

Figure 28.3: The calculated kinetics of 3PS*, 1O2*, and different kinds of DF in an airsaturated water-based system containing a PS (τT = 2 µs, τΔ = 3.5 µs).
Thermally activated DF (thermDF): DF kinetics identical to 3PS* kinetics (identical lifetimes);
strongly temperature dependent; first-order in excitation intensity and fluorophore
concentration; lifetime shortened with increased oxygen, but amplitude unchanged.
Triplet-triplet annihilation DF (TTADF): The rate of DF decay is twice that of 3PS* decay (DF
lifetime is one half of 3PS* lifetime); strongly dependent on the mobility of fluorophores;
second-order in excitation intensity and fluorophore concentration; lifetime shortened with
increased oxygen, but amplitude unchanged.
Direct 1O2*-dimol emission: DF kinetics has a rise-decay character and corresponds to
squared 1O2* kinetics; second-order in excitation intensity and 1O2* concentration;
quenched by 1O2*-specific quenchers; characteristic peaks around 634 nm and/or 703 nm.
Singlet oxygen feedback-induced DF (SOFDF): DF kinetics has a typical rise-decay character;
lifetimes depend on 3PS* and 1O2* lifetimes; second-order in excitation intensity and PS
concentration; dependent mainly on mobility of 1O2*; lifetime shortened and amplitude
increased with increasing oxygen; quenched by specific 1O2* quenchers; ΔEST < 94 kJ/mol.
DF sensitized by two 1O2* molecules (SO2DF): DF kinetics has a rise-decay character and
corresponds to squared 1O2* kinetics (similarly to direct 1O2*-dimol emission) but with the
emission spectrum of the fluorophore; second-order in 1O2* concentration, second-order in
sensitizer concentration, and first-order in SO2DF emitter concentration.

28.3 Instrumentation
DF has to be separated from the usually much stronger PF in the time domain, since it is not
possible to separate them spectrally. Therefore, DF may be most conveniently observed in a
time-resolved experiment after a short excitation pulse. The most typical time range for DF
is microseconds (similarly to phosphorescence). The instrumentation is very similar to that
used in time-resolved phosphorescence experiments, but there are specific considerations
related to the fact that DF, unlike phosphorescence, cannot be spectrally separated from the
usually much stronger PF. It is crucial that the excitation laser is free of any afterpulses or tail
emission, because PF induced in this way may overlap DF. Most importantly, it is most
convenient to use a time-gated detector (e.g. a gated photomultiplier or intensified gated
camera) which enables the detector to be brought into the on-state with a time-delay
respective to the excitation laser pulse in order not to overload the detector with a strong
initial PF signal. The output signal of the photomultiplier can be recorded by an oscilloscope
in current mode or by a multichannel counter in photon counting mode. Phosphorescence
Lifetime Imaging (PLIM) systems based on confocal microscopes are commercially available
for DF-based imaging.10,33 The pixel dwell time in PLIM is several orders of magnitude longer
than in FLIM and the laser repetition rate has to be smaller accordingly due to the longer
lifetime of DF compared to PF. The instrumentation for detection is identical for all the
presented types of DF. However, bimolecular processes such as SOSDF or triplet-triplet
annihilation DF may require more intense excitation sources than thermally activated DF.
Pioneering experiments with time-resolved SOFDF detection were conducted by Kenner and
Khan3,7,58 using a phosphoroscope which mechanically sequenced the shutters for the
excitation and detection path. Aromatic hydrocarbons in a polymer matrix placed in an
evacuated sample cell were excited by a 1000 W xenon lamp, which led to a steady-state
population of 3PS*. The mechanical phosphoroscope was then rotated to block the
excitation path and subsequently open the detection path. The detection path was split into
two branches, one for DF and the other for phosphorescence. Air was admitted to the
sample during phosphorescence decay, which led to a flash of DF accompanied by rapid
quenching of the phosphorescence. The phosphorescence decay and DF were detected by
photomultipliers connected to multichannel scalers. The use of mechanical shutters was
possible due to typical triplet lifetimes in the order of tens of milliseconds, which is
significantly more than what we encounter in air-equilibrated biological systems.
Later, numerous researchers used standard systems for time-resolved phosphorescence
consisting of a nanosecond pulsed laser, a spectrograph or filter set to choose the
observation wavelength, a photomultiplier, and a multichannel counter with microsecond or
sub-microsecond time resolution for SOSDF detection.4,13,20,66,74 Gated photomultipliers allow
the first several hundred nanoseconds after the excitation pulse to be cut off.13,16,20,28,66
Some commercial luminescence spectrometers offer a phosphorescence mode, which
enables the delay and gate time after the excitation pulse to be set, allowing the researcher
to record the whole spectrum of DF at once. This was used, for example, in studies of
thermDF.20,33 However, the excitation intensity of these systems may not be sufficient for
other types of DF. A setup employing a pulsed laser and an intensified gated camera coupled
to a spectrograph was used to detect the whole SOSDF spectrum at once with a time
resolution of 200 ns.12,15 SOFDF-based imaging with a confocal microscope employing a
lifetime imaging technique is described in the following section 28.4.

28.4 Selected Applications of SOSDF
Mosinger et al. 10,56,64 used a MicroTime 200 epifluorescence confocal microscope
(PicoQuant) with a luminescence lifetime imaging technique for SOFDF-based imaging of
1
O2* in polymeric nanofibers loaded with tetraphenylporphyrin. Such nanofibers have selfsterilizing antibacterial properties due to 1O2* production [REFERENCE TO CHAPTER 15 BY
KAMIL LANG]. The sample was excited by a picosecond diode laser with a 250 kHz repetition
rate and SOFDF was detected by a single photon avalanche diode connected to a Picoharp
300 time-correlated single-photon counting module (PicoQuant) offering a time-tagged
time-resolved mode and multi-stop capabilities to ensure efficiency at low repetition
rates.85–87 The image was constructed by integrating the SOFDF signal over a time interval of
400 - 2000 ns after the excitation pulse in each confocal point [REFERENCE TO FIGURE IN
CHAPTER 15 BY KAMIL LANG]. SOFDF intensity was related to the rate of 1O2* production.
Typical rise-decay SOFDF kinetics with decay times in the microsecond range were shown to
be strongly dependent on oxygen pressure. This finding led to the proposal of polymeric
nanofibers as oxygen sensors.56
Letuta et al. published a series of works on DF from tissues treated with xanthene dyes,
namely eosin and erythrosine. 16,65–68 They found that thermally activated DF and SOFDF are
the main contributions to the overall DF signal and that their ratio differs in healthy and
cancerous tissue. This is reflected also in the shape of DF kinetics. The differences were
explained mainly in terms of the altered oxygen concentration (tumor-related hypoxia) and
viscosity in tumor tissue.
Fückel et al. 88 proposed the concept of the singlet oxygen-mediated upconversion of NIR
light to the visible spectrum for applications in light-harvesting and light-emitting devices.
They employed cyanine dye IR820 as a sensitizer and violanthrone79 as an emitter molecule,
both dissolved in DMF. The energy of two 1O2* molecules produced by two sensitizer
molecules is summed in the SO2DF process (section 28.2.4.2) to excite one emitter
molecule, which fluoresces at a shorter wavelength than that involved in the excitation of
the sensitizer (730 nm vs. 830 nm). The reported quantum yield of upconversion was only ≤
0.01 % in this system, but the authors estimated that careful optimization (mainly using a PS
with larger 1O2* quantum yield) may lead to yields of several percents.
Krasnovsky et al. proposed tetra-tert-butylphthalocyanine as an SO2DF-based luminescence
probe of 1O2* and determined the 1O2* quenching rate constants of several substances using
SO2DF. Later, they also presented other molecules with very efficient SO2DF emissions:
tetra(1,1,4,4-tetramethyl-6,7-tetralino)porphyrazine77 and water-soluble
poly(diethoxyphosphinylmethyl) substituted aluminium phthalocyanines.75
In our latest works, we showed that SOFDF is manifested in water solutions of a wide range
of common 1O2* photosensitizers (porphyrins, phthalocyanine, and xanthene dyes),12 and
we further investigated SOFDF in living fibroblast cells loaded with porphyrins TPPS4 and
TMPyP using microscopic nanosecond time-resolved experiments (Figure 28.4).13 It was
found that SOFDF was the most important contribution to the overall DF signal in the
investigated cells. The analysis of SOFDF kinetics provided estimates of 3PS* and
1
O2*lifetimes of (22±5) µs and 1-2 µs, respectively, in agreement with previously published
values derived on the basis of direct 1O2* phosphorescence detection. It was also shown that
SOFDF lifetimes increase during PDT-like treatment, which may provide valuable information
about changes of the intracellular microenvironment.13

[Figure 28.4 near here]

Figure 28.4: SOFDF kinetics from TPPS4-loaded fibroblast cells held in DMEM in a
microscopic experiment. A) Bright-field and fluorescence images of a typical investigated
spot. B) SOFDF in cells is quenched by the addition of NaN3, a specific quencher of singlet
oxygen. C) SOFDF kinetics evolve during the course of PDT-like treatment; the SOFDF
lifetime gradually increases. Adapted from Scholz et al. 13 with permission from the
European Society for Photobiology, the European Photochemistry Association, and The
Royal Society of Chemistry.

28.5 Comparison of SOSDF to Other 1O2*-Detection Techniques: Pros and
Cons
Direct monitoring of the very weak infrared phosphorescence of 1O2* at around 1275 nm
provides the most unambiguous results and enables the rate constants of the formation and
deactivation of 1O2* to be determined in a time-resolved experiment. However, this direct
method suffers from a very low signal and signal-to-noise since the quantum yields of 1O2*
phosphorescence are usually very poor, e.g. below 10-6 in biological systems. Indirect
methods based on a chemical reaction of 1O2* with the probe molecule, which is switched
from a nonfluorescent to a fluorescence state (e.g. DanePy, Singlet Oxygen Sensor Green®),
provide a much stronger signal and can be used in microscopic experiments in biological
systems. However, these fluorescent probes cannot be used in time-resolved experiments to
determine 1O2* lifetimes and rate constants. Additionally, they may suffer from several
drawbacks: i) non-perfect specificity to 1O2*, ii) problems with the colocalization of the
probe and the site of 1O2* production, iii) the production of 1O2* by the probe itself, and iv)
the necessity to administer another drug in case of in vivo applications. Other indirect
techniques are EPR spin-trapping spectroscopy, where 1O2* reacts with the trapping
molecule giving rise to an EPR-detectable radical species, and the use of probes based on
changes of the absorption spectrum upon reaction with 1O2*. However, such techniques are
not suitable for microscopic experiments.
SOSDF can be considered a semi-direct method of 1O2* detection, since it combines several
features of direct and indirect methods:
Advantages
 SOSDF allows 1O2* formation and deactivation rate constants and lifetimes to be
determined in a time-resolved experiment.



Since PS itself acts as a 1O2* probe in SOFDF, there are no problems with
colocalization of the probe and the site of 1O2* production. Moreover, no additional
sensors have to be added into the system, which is certainly an advantage,
especially for in vivo applications.
 Under appropriate conditions (sufficient PS concentration, suitable excitation
intensity, and reasonable O2 concentration), SOSDF can be several orders of
magnitude stronger than the direct 1O2* phosphorescence at around 1275 nm.
Moreover, SOSDF manifests itself in the visible spectrum, which makes detection
less experimentally demanding. In addition, the shorter wavelengths reduce the
diffraction limit.
Disadvantages
 SOSDF provides a weaker signal compared to conventional fluorescence probe
techniques.
 Relatively high concentrations of excited states are needed to provide sufficiently
intense SOSDF, since SOSDF originates in bimolecular reactions of two excited
states. SOSDF intensity is not linear in excitation intensity and PS concentration.
 SOSDF is best monitored in laser-pulsed time-resolved experiments, which is
experimentally more demanding than the steady-state monitoring of PF of
conventional indirect fluorescent probes.
 Data analysis and interpretation can be significantly complicated by the
simultaneous presence of the 1O2*-independent types of DF. Their contributions
have to be isolated from SOSDF.

28.6 Conclusions
SOSDF has proved to be an efficient tool for 1O2* monitoring in a range of
systems.10,12,56,63,64,73 However, the potential of SOSDF as a 1O2* monitoring tool has not yet
been fully recognized. In our opinion, SOSDF is an interesting option for 1O2* monitoring and
detection, which also seems to provide advantages in biological systems.12,13,66 Notably,
there have been promising results in the microscopic detection of 1O2* using the SOSDF
technique.10,13 However, it is unlikely to become a universally applicable method. One of the
main factors limiting the use of SOSDF for 1O2* detection is the potential overlap of SOSDF
with other types of DF,13,15,16 namely thermDF and TTADF. On the other hand, concurrent DF
mechanisms also provide valuable information about fluorophore triplet state dynamics and
parameters such as oxygen concentration and local viscosity. Therefore, measuring DF
kinetics seems to be a very promising method of online monitoring during PDT treatment.
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Real-time luminescence microspectroscopy
monitoring of singlet oxygen in individual cells
Marek Scholz,*a Roman Dědic,a Jan Valenta,a Thomas Breitenbachb and Jan Hálaa
A new setup for direct microspectroscopic monitoring of singlet oxygen (1O2) has been developed in our
laboratory using a novel near-infrared sensitive InGaAs 2D-array detector. An imaging spectrograph has
been inserted in front of the 2D-array detector, which allows us to acquire spectral images where one
dimension is spatial and the other is spectral. The work presents a detailed examination of sensitivity and
noise characteristics of the setup and its ability to detect 1O2. The 1O2 phosphorescence-based images
and near-infrared luminescence spectral images recorded from single TMPyP-containing ﬁbroblast cells
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reﬂecting spectral changes during irradiation are demonstrated. The introduction of spectral images
addresses the issue of a potential spectral overlap of 1O2 phosphorescence with near-infrared-extended
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luminescence of the photosensitizer and provides a powerful tool for distinguishing and separating them,

www.rsc.org/pps

which can be applied to any photosensitizer manifesting near-infrared luminescence.

1.

Introduction

Singlet oxygen (1O2), the first excited state 1Δg of molecular
oxygen, is a highly reactive species which plays an important
role in a wide range of biological processes, e.g. cell signalling,
immune response, macromolecule degradation, or elimination
of neoplastic tissue during photodynamic therapy (PDT). Probably the most important way of 1O2 production is the photosensitizing process, where a molecule of a photosensitizer (PS)
is excited by light and forms the triplet state by inter-system
crossing, which can afterwards collide with ground state
oxygen O2(3Σg−) giving rise to 1O2. 1O2 exhibits a very weak
near-infrared (NIR) phosphorescence band around 1275 nm
(with a quantum yield of ≈ 6.5 × 10−7 in water1), which
allows for its direct detection. 1O2 phosphorescence-based
microscopy of cells containing either exogenous or endogenous PSs would be an invaluable tool for research in fields
of PDT or antioxidants. Although significant progress has been
achieved, especially by Ogilby’s group about 10 years ago,2–4
1
O2 luminescence microscopy at the cellular and sub-cellular
level still remains a big challenge. The recent introduction of
improved NIR-sensitive 2D arrays is about to bring a renaissance into this field.
Given the very poor quantum yield of 1O2 phosphorescence,
remarkable eﬀorts have been put into the development of
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indirect methods of 1O2 detection and imaging. Among others,
a Singlet Oxygen Sensor Green® (SOSG) fluorescent probe has
been used for imaging of 1O2 production in vivo in plant leaves
subjected to photo-oxidative stress5 or for microscopy of
individual living cells.6 However, due to endogenous 1O2
production from the probe itself, this technique lacks
specificity.7,8 A diﬀerent approach was implemented by
Mosinger et al.: singlet oxygen-sensitized delayed fluorescence
(SOSDF), where the PS itself acts as a 1O2 probe, was employed
for imaging of 1O2 generation in polymeric nanofibers loaded
with tetraphenylporphyrin.9 The phenomenon of SOSDF has
recently been observed in our lab in solutions of a wide range
of water-soluble 1O2 PSs, and SOSDF thus seems to be a potentially promising indirect method for microscopy of biological
systems.10,11 Although the indirect methods generally exhibit
much stronger signals than 1O2 phosphorescence, they bear
obvious disadvantages as an inhomogeneous spatial distribution of the probe in a cell and its non-perfect specificity to
1
O2. Therefore, 1O2 phosphorescence-based microscopy is still
irreplaceable.
Several papers on direct 1O2-based imaging of tumors during
PDT using either a 2D detector array or a scanning approach
have been published.12–14 In the field of microscopy, the group
of Ogilby managed to acquire nice images of 1O2 phosphorescence from individual nerve cells loaded with TMPyP.2–4
However, as only a 1D array detector was available, the sample
had to be scanned line by line, which led to a prolonged acquisition and exposure time in the range of several minutes and
gradual photobleaching during the scanning process.
The aim of the work is to present our new setup using a
novel 2D array InGaAs detector NIRvana:640 from Princeton
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Instruments, to evaluate its imaging ability, and to demonstrate 1O2-based microspectroscopy images of individual cells.
The new 2D detector, which is now commercially available,
allowed us to shorten the acquisition time of 1O2-based images
substantially to ∼5 s with respect to older work by Ogilby et al.
An imaging spectrograph inserted in front of the 2D-array
detector allows us to acquire spectral images where one dimension is spatial and the other is spectral. Our methodology of
acquiring spectral images of individual cells provides a foundation for separation of 1O2 phosphorescence from spectrally
overlapping NIR-extended luminescence of the PS, which
otherwise may be a persistent problem for a number of
diﬀerent photosensitizers. TMPyP is used as a photosensitizer
throughout the work in order to relate to older work of
Ogilby’s group2–4,15 and numerous other papers on luminescence microscopy and spectroscopy of TMPyP in mammalian
cells.16,17 Moreover, the NIR-extended luminescence of
TMPyP10,18 shows the necessity of spectral images for distinguishing between PS and 1O2 luminescence.

2. Experimental
The experimental setup is schematically represented in Fig. 1.
It is built around an inverted fluorescence microscope (IX71,
Olympus). The excitation beam provided by the 405 nm CW
laser (LDM405.120.CWA.L, Omicron) is passed through ND
filters and coupled into the NIR-corrected objective OBJ
(LMPlan IR, 50×/0.55, Olympus) by the 500 nm dichroic longpass mirror DLP (Edmund Optics). The lens L1 ( f = 50 mm,
Thorlabs) is inserted into the excitation path to enlarge the
illuminated spot on the sample S (i.e., shifting the laser focal
plane out of the sample focal plane). The diameter of the illuminated area on the sample is 94 μm. The laser power density
at the sample usually varied from 1 W cm−2 to 5 W cm−2

Fig. 1 The scheme of the setup for NIR luminescence microspectroscopy. The bottom part of the ﬁgure schematically shows the spectral
regions detected by VIS and NIR paths, respectively. A detailed description is provided in the text.
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depending on the specific experiment. The luminescence
emission from the sample collected by the objective passes
through the dichroic mirror DLP and is either directed by the
golden mirror GM (Edmund Optics) to the NIR detection path
or, by sliding the GM out, passed to the VIS detection path. In
the NIR path, the signal is passed through a combination of
NIR longpass and shortpass filters F depending on the specific
experiment (longpass 850 nm and 1100 nm, shortpass
1100 nm, Edmund Optics; longpass 1250 nm and 1350 nm,
Thorlabs) and then focused by lens L2 (achromatic, f = 20 cm,
Edmund Optics) on the entrance slit of the imaging spectrograph (Acton SpectraPro 2500i, Princeton Instruments) which
is coupled to a NIR-sensitive InGaAs camera (NIRvana:640,
Princeton Instruments) cooled to −80 °C. The spectrograph
was used either with a grating (150 g mm−1, 1.2 μm blazed) for
spectroscopy or with a mirror for imaging. The shutter SH in
the excitation path controlled by the camera is opened only in
the period of exposure to minimize the photobleaching of the
sample. In the imaging mode, the pixel size of the NIRvana
camera 20 × 20 μm corresponds to an area of 0.34 × 0.34 μm
on the sample as determined from the 58× magnification of
the system. At 1275 nm (1O2 phosphorescence band), the
spatial resolution due to the diﬀraction limit is ≈ 1.4 μm
according to the Rayleigh criterion as determined by the objective numerical aperture of 0.55. Therefore, 2 × 2 binning was
performed to meet the Nyquist sampling theorem. In the
spectroscopy mode, the spectral resolution of the system was
10 nm as defined by the width of the entrance slit of the
spectrograph. The VIS detection path is realized analogically
by a VIS sensitive back-illuminated silicon camera (Spec10:400B, Princeton Instruments) coupled to the imaging
spectrograph (Acton SP 2300i, Princeton Instruments). During
recent further improvements the golden mirror GM was
replaced by a 1000 nm shortpass dichroic mirror DM (Thorlabs) to enable simultaneous detection in the VIS and NIR
spectral regions, and the set of filters F was completed by
1274/40 nm and 1200/40 nm bandpass filters (Omega Optical)
with peak transmission >70%.
The 3T3 mouse fibroblasts (ATCC: CCL 92, cultured as
described in ref. 17) were seeded out to half confluence into
dishes (μ-Dish 35 mm, glass bottom, IBIDI) one day before the
incubation. The cell samples for the imaging experiments have
been prepared by three diﬀerent incubation procedures:
(P1) Incubation according to the procedure applied to
neurons described by Ogilby et al.,2 which includes replacement of intracellular H2O with D2O in order to increase the
1
O2 lifetime. Briefly, the monolayer of cells covering the dish
was washed properly with a D2O-based saline solution and
treated with a hypertonic D2O-based saline solution for
5 minutes. Then the cells were incubated for 5 hours in an isotonic D2O-based saline solution with 100 μM 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphine (TMPyP4,16,19) and washed
properly with an isotonic D2O-based saline solution afterwards
to remove the extracellular TMPyP.
(P2) Analogous to the procedure P1, but the cells were
incubated for 20 hours.
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(P3) An aliquot of 100 μM TMPyP was added into
growth medium and the sample was incubated for
20 hours,16,17 then H2O was replaced with D2O (as described
above) and the sample was kept in a D2O-based saline solution
for 1 h.
In all cases, the cell samples were held under an oxygen
atmosphere during the experiments. Most of the experiments
were carried out with cells prepared according to the procedure P1. Experiments demonstrating NIR spectral changes
during irradiation (Fig. 4-A) were performed with cells incubated according to P2, which show substantially increased
retention of TMPyP while they still maintain their shape as
demonstrated by the fluorescence image. The incubation
according to P3 minimizes the stress imposed on the cells
compared to the latter two procedures but generally produces
a weaker signal. A trypan blue staining test provided viabilities
of the cells >85%, <10%, and >95% for procedures P1, P2, and
P3, respectively.
Trypan blue exclusion assay for testing the cell membrane
integrity: a monolayer of the cells in the dish was washed with
neat PBS and then treated for five minutes with 0.4% Trypan
blue solution (Sigma-Aldrich) diluted four-fold in PBS. The
cells were washed again with neat PBS afterwards and the
monolayer was inspected using bright field microscopy. Dead
cells are stained by trypan blue while the cells with intact
membranes are not.

3. Results and discussion
3.1.

Sensitivity and noise characteristics of the setup

The ability of the system to detect 1O2 was first tested by
measuring NIR spectra of air-saturated solutions of several
porphyrin-based PSs. The spectra featured a typical 1O2 band
around 1275 nm which was quenched in nitrogen-saturated
samples or sodium azide (NaN3, 10 mM) containing samples
(data not shown). In order to estimate the 1O2-detection
eﬃciency, a 0.1 mm pathlength cuvette filled with 200 μM
solution of tetraphenylporphyrin (TPP) in benzene was used as
a sample on the microscope stage. Quantum yield of 1O2 production (ΦΔ = 0.65 ± 0.1520) and quantum yield of 1O2 phosphorescence (Φph = 4.7 ± 1.7 × 10−5 (ref. 1 and 21)) are well
documented for TPP in benzene. A combination of 1100 nm
and 1250 nm longpass filters was used in the detection path
and the spectrograph was set to imaging mode. By measuring
the spectra, it was verified that >90% of the emission is indeed
due to 1O2 phosphorescence.
In the limit of weak excitation laser power, the number of
1
O2-phosphorescence photons N emitted from the laser excited
volume per second can be determined as
N¼

Pð1  10A ÞΦΔ Φph
;
hν

ð1Þ

where P is the excitation laser power, hν photon energy, and
A = 0.23 absorbance of the sample at the wavelength of the
laser. The total number of signal counts on the detector

This journal is © The Royal Society of Chemistry and Owner Societies 2014

Fig. 2 The apparent luminescence detection eﬃciency η as a function
of the laser excitation power. The data were ﬁtted by a stretched exponential function.

divided by the number N of emitted 1O2-phosphorescence
photons gives the detection eﬃciency η of the whole setup.
Fig. 2 shows the dependence of the apparent η value on the
decreasing excitation power. The decrease of the apparent η
values at higher excitation powers can be explained by saturation and/or local photobleaching of the PS. The real detection
eﬃciency η of the setup was estimated by extrapolation of the
apparent η value to zero excitation power. The applied experimental method provides a lower limit for the detection
eﬃciency η (e.g. due to sample thickness larger than the depth
of field of the imaging system) and therefore it can be concluded that η ≳ 1%. The luminescence collection eﬃciency of
the objective with N.A. = 0.55 is η1 = 8.2% for the isotropic
emitter (which is the case for 1O2). The transmission eﬃciency
of the rest of the detection path is η2 = 45% as determined by
transmissions of individual optical elements. The relatively
complicated setup with the spectrograph requires us to be very
careful when choosing optical elements with optimal performance. The quantum eﬃciency of the NIRvana camera is stated
to be η3 = 85% by the manufacturer. The theoretical detection
eﬃciency η′ = η1η2η3 = 3.1% represents the upper limit and
thus it can be concluded that the quantum eﬃciency of the
setup is 1–3%. It is obvious that there is still plenty of room
for improvement, the objective being the most limiting
element.
The dark noise of the NIRvana detector cooled to −80 °C
was determined in the following experiment: Sequences of
twenty frames were acquired for a range of exposure times per
frame (1 ms–25 s), the detector being in the dark (attached to
a spectrograph with the entrance slit closed; the spectrograph
being at room temperature in a dark room). The values of dark
counts per pixel in Fig. 3 were obtained as the mean number
of counts per pixel in the averaged sequence of dark frames.
Neither background nor flat-field corrections were used. The
principal sources of dark counts are (i) readout of the detector
and (ii) dark current – a thermally induced buildup of dark
charge over time. Dark count values can be fitted as a linear
function of exposure time. The slope of the line (350 counts
per second per pixel) corresponds to the dark current and
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ing the noise-equivalent signal in the 2 × 2 binned pixel in
acquisition time t is then

Published on 30 May 2014. Downloaded by Charles University in Prague on 01/08/2014 13:27:33.

½ 1 O2  ¼

s
¼ 18 μM;
ηtkph VN A

ð2Þ

where kph ≈ 0.2 s−1 is the radiative rate of 1O2 in D2O,1 η = 1%,
and NA is the Avogadro constant. The corresponding concentration of TMPyP in D2O-treated cells can also be estimated.
Irradiation power per unit of area IA absorbed by the TMPyPloaded cell monolayer meets the following equation:
IA ¼
Fig. 3 Dark counts per pixel and standard deviation for diﬀerent
exposure times per frame.

matches the value provided by the manufacturer in the detector specification, whereas the y-axis intercept is related to the
readout. The DC level of the dark counts is not uniform over
the detector, but applying background correction can easily
remove the bias pattern in the image. Therefore, the noise
level is determined by standard deviation of dark counts in
individual pixels. In every pixel of the detector, the standard
deviation of dark counts across the sequence of frames was
determined. The mean value of the standard deviation over all
the pixels in the detector is displayed in Fig. 3.† The values of
standard deviation roughly correspond to the square root of
the DC level of dark counts, i.e. revealing properties of the
Poisson distribution, as expected. The standard deviation of
dark counts per pixel (i.e. the dark noise level) of the detector
cooled down to −80 °C was found to be 130 counts per pixel in
5 s (260 counts if 2 × 2-binning applied). The readout noise
corresponding to standard deviation of dark counts at a very
short exposure of 1 ms (115 counts per pixel with no significant dependence on readout speed) is obviously the main constituent of the overall noise. Therefore, if a decreased time
resolution is not a concern, it can be more convenient to use
one longer exposure instead of several shorter ones. The manufacturer states that exposure times up to 1–2 minutes are possible. Together with the detection eﬃciency of the setup this
provides a framework for evaluation whether the 1O2-based
image of a particular sample can be detected. Further references on the characterization of noise and sensitivity of
imaging systems and detectors can be found in numerous
publications.22–25
Let us consider the following calculation: the 2 × 2 binned
pixel corresponds to an area of S = 0.68 × 0.68 μm2 on the
sample. Assuming that we observe a mammalian cell with a
thickness of w ≈ 5 μm, the volume from which the signal is
collected to the 2 × 2 binned pixel is V = 2.3 fl. If the acquisition time is t = 5 s, the noise-equivalent signal is s = 260
counts per 2 × 2 binned pixel. The concentration of 1O2 provid-

† Standard deviation calculated for a diﬀerence image22 – diﬀerence between two
images with the same exposure time – provided similar results.
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ω
sh
 0:23 W=cm2 ;
ηΦph ΦΔ St

ð3Þ

where ω is the photon energy, ΦΔ ≈ 0.4 is the quantum yield of
1
O2 in a cellular environment,16 and Φph = kphτΔ ≈ 6 × 10−6 is
the phosphorescence quantum yield of 1O2 using the lifetime
of 1O2 in a cell τΔ ≈ 30 μs.16,26 In the approximation of the
Lambert–Beer law, the absorbance of the sample A = log(1 −
IA/I0) = 0.11 for I0 = 1 W cm−2. The concentration of TMPyP in
the monolayer of cells is then
½TMPyP ¼

A
¼ 1:1 mM
εw

ð4Þ

where ε ≈ 2 × 105 M−1 cm−1 is the absorption coeﬃcient of
TMPyP at its maximum. This is a conceivable concentration of
the PS accumulated in a cell,16 although it has to be remembered that it is only an estimate, as many of the used parameters may depend on various factors, such as oxygen
saturation, excitation intensity, etc.
The 1O2-detection ability of the NIRvana camera and that of
the older custom-made InGaAs 1D-array detector27 used by
Ogilby’s group were compared using the same excitation intensity and an air-saturated solution of TMPyP in D2O-based PBS
as a sample. The data indicate that the signal-to-noise ratio is
somewhat larger (1.6 ± 0.6×) for the NIRvana detector. Nevertheless, the main advantage of the NIRvana camera compared
to the older 1D-array is the ability to acquire the image all at
once without scanning, which dramatically reduces acquisition
time and also eliminates the problem of gradual photobleaching during the scanning process (i.e. in the case of the 1Darray scanning approach, every strip of the resulting scanned
image is acquired in a diﬀerent time and diﬀerent stage of
photobleaching3,4).
3.2. Overlap of luminescence of singlet oxygen and a
photosensitizer in cells
Fig. 4-A displays the cell sample incubated with 100 μM TMPyP
for 20 h in a D2O-based saline solution (incubation procedure
P2). At the beginning, the bright field image, visible fluorescence image, and the fluorescence spectrum were acquired.
Then ten consecutive frames of 5 s of NIR spectral images
were acquired using continuous excitation with a power
density of 5 W cm−2 and a combination of 850 nm longpass
and 1100 nm longpass emission filters. Spectral images are
collected from the region defined by the entrance slit of
the spectrograph (green rectangle in the Fig. 4-A: image
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Fig. 4 (A) NIR luminescence based images and spectra accompanied by bright-ﬁeld and VIS ﬂuorescence-based images of 3T3 mouse ﬁbroblasts
incubated for 20 h with 100 μM TMPyP in a D2O-based saline solution (incubation procedure P2). The green rectangles are deﬁned by the entrance
slit of the spectrographs and represent the area the spectral images are collected from. The graphs of spectra were obtained by vertical binning of
the spectral images. A further description is provided in the text. (B) Changes of luminescence intensity in three diﬀerent spectral regions during the
course of irradiation. Q denotes the sample that contained a 1O2 quencher (NaN3 or H2O).

>1250 nm), their vertical dimension being spatial whereas the
horizontal dimension is spectral. The detected spectra
obtained by vertical binning of the spectral images are shown
at three selected times (5 s, 30 s, and 50 s). The characteristic
1
O2 phosphorescence band around 1275 nm is clearly visible.
The broad-band signal overlapping with 1O2 phosphorescence,
which is due to the tail of the PS luminescence, bleaches
much faster than the 1O2 phosphorescence itself (discussed
hereinafter). Therefore, after 50 s irradiation the 1O2 band
becomes prominent and free of the broad-band background.
Afterwards, the image of 1O2 phosphorescence was acquired
with 10 s exposure using a combination of 850 nm and
1250 nm longpass filters. Then the sample was left in the dark
for 5 minutes and the liquid surrounding the cells was stirred
very gently. No change in the sharpness of the NIR and VIS
luminescence images was observed. Moreover, the intensity
of >1250 nm emission slightly increased and there was no
reappearance of the broad-band background. This indicates
that the signal originated inside the cells and that no substantial leakage of the PS out from the cell occurred. The increased
intensity may be explained by the recovery of oxygen concentration inside the cells after its depletion during irradiation.
Furthermore, the fluorescence spectra before and after the
experiment were compared. Apart from the lowered intensity, a
slight change of the spectral shape can be observed (the
longer-wavelength band being relatively weaker). The distribution of the fluorophore inside the cells also slightly diﬀers
as was observed from fluorescence images before and after
(data not shown). These observations are in line with previously reported relocalization of TMPyP within the cell during

This journal is © The Royal Society of Chemistry and Owner Societies 2014

irradiation.4,15,28,29 Finally, the 1275 nm spectral band was
quenched by addition of 10 mM NaN3, a specific 1O2
quencher, which further supports that the 1275 nm band can
indeed be identified with 1O2 phosphorescence. The 1O2 band
is quenched by NaN3 also in a fresh sample ( prior to
irradiation), contrary to the broad-band background, which is
not quenched (data not shown). No distinct 1O2 phosphorescence band appeared in H2O-treated samples, which is in
line with expectations, as H2O is a much more potent 1O2deactivator than D2O and it was also shown to be the major
quencher of 1O2 in cells.26
Fig. 4-B demonstrates how the luminescence signal
changes during the course of irradiation in the cell samples
incubated according to the procedure P2. The signal was
measured in three diﬀerent spectral regions – 600–800 nm
(VIS fluorescence of PS), 1180–1230 nm (NIR luminescence of
PS), and 1250–1300 nm (1O2 emission). The VIS fluorescence
signal shows a rise at the beginning, which is in line with
older observations.4 The broad NIR background luminescence
of PS clearly bleaches faster than the 1O2 emission. The bleaching of NIR luminescence of PS is slowed down when a specific
1
O2 quencher is added. This suggests that the bleaching is at
least partly caused by oxidation due to 1O2. The bleaching of
VIS fluorescence is not substantially influenced by the presence of 1O2 quenchers. The 1O2 quencher can be either NaN3,
or D2O can be replaced with H2O which also dramatically
reduces 1O2 lifetime. The displayed kinetics were averaged over
five normal samples and five NaN3/H2O-treated samples.
The NIR broad-band background luminescence of TMPyP
appears also in bulk solutions of TMPyP in D2O (concentration
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living human skin fibroblasts incubated with 100 μM
TMPyP16). Therefore, an optimal excitation intensity has to
be chosen carefully for each sample according to the PS
concentration.
The spectral changes during irradiation of the cell samples
shown in Fig. 4 could be partly explained by a reduction of the
local TMPyP concentration due to photobleaching (as discussed in the previous paragraph). However, the full explanation is probably far more complicated. An interplay of
several additional factors, such as formation of TMPyP-photoproduct(s) with reduced NIR emission still producing 1O2 or
TMPyP relocalization to diﬀerent cell compartments,4,15,28,29 is
likely to be manifested. The NIR broad-band background was
observed in cells loaded with TMPyP from three diﬀerent suppliers (Porphyrin Systems, Frontier Scientific, and SigmaAldrich) and was not observed in a sample without TMPyP,
which proves that autofluorescence can be excluded and that
an eﬀect of impurity is improbable.
Fig. 5 NIR spectra taken from TMPyP solutions of two diﬀerent concentrations under diverse excitation powers. A 1 mm cuvette containing
the solution was placed on the microscope sample stage. The green
rectangle is deﬁned by the entrance slit of the spectrograph and represents the area the spectral image was collected from. The graph of the
spectrum was obtained by vertical binning of the spectral image.

range 100–500 μM), as demonstrated in Fig. 5. The solutions
were placed in a 1 mm pathlength cuvette on the microscope
stage. Interestingly, in a concentrated sample (500 μM TMPyP)
at strong excitation intensities (9 W cm−2) the NIR broad-band
background is enhanced and 1O2 phosphorescence is suppressed, whereas using a weaker excitation, 2.5 W cm−2 at the
same concentration leads to a recovery of 1O2 phosphorescence
and a decrease of the NIR broad-band background.‡ The displayed spectral image of this sample also demonstrates that
the 1170–1200 nm emission is confined to the region where
the excitation is strongest, whereas 1O2 phosphorescence is
emitted also from weakly excited regions (this cannot be due
to 1O2 diﬀusion because the diﬀusion length is <1 μm16,26).
These observations indicate that the NIR broad-band background luminescence is enhanced when the concentration of
excited states is larger, suggesting that an excited state reaction
or excited state complex formation takes place. For each concentration, there is an optimal excitation intensity to achieve
maximal 1O2 phosphorescence signal and contrast. Too large
excitation power or PS concentration may actually lead to
signal suppression. This conclusion could be extended also to
the cell samples loaded with TMPyP, where the local TMPyP
concentration can be relatively large (millimolar range for

‡ The experiment with diﬀerent excitation intensities was conducted in the following way: first, a series of spectral images was acquired (with the same
sample) as the excitation power was being decreased. At the end (with the same
sample), the excitation power was increased again and a spectral image was
acquired. Then, with a fresh sample, a series of spectral images for increasing
excitation powers was acquired as a control experiment. Analogous experiments
were carried out several times with consistent results.
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3.3. Separation of singlet oxygen image from the background
luminescence of the photosensitizer in cells
As was demonstrated in the previous section, the NIR tail of
TMPyP luminescence can spectrally overlap with 1O2 phosphorescence. The following section shows 1O2-based images of
cells and discusses possible ways of separation of 1O2 signals
from NIR luminescence of the PS.
Fig. 6-A displays the images of a cell incubated for 5 h with
100 μM TMPyP in a D2O-based saline solution (incubation procedure P1). Ten consecutive frames of 5 s were acquired using
continuous 1 W cm−2 irradiation. The >1250 nm image (combination of 850 and 1250 nm longpass filters) is the sum of
the last four frames (i.e. 20 s exposure). Subsequently, the spectral image was obtained with 25 s exposure. The bright-field
and fluorescence images were taken afterwards. The spectrum
shows that 1O2 phosphorescence is the dominant spectral
feature. Additionally, it was verified for other cells that the
intensity of the >1250 nm image drops by more than 70% when
the 1250 nm longpass filter is replaced by a 1350 nm longpass
filter.
Fig. 6-B displays another sample of cells incubated according to the procedure P1. Four near-infrared images were taken
using 2.5 W cm−2 irradiation. First the 850–1100 nm image (I1,
a combination of 850 nm longpass and 1100 nm shortpass
filters) was acquired with 1 s exposure. Subsequently the
>1250 nm image (I2) was taken with 5 s exposure. Then the
aliquot of 10 mM NaN3 was added to the sample and this was
gently stirred and left in the dark for 5 minutes. Afterwards,
the 850–1100 nm image (I3) with 1 s exposure and the
>1250 nm image (I4) with 5 s exposure were acquired again.
A slight drop in the 850–1100 nm signal can be observed,
which is probably indicating a certain level of photobleaching.
However, a much stronger drop of signal after addition of
NaN3 is seen in the case of the >1250 nm image (I4). The 1O2
signal is assumed to be almost completely quenched in the I4
image – this is formed mainly by the NIR background luminescence of TMPyP. The 1O2-based image (R1 O2 ) can be then
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Fig. 6 NIR luminescence based images and spectra accompanied by bright-ﬁeld and VIS ﬂuorescence-based images of 3T3 mouse ﬁbroblasts
incubated for 5 h with 100 μM TMPyP in a D2O-based saline solution (incubation procedure P1). Frames A and B represent two diﬀerent samples.
The green rectangles are deﬁned by the entrance slit of the spectrographs and represent the areas the spectral images are collected from. The
graphs of spectra were obtained by vertical binning of the spectral images. A Gaussian blur ﬁlter with unit radius (ImageJ image processing software)
was applied to smooth the spectral image in order to make the weak spectral features more distinguishable.

reconstructed by subtracting I4 from I2. Moreover, the I4 image
can be corrected by factor I1/I3 in order to compensate for the
photobleaching of the NIR background luminescence of
TMPyP during the irradiation:
R 1 O2 ¼ I 2  I 4

I1
:
I3

Such a reconstructed image thus shows only the portion
of the signal which is quenched by NaN3, i.e. 1O2 signal.
The bright-field and fluorescence images are shown for
comparison.
The cells prepared according to the procedures P1 and P2
were significantly perturbed during the sample preparation by
changing to D2O-based medium and by the absence of growth
medium. Unperturbed cells exhibited much smaller uptake of
the PS leading to a very weak signal. In order to test the cell
membrane integrity of the cells, a trypan blue exclusion test
was performed. Although the viability of the cells prepared
according to the procedure P1 was found to be >85% as determined by the trypan blue test, it was observed that TMPyP was
preferentially uptaken into trypan blue-stained dead cells.
Both TMPyP and trypan blue are positively charged watersoluble molecules which accumulate in the nucleus due to
their high aﬃnity to DNA. In order to prove that we are able
to detect 1O2 also from intact cells which are negative in the
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trypan blue test, we stained the sample with trypan blue before
the luminescence experiment. After washing out properly any
residual trypan blue stain, the sample was placed in the luminescence microscope and the luminescence was measured
selectively from trypan blue-unstained cells. This is demonstrated in Fig. 7. The samples were irradiated by 2.5 W cm−2.
Samples 1 and 2 were first exposed for 30 s to obtain the
1
O2-based image and then for 50 s and 20 s, respectively, to
obtain the spectral image. The VIS fluorescence intensity
dropped by ≈75% and ≈50%, respectively, during the experiments. The NIR spectrum and spectral images clearly manifest a spectral band around 1275 nm corresponding to 1O2.
NIR luminescence of TMPyP is also present, reaching a similar
intensity around 1200 nm. Various research studies have been
using ∼1270 nm and 1200 nm bandpass filters in their experiments to demonstrate that there is an emission around
1270 nm but not around 1200 nm, thus proving that 1O2 is the
emitting species.2,30,31 Nevertheless, both ∼1270 nm and
∼1200 nm images would provide similar intensities in this
case, which is shown in Fig. 8. The cells were incubated for
20 h with 100 μM TMPyP in growth medium (incubation procedure P3), which minimizes the stress imposed on the cells
in comparison with the other two methods, but usually provides a weaker signal (here collected for one minute using
an irradiation power of 2.5 W cm−2). Generally, if the NIR

Photochem. Photobiol. Sci., 2014, 13, 1203–1212 | 1209

View Article Online

Published on 30 May 2014. Downloaded by Charles University in Prague on 01/08/2014 13:27:33.

Paper

Photochemical & Photobiological Sciences

Fig. 7 A: The diﬀerence between trypan blue-stained and -unstained cells in bright ﬁeld. B: NIR luminescence based images and spectra
accompanied by bright-ﬁeld and VIS ﬂuorescence-based images of 3T3 mouse ﬁbroblasts incubated for 5 h with 100 μM TMPyP in a D2O-based
saline solution (incubation procedure P1). Trypan blue-unstained cells were selectively chosen for the experiment. To obtain the bright-ﬁeld images
in experiments A and B, the samples were illuminated by a lamp through a 600 nm/40 nm bandpass ﬁlter in order to enhance the trypan blue contrast. A Gaussian blur ﬁlter with unit radius (ImageJ image processing software) was applied to smooth the spectral images in order to make the
weak spectral features more distinguishable.

Fig. 8 NIR luminescence based images (using either 1274/40 nm or
1200/40 nm bandpass ﬁlters) accompanied by bright-ﬁeld and VIS
ﬂuorescence-based images of 3T3 mouse ﬁbroblasts. The cells were
incubated for 20 h with 100 μM TMPyP in growth medium and subsequently H2O was replaced with D2O (incubation procedure P3).

nounced in the case of H2O-incubated cell samples, where the
1
O2 signal will be further suppressed compared to the NIRextended luminescence of a photosensitizer.
Naturally, the overall aim is to provide 1O2 images of
healthy unperturbed cells in their native H2O-based environment. To this end, further development of the methodology is
required (selection of the most appropriate PS, higher numerical aperture objective, optimization of the procedure of cell
incubation, irradiation intensity, exposure time, magnification,
etc.).
There are several diﬃculties associated with the use of TMPyP
as a photosensitizer for 1O2-based microscopy. It was shown
that the irradiation intensity and/or loading concentration has
to be properly chosen to maximize the 1O2 luminescence signal
and minimize the TMPyP near-infrared luminescence signal. As
a water-soluble cationic photosensitizer, TMPyP was observed
to accumulate preferentially in the cells with perturbed membranes. Other photosensitizers, possibly lipid-soluble ones,
should also be considered for further experiments.

4.
luminescence of a photosensitizer extends to wavelengths
>1200 nm, the control experiment using a 1200 nm bandpass
filter may still provide an appreciable signal and, at the same
time, it may be impossible to quench completely the signal
around 1275 nm by a 1O2 quencher. This demonstrates the
benefits of spectral images over the bandpass filter method
for distinguishing 1O2 luminescence. It will be even more pro-
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Conclusions

In conclusion, our setup employing the novel NIR-sensitive
2D-array InGaAs detector (NIRvana) proved to be sensitive
enough to provide 1O2 images of individual D2O-treated fibroblast cells incubated with TMPyP. The overall eﬃciency of 1O2
phosphorescence detection was estimated to be 1–3%, the
numerical aperture of the objective (N.A. = 0.55) being the
main limiting factor. The main advantage of the new detector
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over the 1D-array InGaAs detector used earlier by Ogilby’s
group2,3 is its two-dimensionality, which leads to a dramatic
reduction of acquisition times and avoids some of the problems caused by photobleaching of the sample. Two detection
channels (VIS and NIR) allow us to perform a real-time
imaging of the very weak near-infrared phosphorescence of
1
O2 and PS simultaneously with visible fluorescence of the PS.
Moreover, our new setup enables us to obtain spectral images
based on 1O2 and PS luminescence from individual cells,
where one dimension of the image is spatial and the other is
spectral, allowing us to cover a wide spectral range from
500 nm to 1700 nm. To our knowledge, this is the first report
in this respect. By acquiring a time-development of near-infrared spectral images of 1O2 and PS luminescence during
irradiation of individual TMPyP-loaded cells, TMPyP was
found to exhibit rather complicated spectral properties with
near-infrared emission extending to the wavelengths corresponding to 1O2 phosphorescence. The NIR spectral images
provide a basis for distinguishing and separating 1O2 phosphorescence from the NIR luminescence of a PS, which may
spectrally overlap for a number of PSs. Further development
of the technique is needed if we wish to provide images of
1
O2 phosphorescence from unperturbed living cells in their
natural environment without performing a H2O–D2O exchange.
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Novel Microspectroscopy Instrument Enables Real-Time Imaging
of Singlet Oxygen
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Overview
Molecular oxygen is one of the most important molecules in maintaining life as well as in mechanisms by which
life is extinguished and materials destroyed. For several decades, researchers have been intrigued by the physical
and chemical properties of molecular oxygen’s lowest excited state, singlet oxygen (1O2). In particular, singlet
oxygen has a unique reactivity that can result in polymer degradation or the death of biological cells. Its role as
an intermediate in cell death is exploited by photodynamic therapy (PDT) for cancer, a technique in which light
is utilized as a medical tool1,2.
In PDT, a photosensitizer (PS) is incorporated into abnormal tissues and then irradiated with visible light so that
it transfers energy to ground-state oxygen via the type II photochemical pathway, producing singlet oxygen
(which can be directly detected by its weak 1270 nm emission)3. Owing to the special interest in elucidating the
biochemical action of singlet oxygen on the subcellular level, several high-spatial-resolution methods have been
proposed to detect 1O2 luminescence using either a single photomultiplier tube (PMT), a linear InGaAs detector
array, or a two-dimensional InGaAs detector3.
This article discusses the development and utilization of a new microspectroscopy setup by researchers at
Charles University in Prague. The setup features a novel InGaAs camera whose two-dimensional focal plane
array (FPA) has allowed members of the Optical Spectroscopy Group headed by Prof. Jan Hála to address the
issue of potential spectral overlap of 1O2 phosphorescence with the NIR-extended luminescence of the PS, thus
providing an effective means of distinguishing and separating them for the first time4.

Experimental Setup for Microspectroscopy
The microspectroscopy setup at Charles University utilizes two detection channels (VIS and NIR) to perform
real-time imaging of the very weak near-infrared phosphorescence of singlet oxygen and photosensitizer
simultaneously with the visible fluorescence of the photosensitizer. This innovative setup (see Figure 1) enables
the acquisition of spectral images based on singlet oxygen and photosensitizer luminescence from individual
cells. One dimension of the image is spatial and the other is spectral, covering a spectral range from 500 to 1700
nm.
As illustrated in Figure 1, the new real-time imaging setup is built around an inverted fluorescence light
microscope (IX71, Olympus) and utilizes a 405 nm constant-wavelength ‘CW’ laser as an excitation source. The
laser beam is passed through neutral-density ‘ND’ filters and coupled into an NIR-corrected objective ‘OBJ’ by
a dichroic longpass mirror ‘DLP’. The illuminated spot on the sample ‘S’ is enlarged by inserting a lens ‘L1’ in
the excitation path. A golden mirror ‘GM’ directs the luminescence emission from the sample, collected by the
objective, to an NIR path for detection; removing the golden mirror passes the luminescence emission to a VIS
path.
In the NIR path, the signal passes through a combination of NIR longpass and shortpass filters ‘F’ and is focused
by an achromatic lens ‘L2’ onto the entrance slit of an imaging spectrograph (Acton SpectraPro® 2500i,
Princeton Instruments). The imaging spectrograph is coupled to an NIR-sensitive InGaAs camera (NIRvana:640,
Princeton Instruments). See Figure 2. The two-dimensional focal plane array of the NIRvana® camera is cooled
to −80°C in order to reduce dark charge. The spectrograph employs either a grating for spectroscopy or a mirror
for imaging. To minimize sample photobleaching, the shutter ‘SH’ in the excitation path is controlled by the
camera and opened only during exposure times. Alternatively, in the VIS path, a back-illuminated CCD camera
(Spec-10:400B, Princeton Instruments) is coupled to another imaging spectrograph (Acton SpectraPro 2300i,
Princeton Instruments).
Having recently replaced the golden mirror in the experimental setup with a shortpass dichroic mirror ‘DM’,
light can now be detected in the VIS and NIR spectral regions simultaneously. The original set of filters has also
been modified. Refer to Scholz et al. 2014 for further details.

Figure 1. NIR luminescence microspectroscopy setup: lower portion of diagram depicts spectral regions
detected by VIS and NIR paths.
DOI: 10.1039/c4pp00121d - Adapted by permission of The Royal Society of Chemistry (RSC) on behalf of the European Society for
Photobiology, the European Photochemistry Association, and RSC.
http://pubs.rsc.org/en/content/articlelanding/2014/pp/c4pp00121d#!divAbstract

Figure 2. The NIR path of the experimental setup includes a two-dimensional InGaAs detector coupled to an
imaging spectrograph. Photo courtesy of Marek Scholz, Charles University.

Results and Conclusions
The introduction of the spectral imaging method provides a powerful new tool for distinguishing and separating
potential spectral overlap of 1O2 phosphorescence with the NIR-extended luminescence of the photosensitizer. It
can be applied to any PS manifesting NIR luminescence. The data presented below illustrate the basic concepts
of microscopic spectral imaging; more can be found in Scholz et al. 2014.
Figure 3A shows a bright-field image, VIS fluorescence image, and a fluorescence spectrum of 3T3 mouse
fibroblasts that had been incubated for 20 hours with 100 μM TMPyP in a D2O-based saline solution. The
displayed fluorescence spectra taken before and after the experiment reveal a slight change of the spectral shape
and fluorescence intensity. The spectra were collected from the region defined by the entrance slit of the
spectrograph (green rectangle). The bright-field image demonstrates that the cells are markedly perturbed by a
relatively long incubation in D2O. However, this way of incubation leads to increased retention of the PS, which
makes it easier to demonstrate several interesting phenomena. For singlet oxygen images from cells using
different incubation protocols please refer to Scholz et al. 2014.
Figure 3B displays an example of the NIR spectral image (using a combination of 850 nm and 1100 nm longpass
emission filters), where the vertical dimension is spatial and the horizontal dimension is spectral. The signal was
collected from the region defined by the entrance slit of the imaging spectrograph, represented by the green
rectangle in the singlet oxygen image. The investigated sample is the same as in Figure 3A. Ten consecutive
spectral images with 5 sec acquisition time were recorded while continuously irradiating the sample with 5
W/cm2 laser power. The 5 sec, 30 sec, and 50 sec spectra shown in Figure 3B were created by vertical binning
of NIR spectral images acquired at each of the respective times. After 50 sec, the characteristic 1O2 band around
1275 nm becomes more prominent because the broadband signal that overlaps the 1O2 phosphorescence,
attributable to the tail of the PS luminescence, bleaches at a much faster rate. Next, a combination of 850 nm and
1250 nm longpass filters was utilized to acquire a 1O2 phosphorescence image with a 10 sec exposure. The
sample was then left in the dark for 5 minutes and the liquid surrounding the cells was stirred very gently. The
broadband background failed to reappear and there was no change in the sharpness of the NIR or VIS
luminescence images (data not shown). The >1250 nm emission intensity even increased slightly, possibly due to
recovery of the previously depleted oxygen, indicating both that the signal originated inside the cells and that
they did not suffer any substantial PS leakage. Lastly, more evidence that the 1275 nm spectral band can be
identified with 1O2 phosphorescence was obtained when this band was quenched by adding 10 mM NaN3 — a
specific 1O2 quencher.
Figure 4 shows that the NIR broadband background luminescence of TMPyP is also evident in bulk solutions of
TMPyP in D2O. These solutions (concentration range 100–500 μM) were placed in a 1 mm pathlength cuvette on
the microscope stage for study. Notably, the NIR broadband background was enhanced and the 1O2
phosphorescence was suppressed at strong excitation intensities (9 W/cm2) in a concentrated sample (500 μM
TMPyP), while weaker excitations (2.5 W/cm2) at the same concentration led to a recovery of 1O2
phosphorescence and a decrease in NIR broadband background. The same effect was observed when the
concentration was decreased to 100 μM while the excitation intensity was preserved at 9 W/cm2.
The spectral image in Figure 4 (right top) indicates that the 1170–1200 nm emission is limited to the region
where excitation is strongest, whereas 1O2 phosphorescence is emitted also from weakly excited regions. It
would therefore appear that the NIR broadband background luminescence is enhanced when the concentration of
excited states is larger, which in turn implies an excited-state reaction or excited-state complex formation. For
each concentration, there exists an optimal excitation intensity that will achieve maximal 1O2 phosphorescence
signal and contrast. An excitation power or PS concentration that is too large may actually lead to signal
suppression, a cautionary guideline that could also apply to cell samples loaded with TMPyP (in which the local
TMPyP concentration can be relatively large). Hence, it is critical to select an optimal excitation intensity for
each sample in relation to the PS concentration.
The NIR spectral changes observed during cell irradiation in Figure 3B could be partly explained by a drop in
the local TMPyP concentration due to photobleaching. However, it is likely that the spectral changes are due to a
far more complex interplay involving factors such as formation of TMPyP-photoproducts with reduced NIR
emission continuing to produce 1O2, or TMPyP relocalization to different cell compartments.
This new microspectroscopy setup, which employs an NIR-sensitive, two-dimensional InGaAs focal plane array
as a detector, has proven sufficiently sensitive to yield 1O2 images and spectral images of individual D2O-treated
fibroblast cells incubated with TMPyP. The setup’s overall efficiency for 1O2 phosphorescence detection was
estimated to be 1–3%. The primary limiting factor was determined to be the numerical aperture of the objective
(N.A. = 0.55).

Figure 3. (A) Bright-field image, VIS fluorescence image, and VIS fluorescence spectra of 3T3 mouse
fibroblasts incubated for 20 hours with 100 μM TMPyP in a D2O-based saline solution. The cells are markedly
perturbed by a relatively long incubation in D2O. However, this way of incubation leads to increased retention of
the PS, which makes it easier to demonstrate several interesting phenomena. For singlet oxygen images from
cells using different incubation protocols please refer to Scholz et al. 2014. The spectra were collected from the
region defined by the entrance slit of the spectrograph (green rectangle). (B) The corresponding singlet oxygen
phosphorescence image and an example of NIR spectral image, where vertical dimension is spatial and
horizontal dimension is spectral. The spectral images were collected from the region defined by the entrance slit
of the spectrograph (green rectangle).The graphs of the spectra at different time points were obtained by vertical
binning of the spectral images.
DOI: 10.1039/c4pp00121d - Reproduced by permission of The Royal Society of Chemistry (RSC) on behalf of the European Society for
Photobiology, the European Photochemistry Association, and RSC.
http://pubs.rsc.org/en/content/articlelanding/2014/pp/c4pp00121d#!divAbstract

Figure 4. NIR spectra acquired from TMPyP solutions of two different concentrations under diverse excitation
powers. A 1 mm cuvette containing the solution was placed on the microscope sample stage. The green rectangle
is defined by the entrance slit of the spectrograph and represents the area from which the spectral image was
collected. The graph of the spectrum was obtained by vertical binning of the spectral image.
DOI: 10.1039/c4pp00121d - Reproduced by permission of The Royal Society of Chemistry (RSC) on behalf of the European Society for
Photobiology, the European Photochemistry Association, and RSC.
http://pubs.rsc.org/en/content/articlelanding/2014/pp/c4pp00121d#!divAbstract

Summary
Singlet oxygen, the first excited state of molecular oxygen, is a highly reactive species that plays an important
role in a wide range of biological processes, including cell signaling, immune response, macromolecule
degradation, and elimination of neoplastic tissue during photodynamic therapy4. Often, a photosensitizing
process is employed to produce singlet oxygen from ground-state oxygen.
An innovative experimental setup developed and used at Charles University in Prague now permits researchers
to perform direct, real-time imaging of singlet oxygen while addressing the issue of potential spectral overlap
with emitted light from the photosensitizing agent. This fast-data-acquisition microspectroscopy setup relies on
the two-dimensional array and exceptional near-infrared sensitivity of a novel InGaAs detector.
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Abstract. Photodynamic therapy is well established yet still rapidly developing
treatment modality for cancer and other diseases. It is based on production of
reactive species, especially singlet oxygen, by energy transfer from light-excited dye
molecules in target tissue. In recent years, a whole bunch of strategies was proposed
and examined to enhance efficiency of photodynamic therapy. In this review
paper, we provide a short survey of novel trends, approaches, and perspectives in
photodynamic therapy research from the point of view of biophysics. Especially the
emerging use of nanoparticles is addressed.

Introduction and Insight
Singlet oxygen (1 O2 ) is the lowest excited state of molecular oxygen which is enormously more
reactive than ground state oxygen. 1 O2 efficiently oxidizes many kinds of biomolecules (e.g. lipids,
nucleic acids etc.) which can lead to a destruction of tissue and cell death. 1 O2 shows very weak
phosphorescent emission around wavelength of 1275 nm, which can used for direct monitoring of 1 O2 .
Arguably the most important way of 1 O2 production is the photosensitizing process: An appropriate dye
molecule, so-called photosensitizer (PS), is brought to the excited singlet state (S1 ) by photon absorption.
The PS then passes to the triplet spin state (T1 ) by intersystem-crossing (ISC). The triplet state of PS is
able to transfer energy efficiently to the ground triplet state of molecular oxygen, leading to production
of 1 O2 (see figure 1-Left))[37]. Many molecules possess the ability to produce 1 O2 in this way, especially
natural dyes based on porphyrins and many other dye molecules usually containing a system of conjugated
double bonds and aromatic cores. Some of the PSs exert quantum yield of 1 O2 production close to 100%
[33]. Photodynamic therapy (PDT) takes advantage of the described process. The PS is administrated
to the patient and selectively accumulates in target (e.g. cancerous) tissue. The target tissue is then
irradiated by visible or near-infrared (NIR) light which is absorbed by PS and 1 O2 is produced. It is
widely believed that 1 O2 is the main cytotoxic agent in PDT, however it was suggested that also other
reactive oxygen species (ROS) produced by PS, such as superoxide radical or hydroxyl radical, may play
major role in PDT. Moreover, under hypoxic conditions, the triplet states of PSs may be deactivated
be electron transfer to surrounding molecules giving rise to another free radicals [16]. There are three
mechanisms of cell death induced by PDT: apoptosis, necrosis and autophagocytosis. The prevalent
mechanism depends strongly on the type of PS, its cellular localization, light dose administrated, and
other parameters of PDT treatment. Three mechanisms for tumor eradication were described: direct
destruction of tumor cells, destruction of tumor vasculature leading to ischemia of the tumor tissue, and
finally subsequent cancer-targeted immune response induced by release of decay products of tumor cells
[10]. It is believed that the combination of all the three mechanisms is needed for long-term elimination
of cancer. Again, these processes may be strongly influenced by parameters of PDT (e.g. time between
drug administration and irradiation, or fractionation of light supply etc.) [4, 10, 34].
There are several important advantages of PDT over conventional cancer therapies (chemotherapy
or radiotherapy) which promote PDT as a very promising treatment modality. First of all, precise spatial
and time control of light supply in PDT leads to substantially increased selectivity to cancer tissue. The
selectivity is absolutely crucial for all cancer therapies due to usually severe side-effects on the healthy
tissue. PDT is externally switchable – it allows to launch the therapy at the most appropriate moment
with respect to pharmacokinetics of the drug. An interesting point of PDT is that the cytotoxic agent
is 1 O2 and other ROS which are fully natural substances. As it was mentioned before, PDT may induce
cancer-targeted immune response leading to long-term control of tumor, including metastases. On the
contrary, conventional chemotherapy and radiotherapy usually suppress immune response by destruction
of bone marrow. Many of the PSs are fluorescent which enables diagnostics and imaging of cancerous
tissue together with the therapy. It is well known that cancerous cells suppress some mechanisms of
signaling pathways leading to programmed cell death, which causes their resistivity to conventional
treatment. It was suggested that PDT induces apoptosis by a variety of pathways thus enhancing its
success [4]. Last but not least, PDT has the potential to be low-cost treatment.
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However, there are also some shortcomings of PDT. The most obvious is the need to bring light to
the treated tissue. It can be quite easily done for superficial skin lesions and some inner tumors easily
accessible endoscopically, but it can be a difficult problem for deep located tumors. At the same time,
the light penetration depth to tissue is limited to a few millimeters for visible light due to presence of
natural absorbers as hemoglobin, melanin, or fat. Nevertheless, the light penetration depth substantially
increases for red and near-infrared (NIR) light. The design of PSs absorbing in therapeutic window
(approximately 650 nm – 1000 nm corresponding to penetration depths up to centimeter range [41]) is
a big issue in PDT-associated research and it will be discussed later in the text.
Up to date, several PSs have been clinically approved. The first and still widely used is Photofrin,
a not well defined mixture of haematoporphyrin derivatives which proved affinity for neoplastic tissues
[28]. Photofrin was clinically approved for treatment of esophageal cancer, bladder cancer, lung cancer
or cervical cancer. Photofrin is still considered a gold standard of PDT, although there are many
drawbacks. It has got very poor molar extinction coefficient at red region (1170 M−1 cm−1 at 630 nm) and
an exceptionally long half-life of about twenty days causing long lasting photosensitivity of the patient.
Photofrin is a so-called first generation PS. Another of widely clinically used PS is Foscan, which is
classified as a second generation PS due to approximately 30 fold increased absorptivity (3×104 M−1 cm−1
at 652 nm) in red region. It has been approved for palliative treatment of head and neck cancer and
is under clinical trials for other types of cancer. Prolonged photosensitivity still remains to be a major
drawback. Levulan and Metvix are aminolevulinic acid-based PSs indicated for treatment of actinic
keratoses and other skin lesions. Aminolevulinic acid is naturally metabolized to protoporphyrin IX
(PpIX), which is a precursor for heme and acts as PS. PpIX is selectively accumulated and metabolised
in neoplastic tissues. PDT can by also exploited for a variety of skin diseases as psoriasis or acne vulgaris
[28]. Recently it has been shown that PSs may act as efficient anti-microbial agents for treatment of
antibiotic-resistant bacteria in wounds or elimination of oral bacteria, which opens a whole new field
[26].
There are more approved PSs and many more of them under investigation. Recent findings and
development allow us to consider a completely new concept of third generation PS which would allow
for (1) increasing the selectivity of photosensitizing drugs for cancerous tissue, (2) overcoming problems
with depth of light penetration, (3) combination with other treatment modalities (e.g. radiotherapy
or hyperthermia) to increase the outcome, and (4) parallel cancer diagnosis, imaging and real-time
monitoring of PDT effect. To this end, a nanoparticle (NP) based PS formulation was proposed. The
NP serves as a platform for multifunctional assembly of several components. An example is shown in
figure 1-Right) and various implementations of such a model will be discussed further in the text.

Strategies
Tumor Selectivity. It has been mentioned that porphyrin based PSs accumulate preferentially
in neoplastic tissue. Several mechanisms were proposed. The prevalent theory claims that hydrophobic
porphyrins aggregate with serum proteins as human serum albumin (HSA) and low-density-lipoprotein
(LDL). Cancer cells have over-expressed LDL receptors due to their fast consumption of cholesterol which
is carried by LDL. Generally, cancer cells are more greedy and show so-called ’Enhanced permeation and
retention effect’ (EPR) [25]. Blood vessels in tumors are more leaky and allow for easier extravasation

Figure 1. Left: Scheme of photosensitizing process. Full arrows denote radiative transitions (F: fluorescence, Ph: phosphorescence). Right: Nanoparticle-based multifunctional photosensitizing assembly.
MRI: magnetic core as contrast agent for magnetic resonance imaging, PS: photosensitizer, 2PA: twophoton absorbing dye, layer: oxygen permeable layer for dye encapsulation, antibody: tumor specific
antibody, PEG: poly-ethylene-glycol coating.
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of larger objects as macromolecules, proteins, or NPs. On the other hand, the decreased lymphatics of
tumor tissue leads to longer-lasting retention of these larger molecules and objects, while the healthy
tissue quickly clears out the external particles. The described mechanism of selective accumulation is
called passive targeting. This observation leads to the idea of using NPs as carriers of PSs and thus
increase their affinity for tumor tissue. Moreover, many potent PSs are hydrophobic which means that a
carrier is needed to bring them into blood stream (aqeous body-environment). Indeed, many nanocarrierformulations of PSs have been investigated: liposomal, HSA, LDL, polymeric, ceramic or metallic [3, 5].
Nanocarriers should allow for easy functionalization of their surface. PEGylation, covalent attachment of
Poly-ethylene-glycol (PEG), is a common functionalization of NPs. It increases biocompatibility, masks
the agent from host’s immune system (reduces immunogenicity), reduces renal clearance, and provides
water solubility [40].
Functionalization also enables active targeting. Active targeting consists in antigen-antibody interaction of drug and surface receptors of cancer cells. Folate receptors or growth factor receptors are usually
over-expressed in cancer cells and represent a frequent approach for active targeting [15]. Not only the
surface, but also the inner environment of the cell differs between cancer and normal cells. Another
sophisticated approach for enhancement of selectivity for cancer tissue is to activate the PS only in the
presence of intra-cellular biomarker specific for cancer cells. So-called photodynamic molecular beacon
consists of PS held in close proximity to a quencher by a linker which is cleavable by the biomarker. In
normal tissue, the quencher can directly quench the excited state of PS by FRET or may act as physical
1
O2 quencher (e.g. carotenoids). In cancerous tissue, the quencher is unlinked and the PS starts to produce 1 O2 . First reported molecular beacon system consisted of pyropheophorbide as PS and carotenoid
as 1 O2 quencher held together by caspase-3 cleavable linker [6]. Another possible way is to target the
higher acidity of interstitial fluid of many kinds of tumors. Hydrophobic PS meso-tetraphenylporphin
together with pH indicator bromocresol purple were encapsulated in organically modified silica NPs.
Under basic conditions the pH indicator absorbs competitively with PS at the excitation wavelength and
acts as inner filter. Under acidic conditions, the pH indicator absorption shifts, efficient excitation of the
PS is allowed and 1 O2 is produced in higher rate [22].
Deeper Light Penetration. A typical representative of porphyrins, meso-tetraphenylporphin
(TPP), exerts strong absorption band around 415 nm and four absorption bands in 500 – 700 nm region,
which are two orders of magnitude weaker. An efficient PS should ideally absorb in the therapeutic
window (650 – 1000 nm). As it was mentioned before, the light penetration depth in tissue is much
higher for red and NIR light. This problem was partially overcome by introduction of second generation
PS strongly absorbing in red portion of spectrum, such as chlorins, bacteriochlorins, phtalocyanines,
porphycenes, or hypericine. Tookad is a red and NIR absorbing PS presently under intensive clinical
trials [1, 28].
Two-photon absorbing (2PA) dyes represent another promising approach for design of PS absorbing
in therapeutic window. Simultaneous absorption of two photons of lower energy can be used for excitation of the dye. The dye can then directly produce 1 O2 or, if encapsulated in a NP, transfer energy by
FRET to neighboring PS [18]. 2PA photosensitizers reduce the excitation volume which can be of benefit
in applications requiring precise spatial control, such as neurology or opthalmology. Usual porphyrins
are very poor 2PA dyes (2PA cross-section δmax < 50 GM). However, acetylene-linked conjugated porphyrin dimers were shown to possess much larger 2PA cross-section (δmax ≈ 17000 GM). Porphycenes,
structural isomers of porphyrins, show relatively high 2PA cross-section (δmax ≈ 2300 GM for tetraphenyl-porphycene) together with reasonable 1 O2 quantum yield which promotes them as promising PS
[2, 30]. Lanthanide containing NPs (e.g. NaYF4 :Yb3+ ,Er3+ ) were reported to be very efficient 2PA
(up-converting) phosphors. Upon excitation at 974 nm, strong emission bands at 537 nm and 635 nm
are observed. The NPs were covered by a thin layer of porous silica with merocyanine-540 incorporated
as PS and functionalized with tumor targeting antibody [42]. Merocyanine absorption overlaps with
emission of the NP and produces 1 O2 .
Combined therapies. Combination of PDT with other cancer therapies may provide a synergistic
effect and may help to overcome some of their shortcomings. A combination of PDT with radiotherapy
and thermotherapy seems to be especially useful. In both cases NPs play a key role, especially golden
NPs (GNP). Unlike light used in PDT, γ-rays used in radiotherapy are able to penetrate deep into
tissue.Therefore, use of scintillating NPs is another promising perspective. Scintillator absorbs ionizing
radiation and converts it in visible (or NIR) photons. Emission spectrum of the scintillating NP can
be tuned by adjusting its size. Such NPs are sometimes called self-lighting ones. Liu et al. [23] have
reported 1 O2 generation by X-ray irradiated LaF3 :Tb3+ scintillating NPs conjugated with meso-tetra(4carboxyphenyl) porphine as PS and folic acid as tumor targeting antibody. An employment of several
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doped NPs or semiconductor NPs (e.g. ZnO or TiO2 ) has been proposed [7]. As well as PDT, radiotherapy is less effective in hypoxic environment of inner-parts of larger solid tumors. The radioresistance of
hypoxic tissue may be challenged by NPs as well.
Thermotherapy is a long-known cancer treatment modality. Localized hyperthermia (41–47 ◦ C) induced by laser light causes protein denaturation, membrane disintegration and subsequent cell death.
Poor heat-exchange in badly vascularized inner-parts of solid tumor reduces their heat-tolerance. Thermotherapy is therefore inherently selective for such tissue [11, 14]. As PDT attacks tumor vascularization
and is less effective in hypoxic conditions, thermotherapy may act synergeticaly and complementarily.
Gold nanoparticles (GNP) proved to be excellent agent for photo-induced thermal therapy. The phenomenon of localized surface plasmon resonance (collective electron oscillations) in GNPs causes great
optical absorption (several order higher than organic dyes) and subsequent dissipation of energy as heat.
It was suggested that a rapid formation of bubbles (microscopic underwater explosion) around GNPs is
involved in tumor cell damage causing mechanical stress to the cells [14]. Structures as gold nanorods,
nanospheres, nanoshells, hollow nanospheres, or nanocages have been reported [11, 35]. GNP plasmon
resonance band can be finely tuned into NIR region by adjusting its size or aspect ratio. GNP have been
recognized as generally excellent vector for drug delivery [12] which can be exploited also in PDT [8].
GNP can be readily functionalized and are essentially non-toxic and biologically inert. Kuo et al. [20]
prepared gold nanorods conjugated with indocyanine green as PS for dual photodynamic and photothermal therapy and showed enhanced killing of cancer cells. It was also shown that GNP are able to act
as radiosensitizers possibly due to generation of ROS by mechanism of photo- or Auger-electron charge
transfer and emission of fluorescence X-rays [27].
Theranostics. Theranostics stands for fusion of therapy and diagnosis/treatment monitoring. The
fusion makes it possible to optimize and tailor the treatment regime according to the individual needs of
a particular patient [32]. Such a ’see and treat’ approach is of special interest in PDT where an excellent
spatial and temporal control over therapeutic effect can be achieved. The fluorescence of many PS which
selectively accumulate in cancerous tissue has been used for diagnosis and tumor imaging. Intensity of
fluorescence from the tumor can provide a valuable information about PS concentration and help to set
an appropriate light dose for PDT. A moderate fluorescence quantum yield is a favorable feature of a
PS. Nevertheless, various PS designs enabling more sophisticated monitoring methods were proposed.
PS conjugated with magnetic NPs (e.g. iron oxide) serving as MRI contrast agent were prepared and
characterized [13, 17]. It was shown that agents containing paramagnetic transition metal ions as Gd3+
or Mn2+ may be used as MRI contrast agents due to efficient alteration of spin relaxation time [32]. On
the other hand, a PDT agent containing a positron emitting radioactive isotope may be used to enable
positron emission tomography (PET) imaging. 124 I seems to be one of the most appropriate isotopes
due to its suitable lifetime of approximately four days [29].
Absolutely new and rapidly developing field is surface enhanced phosphorescence, especially with
use of GNPs. It has been long known that metal surface can enhance Raman scattering (SERS) or
absorption of adjacent molecules. Enhancement of fluorescence was reported as well [21]. A close
proximity to metal surface (in order of tens of nanometers) is needed for the enhancement to take place.
At the same time, fluorescence is quenched for the distances smaller than a few nanometers. It was
shown that both quantum yields of emission from singlet (fluorescence) and triplet (phosphorescence)
states can be enhanced by coupling to surface plasmon [43]. 1 O2 exerts very weak phosphorescence
around 1275 nm with quantum yields of 10−5 − 10−7 [37]. As it was mentioned before, wavelength of
plasmon resonance of a metal NP can be tuned by adjusting its size and aspect ratio. Enhancement of
1
O2 phosphorescence by a plasmonic NP may enable direct observation and dosimetry of 1 O2 produced
during PDT. To this end, 1 O2 phosphorescence enhancement by GNPs was reported. Golden nanodiscs
were coated by 100 nm thick polystyrene layer doped with tetra-phenyl-porphin as PS. The enhancement
factor was 3.5, but the authors suggest that it may increase to several hundreds if all the PS molecules
were in appropriate distance from the surface of GNPs [39]. Enhancement of 1 O2 phosphorescence by
factor of 35 was reported for silver-island film coated with fullerene [31].
Contribution of Our Lab. Our lab is working on several specific problems outlined above. A
setup for time- and spectral-resolved near-infrared luminescence spectroscopy is our main tool which
provides phosphorescence kinetics of either 1 O2 or PS with 5 ns time-resolution [9]. Study of phosphorescence kinetics and lifetimes brings valuable information about processes of 1 O2 and PS-triplet formation
and deactivation. A non-trivial triplet dynamics of porphycenes, promising second generation PSs, is
currently being investigated. Porous silicon NPs can serve as PS nanocarrier and nanoplatform for multifunctional PDT. Pores of nanometric size enable oxygen to diffuse in and out. Interestingly, it has been
shown that silicon NPs themselves are able to generate 1 O2 upon illumination [19, 24, 36]. Silicon NPs
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prepared by laser ablation technology are being examined as prospective photosensitizing agents. The
phenomenon of metal enhanced phosphorescence is being addressed in our lab by investigating phosphorescence emission of porphyrins in presence of golden nanorods in solution (collaboration with the
group of Jan Proška, FJFI, ČVUT). Construction of setup for microscopic observation of singlet oxygen
luminescence directly from living cells with subcellular resolution is also a topic pursued by our lab. So
far, the group of professor Ogilby has managed to make a singlet oxygen based image of neurons. They
used scanning by InGaAs linear array and cells were incubated in D2 O which increases lifetime of 1 O2
by order of magnitude [38].

Summary
There are many new perspectives emerging in PDT research. Especially interesting topic is design
of third-generation NP based multifunctional photosensitizing constructs. Better selectivity for tumor
tissue, deeper light penetration, combination with other therapies as radio- or thermo-therapy, and
fusion of PDT with imaging are addressed. New findings will hopefully promote PDT as a strong cancer
treatment modality thus further enriching our range of tumor-fighting tools.
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Agency of the Czech Republic and the grant SVV-265304 from Charles University.

References
1. Ali, H. and van Lier, J. E., Porphyrins and Phthalocyanines as Photosensitizers and Radiosensitizers, in
Handbook of Porphyrin Science, vol. 4, World Scientific Publishing, 1999.
2. Arnbjerg, J., Jimenez-Banzo, A., Paterson, M. J., Nonell, S., Borrell, J. I., Christiansen, O., and Ogilby, P. R.,
Two-photon absorption in tetraphenylporphycenes: Are porphycenes better candidates than porphyrins for
providing optimal optical properties for two-photon photodynamic therapy?, JOURNAL OF THE AMERICAN CHEMICAL SOCIETY , 129 , 5188–5199, 2007.
3. Bechet, D., Couleaud, P., Frochot, C., Viriot, M.-L., Guillemin, F., and Barbert-Heyob, M., Nanoparticles
as vehicles for delivery of photodynamic therapy agents, Trends in Biotechnology, 26 , 612 – 621, 2008.
4. Buytaert, E., Dewaele, M., and Agostinis, P., Molecular effectors of multiple cell death pathways initiated by
photodynamic therapy, Biochimica et Biophysica Acta (BBA) - Reviews on Cancer , 1776 , 86 – 107, 2007.
5. Chatterjee, D. K., Fong, L. S., and Zhang, Y., Nanoparticles in photodynamic therapy: An emerging
paradigm, Advanced Drug Delivery Reviews, 60 , 1627 – 1637, 2008 Editors’ Collection, 2008.
6. Chen, J., Stefflova, K., Niedre, M., Wilson, B., Chance, B., Glickson, J., and Zheng, G., Protease-triggered
photosensitizing beacon based on singlet oxygen quenching and activation, JOURNAL OF THE AMERICAN
CHEMICAL SOCIETY , 126 , 11 450–11 451, 2004.
7. Chen, W. and Zhang, J., Using nanoparticles to enable simultaneous radiation and photodynamic therapies
for cancer treatment, JOURNAL OF NANOSCIENCE AND NANOTECHNOLOGY , 6 , 1159–1166, 2006.
8. Cheng, Y., Samia, A. C., Meyers, J. D., Panagopoulos, I., Fei, B., and Burda, C., Highly efficient drug
delivery with gold nanoparticle vectors for in vivo photodynamic therapy of cancer, JOURNAL OF THE
AMERICAN CHEMICAL SOCIETY , 130 , 10 643–10 647, 2008.
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