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ABSTRACT

The interaction of light with natural matter leads to a
plethora of photosensitized reactions. These reactions cause
the degradation of biomolecules, such as DNA, lipids, pro-
teins, being therefore detrimental to the living organisms, or
they can also be beneficial by allowing the treatment of sev-
eral diseases by photomedicine. Based on the molecular
mechanistic understanding of the photosensitization reactions,
we propose to classify them in four processes: oxygen-
dependent (type I and type II processes) and oxygen-indepen-
dent [triplet-triplet energy transfer (TTET) and photoadduct
formation]. In here, these processes are discussed by consid-
ering a wide variety of approaches including time-resolved
and steady-state techniques, together with solvent, quencher,
and scavenger effects. The main aim of this survey is to pro-
vide a description of general techniques and approaches that
can be used to investigate photosensitization reactions of bio-
molecules together with basic recommendations on good
practices. Illustration of the suitability of these approaches is
provided by the measurement of key biomarkers of singlet
oxygen and one-electron oxidation reactions in both isolated
and cellular DNA. Our work is an educational review that is
mostly addressed to students and beginners.

INTRODUCTION
Electromagnetic radiation induces chemical modifications in
compounds present in living systems. When photons are directly
absorbed by biomolecules, excited electronic states are generated,
the compound becomes more reactive and, if the energy is not
rapidly dissipated as heat or light, a photochemical reaction can
take place. Alternatively, the photochemical change can occur
indirectly through a photosensitized reaction, that is defined as a

process by which a chemical change occurs in one compound,
the substrate or target, as a result of the initial absorption of elec-
tromagnetic radiation by the photosensitizer (or referred to sim-
ply as sensitizer). Most of the solar energy incidence on Earth’s
surface corresponds to ultraviolet A (UVA) radiation (320–
400 nm), visible (Vis) light (400–700 nm) and infrared
(>700 nm) and is barely absorbed by the main biological chro-
mophores. However, in particular UVA and Vis radiation can
induce chemical changes in biological systems through photosen-
sitized reactions (1–3), while relatively minor UVB component
of solar radiation is predominantly responsible of the direct pho-
tochemical effects on several biomolecules.

Photosensitized processes produce beneficial and harmful
effects in living organisms. UVA radiation is recognized as a
class I carcinogen (4) and epidemiological evidence shows that
exposure of humans to artificial UVA radiation (i.e. sun lamps
and tanning beds) is a major risk factor for melanoma induction
(5–7). However, photosensitization reactions have been applied
in the development of important applications for the treatment of
infections (photodynamic inactivation of microorganisms (PDI))
(8–11) and cancer (photodynamic therapy (PDT)) (12–14).

Endogenous photosensitizers are compounds, usually present
at very low concentrations, which limits their capacity to cause
photodamage, but they can accumulate under certain pathological
situations. Many natural heterocyclic compounds, such as por-
phyrins, flavins, pterins and lumazines (15) and oxidation prod-
ucts of normal cellular components such as some oxidative
degradation products of tryptophan (Trp) (16–18) can be consid-
ered as endogenous photosensitizers. Among exogenous photo-
sensitizers a large number of xenobiotics can be included,
incorporated to living organisms as pharmaceutical drugs or pol-
lutants. In addition, many groups of compounds have been used
as exogenous photosensitizers in PDI and PDT applications, such
as porphyrins, chlorins, phenothiazines and furocoumarins (19–
21). There are many novel techniques and methods of high cur-
rent interest, such as optogenetic sensitizers (genetically-encoded
for cell targeting), nanoparticles and liposomal carriers, plasmon-
driven energy transfer, multifunctional and superhydrophobic
sensitizers (22–25), that will also benefit from the concepts
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discussed in here, but that will not be further mentioned in detail,
since we aim to discuss basic methodological and theoretical
concepts.

Regarding the biological substrates, many biomolecules can
undergo chemical modifications through photosensitized reac-
tions. Taking into account their reactivity, concentration, and bio-
logical relevance, we will focus on the of main targets including
some amino acids, i.e., tryptophan (Trp), tyrosine (Tyr), histidine
(His), methionine (Met), cysteine (Cys), the nucleobases, mostly
guanine (G) and to a lesser extent adenine (A), thymine (T),
cytosine (C)), and the unsaturated fatty acids.

Due to the relevance in biology and medicine, the number of
reports on photosensitization has been growing steadily in the
last decades. Countless studies have dealt with a large number of
photosensitizers, targets, molecular mechanisms and therapeutic
applications and assessment of photodamage in different systems.
Because of the diversity of issues investigated and the hetero-
geneity of the backgrounds of the researchers involved, many
different approaches and methods have been developed and,
therefore, valuable information in the scientific literature is some-
times scattered and difficult to sort. We have recently published
a review article on biological photosensitization reactions that
intends to unify definitions, sort the main mechanisms and gather
relevant examples (26).

Fundamental research in photosensitization is essential to
understand the molecular basis of these processes that affect liv-
ing organisms. In particular, knowledge on mechanisms is crucial
to improve strategies to avoid the harmful effects of electromag-
netic radiation on biological system and to develop new photo-
sensitizers and methods for PDI and PDT. With this in mind, we
present here a guide to techniques with different levels of com-
plexity to elucidate mechanisms of photosensitization processes.
We also assess strategies for combining techniques and make
some recommendations on good practices. This survey, by no
means, includes detailed descriptions of techniques and is not an
exhaustive report of the state-of-the-art approaches that are used
to gain insights into photosensitization mechanisms, which can
be found in the literature. In contrast to previous reviews
(26,27), the present review focuses on practical aspects, includ-
ing do’s and don’ts in evaluating experimental data to acquire
mechanistic information on photosensitized reactions. Conse-
quently, this article should be considered as an educational
review that is mostly addressed to students, beginners and non-
specialists in the molecular fundamentals of photosensitization.

Mechanisms of photosensitization reactions

The well-known type I and type II mechanisms of photosensi-
tized oxidations, initially defined by Foote (28) and more
recently revisited (27), are mainly restricted to oxygen-dependent
processes, in which molecular oxygen (O2) is required in the
process. In addition to type I and type II photosensitized oxida-
tions, several mechanisms have been described for oxygen-
independent processes. In our previous review article, we have
proposed a simple and schematic classification of the most rele-
vant mechanisms described in the literature together with repre-
sentative examples (26). To provide context, in the next
paragraphs the different types of mechanisms are summarized
following the criteria used in Ref. (26) (Scheme 1).

The first step in any mechanism is the absorption of a UV/Vis
photon by the photosensitizer giving rise to a singlet excited

state that usually undergoes intersystem crossing (ISC) to yield a
longer lived triplet excited state (Scheme 1), which not always,
but most of the time, is the reactive species responsible for the
initiation of the chemical process. To understand this fact, some
simple kinetic aspects must be considered and will be briefly dis-
cussed in the next section. Then the first bimolecular step of the
mechanism is the reaction of the singlet or the triplet excited
state of the sensitizer with the substrate or with O2 (Scheme 1).
If the photosensitizer reacts with the substrate, the process is
contact dependent, namely, an encounter between the concerned
species takes place. Many different types of bimolecular reac-
tions need an encounter, such as electron transfer, hydrogen
abstraction, processes that require orbital overlap, energy transfer
taking place through space, etc. If this step is a dynamic process,
the rate of encounters is controlled by diffusion and the involved
sensitizer excited state is usually a triplet excited state. Intersys-
tem crossing can be stimulated by charge-transfer and double
spin-flip processes, while the quenching of the triplet excited
state sensitizer by O2 is a very frequent process leading to the
formation of singlet oxygen (1O2) (see below) (29–33). In con-
trast, if there is a previous association between the photosensi-
tizer and the substrate, the process that is not limited by
diffusion, can be much faster and singlet excited state can also
be involved.

In type I mechanisms, the first chemical reaction involves an
electron transfer, a proton-coupled electron transfer or hydrogen
atom transfer, leading to the formation of radicals. This initial
bimolecular reaction can take place in both directions, but,
almost always, the biomolecule target is the species that under-
goes oxidation. In these processes, O2 participates in subsequent
reactions. Alternatively, the other first bimolecular reaction that
can initiate a type I mechanism is the reduction of O2 by the
photosensitizer leading to the formation of superoxide anion radi-
cal (O2

•–). This mechanism is less important than the former and
has not been included in Scheme 1.

Type II mechanism involves an initial energy transfer from
the triplet excited state of the sensitizer to dissolved O2, yielding
singlet molecular oxygen [O2(

1Δg), denoted throughout as 1O2],
the lowest excited state of O2, which is generally far more reac-
tive than ground state O2 (34–39). Molecular orbital and spin-
orbital diagrams of O2 can be found in Refs. (37) and (40), as
well as an educational undergraduate laboratory example of
using 1O2 for illustrating a [4 + 2] cycloaddition reaction in
Ref. (41). Ground state O2 is reactive on its own, including the
redox reactions with metal ions, such as with Fe(II) compounds.

Oxidation by 1O2 can be accomplished by using other meth-
ods of generation of this species different from classical type II
photosensitization. It is worth mentioning few recently developed
interesting technics, which will not be further discussed. Super-
hydrophobic sensitizers for the generation of airborne 1O2 pro-
vide ways that avoids complications often found with sensitizers
in biological matrixes (42). Singlet oxygen can also be generated
in sensitizer-free systems by irradiation of O2 itself at 765 nm
(43), avoiding side reactions and other complications present
when sensitizers interact with the diversity of molecules found in
biological systems (44). However, the competing absorption by
endogenous chromophores, the low extinction coefficient of O2,
and the need for femtosecond lasers can limit this direct-
excitation technique in biological systems.

In oxygen-independent processes, the excited state photosensi-
tizer reacts with the substrate (Scheme 1), while O2 does not
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participate in any subsequent reaction. The first bimolecular step
can be a triplet-triplet energy transfer (TTET) from the sensitizer
to the substrate, which, in the excited state is more reactive and
may react with a vicinal molecule. A second group of oxygen-
independent reactions involves the formation of photoadducts in
which the sensitizer and the substrate become covalently bound.

Basic kinetics

The triplet excited state of a photosensitizer invariably has lower
energy than the corresponding singlet excited state, which can be
interpreted in the frame of the Hund’s rule, i.e. for a given elec-
tron configuration, the orbital occupancy with maximum multi-
plicity has the lowest energy. In spite of its lower energy, triplet
excited state is, almost always, the pertinent reactive species that
initiates the photosensitized dynamic processes. One may ask:
Why of the two excited states, the one with lowest energy is the
most important for the photosensitized process? The key to
understand this fact does not lie in the energy assessment, but in
a simple and fundamental kinetic analysis.

According to Kasha’s rule, the more energetic singlet
electronic-excited states (S2, S3, etc) relax non-radiatively to the
lowest vibrational level of the first electronic singlet excited state
(S1) from where photophysical and photochemical processes take
place. Kashas’s rule applies to the singlet and triplet excited
states, but there are some exceptions that will not be commented
in here (45). With these concepts in mind, consider the S1 state
of a given photosensitizer (1Sens*) in a solution free of O2 and
of any other reactant. The three fundamental competing pathways
for the decay of 1Sens* are listed in Scheme 2, together with
their corresponding rates. One of these pathways is the intersys-
tem crossing to yield a triplet excited state (3Sens*).

Since the decay of a triplet excited state to the corresponding
ground state is a spin forbidden transition, the rate of its decay is
much lower than the rate of the singlet excited state decay and,
consequently, the lifetime of the former is much longer than the
latter (Scheme 2). Under continuous irradiation the sample
quickly achieves the steady-state condition, at which there is no
change in the concentrations of the reactive intermediates. There-
fore, under these conditions (d[1Sens*]/dt)SS = 0 and (d[3Sens*]/
dt)SS = 0, resulting in Eqs. (1) and (2) for the steady state condi-
tions for the singlet and triplet excited state, respectively. The
rate of formation of 1Sens* per unit of volume is the photon flux
absorbed by the photosensitizer divided by the volume of the

sample (qa,Vn,p ). Therefore Eqs. (3) and (4) can be applied to calcu-
late the concentrations of both excited states (ΦT is the quantum
yield of triplet excited state formation).

d 1Sens�
� �

=dt
� �

SS ¼ 0 ¼ qa,Vn,p –Σk
S
i

1Sens�
� �

(1)

d 3Sens�
� �

=dt
� �

SS ¼ 0 ¼ qa,Vn,p ΦT–ΣkTi
3Sens�
� �

(2)

1Sens�
� � ¼ qa,Vn,p

∑kSi
(3)

3Sens�
� � ¼ qa,Vn,p ΦT

∑kTi
(4)

Within this simple kinetic analysis, it is easy to understand that
the higher reactivity of triplet excited states is mainly due to their
higher concentrations during the irradiation. The derivation of
Eqs. (3) and (4) supposed an ideal situation where the sensitizer
is alone in solution, but they clearly show that any additional
molecule will react with the excited state in higher concentration,
that is the triplet excited state.

The thermodynamic feasibility

A question may be asked: Is a certain compound capable of pho-
tosensitizing the degradation of a given biomolecule? To answer
this question, the first point that has to be considered is if the
potential photosensitizer absorbs UV–Vis photons and whether
part of the singlet excited states generated is converted into tri-
plet excited states. Triplet excited states, with longer lifetimes
than singlet excited states, are most often times responsible for
dynamic photosensitized processes (Scheme 1). An exception to
this assumption can be the case in which there is a previous
association between the photosensitizer and the substrate and
then, since the time between absorption and reaction is shorter,
singlet excited state can react directly. With this in mind we ana-
lyze the properties of triplet excited stated, knowing that in some
particular cases the same considerations can be applied to singlet
excited states.

The triplet excited state of a potential photosensitizer should
present two properties: (1) lifetime (τT, Scheme 2) long enough
to diffuse and collide with the target molecule (dynamic encoun-
ter) and (2) to have enough energy (ΔE0,0) to react with the sub-
strate. τT can be calculated by laser flash photolysis (LFP)
studies, whereas ΔE0,0 can be estimated by theoretical calcula-
tions or by determining the phosphorescence spectrum at low

Scheme 1. Main types of photosensitized reactions of biological targets. Sens: photosensitizer in the ground state, 1Sens*: photosensitizer in the singlet
excited state, 3Sens*: photosensitizer in the triplet excited state, S: substrate or target molecule. For simplicity, only processes initiated by 3Sens* are
shown.

Photochemistry and Photobiology 3

 17511097, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/php.13774 by C

ochraneA
rgentina, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



temperatures. An energy transfer will be possible if ΔE0,0 is
higher than the energy gap between the ground state and the
excited state of the acceptor. However, it is worth mentioning
that when the energy gap is large, other processes can compete,
thereby reducing rates. Therefore, simple comparisons allow to
assess the thermodynamic feasibility of a given process, that is,
to find out if an electronically excited photosensitizer is able to
transfer its energy to O2 for generating 1O2 (type II mechanism)
or directly to a substrate to promote its conversion to an triplet
excited state (TTET).

The analysis of thermodynamics of type I mechanisms is
more complex. Considering the first bimolecular step as a redox
reaction in which the substrate is oxidized (Scheme 1), the ten-
dency of a photosensitizer in its electronic excited state to act as
an oxidant can be assessed in terms of its one-electron reduction
potential (E(Sens*/Sens•–)), also named as E0

ox. E(Sens*/Sens
•–)

can be estimated from the values of the one-electron reduction
potential of the sensitizer in its ground state (E(Sens/Sens•–)) and
ΔE0,0, expressed in electron-volts (eV) (Eq. 5). Then, the ther-
modynamic feasibility of the redox reaction can be evaluated by
estimating the free energy change (ΔG) of the process (Eq. 6).
Here, besides the E(Sens*/Sens•–) value, two additional parame-
ters are needed: (1) the one-electron oxidation potential of the
substrate (the electron donor), or better said, the reduction poten-
tial of the substrate radical, E(S•+/S), and (2) the energy required
for the encounter of the reactants, that is, for bringing the reac-
tant molecules together (Δw) (46,47). Δw value is related to the
solvation energy of an ion pair Sens−/S•+ and is very small com-
pared to the one-electron potentials and, in most cases, can be
ignored for strong polar solvents, such as H2O.

E Sens�=Sens�–ð Þ ¼ E Sens=Sens�–ð Þ þ ΔE0,0 eVð Þ (5)

ΔG eVð Þ ¼ E S�þ=Sð Þ–E Sens�=Sens�–ð Þ þ Δw eVð Þ (6)

Sometimes the information to assess the thermodynamic feasibility
of a given process has been gained and is available in the litera-
ture; in other situations this is not the case and the values have to
be theoretically or experimentally determined. It is important to
take into account that thermodynamic analysis is just a first
approach: if a given process is not thermodynamically possible, it
can be discarded; on the other hand, if the process is feasible, this
does not mean that the process is going to take place because
kinetics have also to be considered. That is, a process, thermody-
namically favored, might not occur because its rate is very low.
Sometimes given a pair photosensitizer-substrate, several

mechanisms are thermodynamically feasible and, in this case,
those mechanisms will take place simultaneously and therefore
compete, the predominant being the faster.

STEADY-STATE PHOTOLYSIS
Valuable information about the mechanism(s) involved in given
photosensitization processes can be obtained by continuous or
steady-state photolysis studies. In these experiments a sample
containing the photosensitizer and the substrate is exposed to
continuous electromagnetic radiation, using a source that emits
in a range of wavelengths for which the photosensitizer absorbs
whereas the substrate does not. In this way, excited states are
generated only in the photosensitizer and if the substrate under-
goes any chemical change, it will be due to photosensitization.
The experiment must be carried out in a receptacle with transpar-
ent walls, for instance a quartz cell, and under controlled condi-
tions, such as defined reactants concentrations, temperature, pH,
etc. After irradiation the concentrations of both reactants are
determined, using a suitable technique, typically, chromatography
or spectroscopic analysis.

A first experimental approach

Comparative photolysis in the presence and the absence of O2

can be a first experimental approach to find out the type of
mechanism involved in a given photosensitization process. The
concentration of O2 depends on several factors, including the
temperature, the pressure and concentration of other compounds
present in solution. O2’s solubility in liquids at constant pressure
and temperature and under equilibrium conditions is usually 10
times larger in organic solvents compared to that of water
(48,49). The more apolar the solvent, the higher the O2 solubility
(50). O2 can be easily removed from solvents by bubbling argon
or nitrogen in the solution, or more efficiently by freeze-pump-
thaw (51). The reduction of O2 concentration depends on many
factors, including the expertise of the researcher performing the
degassing, but it can be as high as 40 times (49). One practical
aspect is to achieve truly O2 free conditions: freeze–thaw-
degassing that is required for this purpose for solutions is not
compatible for cells. Another approach for O2 removal associates
type II photosensitization and chemical trapping, thus attaining
even lower O2 concentrations (52). It is also worth mentioning
that the suppression of the emission by tris(2,20-bipyridine)

Scheme 2. Unimolecular deactivation pathways of singlet (1Sens*) and triplet (3Sens*) excited states of a photosensitizer. ki: rate constant, d[Sens*]/dt:
rate of excited state decay, τ: excited state life time, τS and τT : lifetimes of singlet and triplet excited states, respectively.

4 Maurı́cio S. Baptista et al.
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ruthenium(II) (Ru(bpy)3) provides an efficient and clean method
to detect O2 concentration in solution (53). The O2 concentration
is expected to cause significant changes in the kinetics and yields
of products, unless triplet excited states are not taking part in the
investigated photochemical process. In this case, either the pho-
tochemical reactions are initiated by singlet excited states or
other species that compete with the free photosensitizer, such as
the formation of dimers, aggregates or non-covalent complexes
with biological species that inhibit the O2/excited-photosensitizer
encounter (see further discussions below) (54,55).

The pattern of photosensitizer degradation, which is also
named photobleaching, and the consumption of substrate upon
irradiation will be different for the various types of mechanisms.
Both type I and type II photooxidation mechanisms need O2 and
the photosensitizer is not consumed in the process. That is true
for model and simplified mechanisms, such as those described
below in Eqs. (7–11). However, in type II mechanisms, the pho-
tosensitizer many times can be consumed by the reaction with
1O2. In addition, if the radical anion derived from the photosensi-
tizer is not completely re-oxidized some consumption can be
observed in type I mechanisms. This is particularly relevant in
photooxidation of lipid membranes (56). In general, for photo-
sensitized oxidations, even in cases that deviate from ideal mech-
anisms, the consumption of the photosensitizer is significantly
lower than that of the substrate and O2. In this context, methods
that are photosensitizer free (43) or use phase-separated photo-
sensitizer, such as superhydrophobic materials (42,57) can be
advantageous.

In oxygen-independent processes, photosensitization takes
place under anaerobic conditions and in air-equilibrated solutions
the substrate consumption is, in general, slower because O2 com-
petes with the substrate for the triplet excited state of the photosen-
sitizer. For the formation of photo-adducts the photosensitizer is
always consumed and the relation between the consumption of
both reactants is expected to be 1:1. In contrast, in TTET mecha-
nisms, the photosensitizer in its ground state is recovered upon
reaction with the substrate and, in consequence, no consumption of
the photosensitizer is expected. Table 1 schematically shows the
pattern of consumption of the photosensitizer and substrate for
each type of mechanisms. Of course, this analysis is a simplifica-
tion that does not include some exceptions and (frequent) cases in
which more than one mechanism is occurring simultaneously.

However, even when it is not expected (Table 1), often, a
decrease in the concentration of the photosensitizer is observed
upon irradiation of a solution containing both reactants. The pho-
tobleaching is not necessarily due to the same process in which
the photosensitizer is causing the degradation of the substrate. In
contrast, the photosensitizer can be photo-unstable, undergoing

intrinsic photolysis upon light exposure. For this reason, this type
of experiments must be accompanied by controls in which a solu-
tion of the photosensitizer is irradiated in the absence of substrate.
The irradiation of the substrate in the absence of sensitizer is also
an important control because it ensures that the substrate does not
undergoe direct photodegradation and the consumption in the
solutions containing both reactants is due to photosensitization.

Another interesting experimental consideration during the pho-
tosensitized process is the evaluation of O2 consumption, by
determining its concentration before and after irradiation of the
solution containing the photosensitizer and the substrate. O2-
selective electrodes can be used for monitoring the O2 concentra-
tion upon irradiation of solutions initially saturated with air.
Again, comparative controls carried out with solutions containing
only either the substrate or the sensitizer are mandatory for a
clear interpretation of the results. If the consumption of O2 is
faster than in the controls, a photosensitized oxidation (type I
and/or type II mechanisms) is taking place.

Type I versus type II mechanisms

PDT and PDI are based on the appropriate combination of elec-
tromagnetic radiation, a photosensitizer and O2 to kill cells (can-
cer cell or pathogenic microorganism). Therefore, the term
“photodynamic” involves photosensitized oxidations. In some
applications, like in cancer treatment, a suitable level of tissue
oxygenation is not easy to obtain, a difficulty that is considered
to be responsible for most of the PDT failures in cancer treat-
ment, since most solid tumors are characterized by low O2 con-
centration (58). The role of O2 concentration becomes evident in
the treatment of the diabetic foot for patients suffering from
periphery arterial disease (PAD). Cohort studies and the current
accepted prediction algorithms indicate that the treatment of the
diabetic foot will not be effective, unless tissue revascularization
is performed in patients with PAD (59). The search for photosen-
sitizers that perform properly at low O2 concentration is a hot-
topic in PDT research, but no oxygen-independent photosensi-
tizer has been tested in humans (60).

If we take into account that generation of skin cancer and other
types of photodamage to living organisms also involves the partic-
ipation of O2, it became evident that photosensitized oxidations
plays a pivotal role in skin diseases. Frequently, given a pair pho-
tosensitizer/substrate, type I and type II mechanisms are both ther-
modynamically feasible and compete while dependent on O2

concentration (see Reactions 7–12). In these cases, the predomi-
nant mechanism is not easy to establish and many times would
depend not only on the reactants, but also on the experimental
conditions. Anyhow, we must consider whether we can learn any-
thing about the photosensitization oxidation mechanism(s) in
well-controlled experimental setup, by assessing changes that are
dependent on O2 concentration. In this section we will present
analysis of increasing complexity to get information about the pre-
dominant mechanism in a given photosensitized process.

Two photosensitized oxidations may be considered: The first
one (process 1) takes place exclusively through type I mechanism
while process 2 occurs via a pure type II mechanism. Process 1 can
be a case in which the substrate undergoes one-electron oxidation
by the triplet excited state of the photosensitizer, but it does not
react with 1O2. Process 2 can be a case in which the ΔG value of
the redox reaction is positive (Eq. 6), but the photosensitizer is able
to generate 1O2, which, in turn, oxidizes the substrate.

Table 1. Pattern of consumption of photosensitizer and substrate for dif-
ferent types of mechanisms. These findings are valid only when a unique
mechanism is possible for a given pair sensitizer/substrate.

Reactant

Photosensitized
oxidations

O2 independent
processes

Type I Type II TTET Photoadducts

Presence of O2 Sensitizer −/+ − − +
Substrate + + + +

Absence of O2 Sensitizer − − − ++
Substrate − − ++ ++

TTET = triplet-triplet energy transfer.

Photochemistry and Photobiology 5
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Next, one should take into account Reactions 7–9 that
schematically represent the main steps of type I mechanism and
Reactions 10 and 11 that schematically represent the main steps
of type II mechanism. It is worth mentioning that sometimes O2

deactivates the triplet excited states without generating 1O2

(Reaction 12). This is the main reason why the rate of quenching
of the photosensitizer triplet excited states may be different from
the rate of 1O2 formation.

3Sens� þ S ! Sens�–=SensH� þ S�þ=S �Hð Þ� (7)

Sens�–=SensH� þ O2 ! Sensþ O2
�–=HO2

� (8)

S�þ=S �Hð Þ� !O2=O2
�–=H2O

S oxð Þ (9)

3Sens� þ O2 ! Sensþ 1O2 (10)

Sþ 1O2 ! S oxð Þ (11)

3Sens� þ O2 ! Sensþ O2 (12)

The quantum yield of 1O2 production (ΦΔ) is given by Eq. (13),

ΦΔ ¼ ΦT ϕet (13)

where ϕet is the efficiency of energy transfer from the triplet
excited state of the photosensitizer to O2, that is the fraction of
triplet excited state that is quenched in Reaction 10 (Eq. 14).

ϕet ¼
ket

ΣkTi þ kTS S½ � þ kTO2
O2½ � (14)

In Eq. (14), ΣkTi is the sum of the rate constants of the unimolec-
ular deactivation pathways (Scheme 2), kTS is the rate constant of
the quenching of triplet excited state by the substrate and kTO2

is
the rate constant of the quenching of triplet excited state by O2,
in which both Reactions 10 and 12 contribute.

With these pathways and kinetic analysis in mind, it is possi-
ble to explain the different behavior observed for the consump-
tion of the substrate as a function of irradiation time in
photolysis experiments carried out under various conditions. The
increase in the concentration of O2, easily accomplished by satu-
rating the solution with the gas before irradiation, will always
favor the type II mechanism because the rate of Reaction 10
depends directly on O2 concentration. Therefore, for process 2
the rate of substrate consumption will be higher in O2–saturated
than in air-equilibrated solutions (Fig. 1). This difference will be
more or less significant depending on the fraction of the triplet
excited state of the sensitizer quenched under both O2 concentra-
tion conditions. On the other hand, the increase in O2 concentra-
tion will hinder a type I mechanism because O2 does not
participate in Reaction 7 and consumes part of the triplet excited
states of the sensitizer through Reactions 10 and 12. Therefore,
for process 1 the rate of substrate consumption may be lower in
O2–saturated than in air-equilibrated solutions (Fig. 1).

Besides the concentration of O2, other variables, such as chang-
ing the solvent may bring important information concerning the
photochemical mechanism. The lifetime of 1O2 (τΔ) in D2O is
much longer than in H2O, because protic solvents lead to the short
τΔ due to facile deactivation by O–H vibrational quenching to
ground state 3O2 (61). Therefore, the photosensitized oxidation of
the substrate will be much faster in D2O than in H2O if 1O2 con-
tributes significantly to the process. In cells, the complete
exchange of H2O for D2O cannot be achieved, since some residual
H2O always remains, so the exact τΔ increase from D2O is more

qualitative than quantitative. In contrast, if 1O2 does not partici-
pate at all in the mechanism, the rate of substrate consumption
will be similar in both solvents. This behavior is schematically
shown for the hypothetic processes 1 and 2 in Fig. 1.

Regarding Fig. 1 a relevant observation is necessary. The linear
behavior depicted for all the cases presented in Fig. 1 is just for the
sake of simplicity and lacks from scientific thoroughness. In the
type of experiments proposed in this section, the linear plot is a par-
ticular case under specific conditions, such as short periods of irra-
diation, within which the consumption of the reactant (substrate) is
very small, for instance lower than 15%. The general case is curva-
ture (concave up) because the significant consumption of the sub-
strate makes the reaction slower, that is, the absolute value or
modulus of the slope of the curve decreases with irradiation time.

Kinetic assessment of the contribution of type II mechanism

In solution, 1O2 relaxes to its ground state through solvent
induced radiationless and radiative pathways (Reactions 15 and
16). Alternatively, it may participate in bimolecular processes with

Figure 1. Typical behavior of the time evolution of the concentration of
an oxidizable substrate (S) steadily irradiated in the presence of a suitable
photosensitizer under different experimental conditions. (a) Process 1
takes place through a pure type I mechanism; (b) process 2 takes place
through a pure type II mechanism.

6 Maurı́cio S. Baptista et al.
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other substances present in the medium. In this way, 1O2 may be
physically deactivated by the substrate (Reaction 17) and/or can
oxidize it (Reaction 18, Reaction 11 of the previous section) (62).
The same reactions can take place with the photosensitizer (Reac-
tions 19 and 20). Reaction 20, if it takes place, will lead to the
photodegradation of the sensitizer, and will be evidenced in the
control carried out in the absence of the substrate.

1O2 ! 3O2 (15)

1O2 ! 3O2 þ hν (16)

Sþ 1O2 ! Sþ 3O2 (17)

Sþ 1O2 ! S oxð Þ (18)

Sensþ 1O2 ! Sensþ 3O2 (19)

Sensþ 1O2 ! S oxð Þ (20)

The rate of the oxidation of a defined substrate by 1O2 (Reaction
18) is given by Eq. 21:

d S½ �=dtð ÞΔ ¼ �kΔr�S
1O2
� �

S½ � (21)

where kΔr�S is the rate constant of the chemical reaction between
1O2 and the substrate. If a solution containing the substrate and
the photosensitizer is continuously irradiated at either a wave-
length or a range of wavelengths absorbed only by the photosen-
sitizer, the rate of 1O2 production is given by Eq. (22),

rΔ ¼ qa,Vn,p ΦΔ (22)

where qa,Vn,p and ΦΔ are the photon flux absorbed by the photo-
sensitizer and its quantum yield of 1O2 production, respectively;
and the rate of 1O2 consumption is given by the sum of the rates
of the Reactions 15–20 (Eq. 23),

r�Δ ¼ � kd
1O2
� �þ kΔt�Sens Sens½ � 1O2

� �þ kΔt�S S½ � 1O2
� �� �

(23)

where kd is the non-radiative deactivation rate constant (Reaction
15) (61) [ke, the radiative deactivation rate constant (Reaction
16), is negligible compared to kd (63,64)]; kΔt�S is the rate con-
stant of 1O2 total quenching by the target molecule and is the
sum of kΔr�S (Reaction 18) and the rate constant of the physical
quenching of 1O2 by the substrate (kΔp�S) (Reaction 20) (Eq. 24);
similarly, kΔt�Sens is the rate constant of 1O2 total quenching by
the photosensitizer.

kΔt�S ¼ kΔr�S þ kΔp�S (24)

Assuming steady-state conditions, that is to say, the rates of 1O2

formation and consumption are equal (Eq. 25), the steady-state
concentration of 1O2 can be estimated with Eq. 26.

rΔ þ r�Δ ¼ 0 (25)

1O2
� � ¼ qa,Vn,p ΦΔ

kd þ kΔt�Sens Sens½ � þ kΔt�S S½ � (26)

For a given set of conditions (irradiation intensity, concentra-
tions, etc), the experimental rate of substrate consumption ((d[S]/
dt)exp), determined, for instance, by chromatographic analysis, is
compared to (d[S]/dt)Δ (Eq. 21). If (d[S]/dt)exp is similar to (d
[S]/dt)Δ, the predominance of a 1O2–mediated mechanism can be
inferred. In contrast, if (d[S]/dt)Δ is much lower than (d[S]/dt)exp,
it can be assumed that oxidation via type II mechanism repre-
sents a minor contribution.

This kinetic analysis allows a reliable method to assess the contri-
bution of type II mechanism to the overall photosensitized oxidation
of a substrate (65) and is much more accurate than the rough analy-
sis presented in the previous section. The main difficulty of this
method is that all parameters of Eqs. (22) and (26) have to be deter-
mined. In particular, kΔt�Sens, k

Δ
t�S and qa,Vn,p values are difficult to

measure and require a significant experimental effort.

DETECTION OF REACTIVE INTERMEDIATES

Laser flash photolysis (LFP): Intermediates triplets and
radicals

One of the most useful tools to evaluate photosensitized oxidation
processes is to assess the intermediate species in solution after a
laser pulse, by a method called laser flash photolysis (LFP), a type
of pump-probe spectroscopy that provides information on interme-
diates within time scales ranging from femtoseconds up to micro
and milliseconds. The reactive intermediates relevant to photosensi-
tized oxidations are generated, diffuse and react on this time scale,
making LFP a flexible and fundamental method to investigate the
mechanisms taking place during light-induced oxidations (66), as
well as, the dynamics of interactions and complexation (67).

Although many types of apparatus and configurations have been
developed and used, some common and relevant aspects can be
mentioned (Scheme 3). The sample excitation is often performed
by a nanosecond laser system, such as a neodymium-doped yttrium
aluminium garnet (Nd:YAG) laser coupled or not with optical
parametric oscillator (OPO). Older technology also included cou-
pling with dye laser. The sample solution should have absorbance
in the excitation wavelength (0.1–0.3 absorbance units) to stave off
spectral problems such as inner filter effects. The light beam for
acquiring the transient absorption can be from a continuous light
source like a Xe lamp (usually wavelength selected) or from a
LED. In this case, the pulse of the evaluation source is controlled
to start before the laser excitation pulse. However, currently contin-
uous wave (CW) LED and Xe lamp systems are more frequently
used. The detection system often includes a monochromator or a
photomultiplier tube, or charge-coupled device. Software controls
the timing of the laser and evaluation light pulses, as well as the
opening of the acquisition shutter and the signal acquisition. Raw
data is in the form of transient signals of the absorbance variations
(before and after the laser pulse, ΔAbs) that could be negative or
positive, depending on whether the transient species absorbs more
or less than the ground state in the observed wavelength. By vary-
ing the wavelength of data acquisition in systems equipped with a
monochromator, it is possible to obtain transient spectra.

The transient absorption obtained after a laser flash (pump)
can be used to study the characteristics and reactivity (obviously
both properties are connected) of the intermediate species. In
general, the formation of triplet excited state cannot be detected
by the more common apparatus that uses nanosecond laser pulse,
but can be investigated with femtosecond LFP systems. The fol-
lowing steps, reactions of triplet excited with O2 or the substrate,
can be monitored for all LFP equipment (Scheme 4a). Usually,
the initial signals after the laser pulse are attributed either to tri-
plet excited states or to radical species. For example, the initial
step in type I mechanism (Reaction 7) can typically be followed
in the microsecond time domain (Scheme 4a), where both the
decay of the triplet excited state of the photosensitizer or the for-
mation of the radical can be monitored selecting suitable

Photochemistry and Photobiology 7
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wavelengths (Scheme 4b) (68). Moreover, the transient spectra
recorded at short times after the laser pulse correspond to the for-
mer species, whereas those recorded at long times correspond to
the latter (Scheme 4b). Following the transient at longer time
scales (typically, from 100 μs to milliseconds) (Scheme 4a), may
provide hint of secondary and higher order intermediates, as well
as, information on final products.

Decreasing O2 concentration could be used to characterize the
chemical identity of the intermediate species. A triplet excited state
will have its lifetime increased by at least one order of magnitude

when O2 is removed, since O2 suppresses most triplet excited
states (Reactions 10 and 12). Unfortunately, anion or semi-reduced
radicals will also have their lifetimes increased in the absence of
O2, since O2 usually re-oxide these radicals, forming O2

•– (Reac-
tion 8). Other experiments have to be performed in order to iden-
tify the nature of the intermediate whose lifetime increases in the
absence of O2. For example, triplets are usually efficiently sup-
pressed by carotenoids, while reduced radicals not necessarily
(69). The redox properties of the radicals can be accessed by mea-
suring their reactivity with molecules having different reduction

Scheme 3. Schematic of a laser flash photolysis (LFP) setup and data acquisition. (A) Pulsed-laser irradiation; (B) pulsed-light source for evaluation of
transient intermediate; (C) detection module, commonly a shutter, a monochromator and a photomultiplier tube (PMT) coupled to an oscilloscope; (D)
software for timing control of the laser, evaluation light source, shutter, and signal acquisition; and (E) raw data as transient signals with absorbance
variations, before and after the laser pulses (ΔAbs).

Scheme 4. (a) Portions of the laser flash photolysis (LFP) system involving: pulsed-excitation of sensitizer (Sens); intersystem crossing of singlet-
excited sensitizer (1Sens*) to triplet-excited sensitizer (3Sens*); quenching of 3Sens* in short-time window; reactions proceeding after long-time windows
following the laser pulse. (b) LFP analysis of the initial step of type I mechanism. Representative signal traces and absorption spectra following 3Sens*
decay and transient intermediate appearance of transient intermediates: sensitizer and substrate radicals (Sens•–/SensH• and S•+/S(-H)•, respectively).

8 Maurı́cio S. Baptista et al.
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potentials. This type of experiment can be used to characterize the
range or redox properties of the radical species (56,70).

Can we learn from LFP transient signals that do not depend
on the O2 concentration? Although specific details need to be
investigated in a case-by-case matter, one may consider at least
three most frequent situations:

1 The triplet excited state is interacting with complexes that hin-
der the O2 diffusion. Ground state O2 is small, uncharged and
readily diffuses in the condensed phase, and can react for
example with proteins such as hemoglobin or redox active
metal-containing compounds, but otherwise has a high energy
barrier to activation. The packing density in a globular protein
is very high and usually hinders the diffusion of O2 (71). The
protein conformation usually leads to pockets that can interact
with the photosensitizer. A photosensitizer will typically react
by electron transfer with specific redox-active biological tar-
gets, for example, amino acid components of proteins (72).
The delivery of photosensitizers either bound to proteins or
preferentially interacting with plasma proteins could be an
issue for new generation photosensitizers (14,73).

2 Triplet excited states typically have lifetimes of nanoseconds
to tens of microsecond in the biological environment, mainly
because of the reaction with O2. Triplet excited states have
diffusion-limited reactions (or close to the diffusion limit) with
O2 (74). Excited states diffuse and react during their lifetimes.
To estimate the sphere of activity of a triplet excited state, we
propose to use the boundary conditions suggested by Ogilby,
that assume a radial diffusion of the excited state and estimate
the period at which the excited state is reactive (t) to be equal
to 5 times the value of the excited state lifetime (τ) (39).
Remember that during one lifetime the population of an
excited state is reduced by a factor of 1/e, and therefore, dur-
ing 5 lifetimes the excited state population is reduced to <1%
of the initial value (~0.67%). Taking a typical τT value
(Scheme 2) of ~500 ns, the period of reaction of the triplet
excited state will be around 2500 ns. For a molecule of molec-
ular weight 300–400 g mol−1 and having diffusion coefficient
(D) of ~3 × 10−6 cm2 s−1, its travel distance (δ = √6Dt) will
be around ~66 nm (75). Note, this travel distance is about 10
times smaller than that of 1O2 (see below). Therefore, other
reactions with the triplet excited states can take place in this
limited time/spatial range. This usually occurs when the triplet
excited state is interacting with the biological target in the
ground state. The reaction will usually involve an electron
transfer step with the biological target, which is an electron
donor group such as a double bond of a lipid (56,76) amino
acid (77) or a nitrogenous DNA base (78). Please note that
this is a simple calculation to provide generic and rough esti-
mations of lifetimes and diffusion distances. However, micro-
heterogeneous concentrations may greatly affect this estima-
tion. For example, ground state O2 is small, and its concentra-
tion is ~10-fold higher in lipophilic than aqueous media. The
former coincides with photosensitizer localization when found
in biomembranes.

3 The photosensitizer is associated with itself in the ground
state, forming dimers or higher order aggregates, which can
facilitate excited-state quenching or lead to chemical reactions.
An intermolecular electron transfer reaction will form the
semi-oxidized and the semi-reduced forms of the photosensi-
tizer typically on picosecond time scales (54,79,80).

Singlet oxygen phosphorescence in the NIR

Near-infrared (NIR) luminescence emission centered at 1270 nm,
which is the fingerprint emission of the O2(a

1Δg) → O2(X
3Σg

−)
transition, is the most specific way to detect the generation and
study the reactivity of 1O2, and consequently to characterize the
role of type II photosensitized oxidation reaction. This method is
not very sensitive because the intrinsic emission efficiency of
1O2 is ultra-weak [only 1 in 106 of 1O2 molecules luminesces
(Reaction 16)]. Also the detectors available in this NIR are not
as efficient as those used in the visible spectral range and the
emission decay of 1O2 occurs in the microsecond time domain,
in such a way that emission, reaction and diffusion are in the
same time domain. However, in this spectral region emission
from few other molecules contributes, which leads to a very
specific detection for 1O2. In addition, NIR detectors have
evolved and are more sensitive nowadays. This method has been
at the origin of many discoveries in this field (81–83). As in any
other emissive technique, it is possible to perform steady-state
measurements to obtain emission spectra or to operate in the
time-resolved mode for gaining kinetic information on the decay
and reactivity of the excited transient (84). Interesting to mention
that Gorman and Rodgers predicted, in this review (84), that the
emissive characteristics of 1O2 would prevent the kinetic analysis
of its decay in complex environments, which proved to a wrong
prediction, since kinetic analysis of 1O2 decays could be detected
in several complex scenarios, including single cells (see further
discussion below).

The first aspect that should be considered in any method aim-
ing to quantify 1O2 is that τΔ varies quite substantially with the
solvent, for example, from 3.7 μs in H2O to 66 μs in D2O and
to almost 28 ms in CCl4 (85–87). This is because solvent mole-
cules interact and perturb 1O2 both by charge transfer states and
vibrational modes that mediate non-radiative coupling of
O2(a

1Δg) → O2(X
3Σg

−) transition (88). Therefore, if one would
like to compare yields of 1O2 or its reactivity, it is imperative to
consider the effect of the solvents, ideally comparing measure-
ments performed in the same solvent (89). It is worth mentioning
that the intrinsic τΔ value found in the literature for certain sol-
vents varies quite substantially. This is because τΔ depends on
the solvent purity, especially concerning small amounts of water
or of other impurities. In solvents with longer intrinsic τΔ, or in
complex environments (biological or materials) with high con-
centrations of photosensitizer and suppressors (quenchers), one
should also worry with the suppression by the photosensitizer
and by O2. Besides being the main reactants during the 1O2 gen-
eration, photosensitizer and O2 may also act as suppressors them-
selves (61,90–93).

Taking into account the τΔ value and its diffusion coefficient,
it is possible to estimate its average travel distance (δ = √Dt) to
be around ~660 nm in water (D = 5 × 10−5 cm2 s−1, τΔ ~ 3 μs,
t = 15 μs) (39,94). The physical characteristics of 1O2 (size,
charge, polarity) are very similar to those of O2, indicating the
difficulty to restrain its distribution among different compart-
ments. In terms of biological ultra-structural organization,
660 nm is not small since a membrane bilayer is only 5 nm thick
and several organelles have sizes on the same order of magnitude
than the diffusion distance of 1O2. Consequently, many efforts
have been devoted to the study of the diffusion and reaction of
1O2 in higher complexity systems of interfaces, micelles, vesicles
and cells. By preparing micellar systems in which the generation

Photochemistry and Photobiology 9
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of 1O2 occurred in the bulk solution, while 1O2 trapping was
inside aqueous micelles of different charges, Gorman and col-
leagues showed that 1O2 diffuses and reacts in micellar solutions
similarly than in bulk water, i.e. 1O2 is not affected by the char-
acteristics of the water-organic interfaces (95). Studies in reverse
micelles (water-in-oil nano-emulsions) resulted in similar obser-
vations. The NIR decay data obtained with photosensitizers dis-
solved in different reverse micelles could be fitted by
considering that 1O2 quickly diffuses and equilibrates in the
micro-heterogeneous systems, without any measurable interfer-
ence of the different interfaces (96). Therefore, in heterogeneous
or micro-heterogeneous systems, for example in water-
hydrocarbon domains, 1O2 will have enough time to distribute
between different phases and equilibrate following the tendency
given by the partition coefficient. Therefore, considering the con-
centration gradients, one can consider that 1O2 will be compart-
mentalized following the physical–chemical partition coefficients
(97).

What is the situation when 1O2 is generated within a mem-
brane bilayer by membrane-embedded photosensitizers? To
understand the NIR luminescence profiles in this condition one
must consider the O2 diffusion and partition as well as the lumi-
nescence rate constants in the membrane and water (84). In the
membranes, 1O2 has a higher luminescence rate constant and an
environment that favor longer lifetimes, compared with water
(98). However, the lipid bilayers are so thin compared with the
diffusion radius of 1O2 (see comments above) that 1O2 exits from
the membrane very rapidly. Therefore, NIR emission transients
from liposome suspensions, in which the generation of 1O2

occurs inside the membrane, will not bring information concern-
ing the τΔ value in the environment of the lipid bilayer. The
luminescence transient will show mainly the typical τΔ value
observed in the bulk solution and, at very short times after the
laser pulse, the average escaping time of 1O2 from within the
membrane (99). Therefore, 1O2 molecules escape the membranes
before they can actually “sense” their microenvironments (98).
The τΔ value was estimated to be around 12 and 36 μs in mem-
branes composed of polyunsaturated and saturated lipids, respec-
tively, by measuring decays in bulk solutions of the
phospholipids and estimating their concentrations in the mem-
branes (100). Interestingly, Bacellar and co-workers have used
the diffusion–reaction-decay properties of 1O2 to investigate the
O2 distribution in the fluid/gel phases of lipid membranes (98).

The NIR emission has also been used to study 1O2 in cells.
There are two main protocols, one involving suspension of cells
in media followed by quick measurements and another involving
NIR emission devices coupled to microscopes to realize 1O2

experiments in single cells. In the suspension experiments, sup-
pression experiments (ascorbate or bovine serum albumin (BSA),
for example) are used to show that the emission comes from
within the cells. While in isotropic medium, the presence of
ascorbate virtually suppresses all 1O2 emission; in cell suspen-
sions, τΔ remains almost the same in the presence or absence of
ascorbate (101). Whether or not 1O2 will leak out from cells,
depends on many experimental parameters, such as the site of its
generation and the amount of 1O2 that will escape cells. Suppres-
sion experiments can be used to test the exit of 1O2 from cells.
By using BSA as an extra-cellular suppressor, Jiménez-Banzo
and coworkers found that 1O2 may or may not leak out from the
cells, depending on the photosensitizer and on their intracellular
location (102). Interestingly, in cells previously incubated with

cold D2O, τΔ was shown to depend on the type of photosensi-
tizer, being 5 μs for a photosensitizer that localizes in mitochon-
dria up to 33 μs for a photosensitizer that distributes in many
cell compartments (101). Researchers have also studied emission
properties of 1O2 in suspended cells, in vivo, and other heteroge-
neous media, wherein τΔ is dependent on the type of photosensi-
tizer and its location (103–108).

The intrinsic emissive properties of 1O2 put extraordinary
challenges for its use as an imaging probe in cell experiments.
Nevertheless, successful attempts that were made should be men-
tioned. Observation by epifluorescence of cells loaded with pho-
tosensitizers is a suitable approach to obtain kinetic profiles of
1O2 generation and decay in whole cells. This was achieved by
collecting NIR light of a whole cell and directing it to a NIR-
photomultiplier tube (NIR-PMT). Under these conditions, Kui-
mova and co-authors also observed that the τΔ varied with the
type of photosensitizers from 30–40 μs for an aqueous soluble
photosensitizer down to 4.5 μs for a membrane soluble photosen-
sitizer, and the 1O2 suppression constants by added NaN3 were
also different (109). Therefore, it is evident that τΔ is highly
dependent on the characteristics of the photosensitizers and on
their location inside cells. We can speculate that these changes in
τΔ values are due to different suppressors present in the specific
locations of the cell environments, but the molecular mechanisms
are still under investigation. It is also worth mentioning the direct
excitation of O2 with a 765 nm femto-second laser, providing
expected τΔ in sensitizer-free solvents and spatially resolved gen-
eration while triggering lethal effects in human tumor cells (43).

Electron paramagnetic resonance (EPR)

Electron paramagnetic resonance (EPR) spectroscopy, also
named electron spin resonance (ESR), is a technique to study
chemical species with one or more unpaired electrons (organic
and inorganic free radicals, complexes with transition metal ions,
etc) (110). The method is based on the excitation of electron
spins and, hence, only paramagnetic species give rise to EPR
signals. Since almost all biomolecules and solvents are diamag-
netic, this technique shows great specificity.

Many intermediates in photosensitization reactions have
unpaired electrons. However, these radicals are in general very
reactive and, in consequence, possess short lifetimes in solutions.
This explains that usually under steady-state conditions, the con-
centrations of oxygen radical species and organic radicals are
very low and difficult to detect by EPR. Thus, EPR-spin trapping
is an alternative analytical technique that is also used for the
detection and identification of short-lived free radicals. Spin traps
are compounds, susceptible to react with radical intermediates to
form stable radical adducts that are detectable and finger-
printable by EPR spectroscopy (111,112). Nitrones are common
reagents used as spin traps, for instance, 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) and α-(4-pyridyl-1-oxide) N-t-
butylnitrone (PBN).

Reaction of a given spin trap with different radical species
gives rise to specific radical adducts that shows, in turn, distinc-
tive EPR spectra. Therefore, this technique that ensures the
detection of organic radicals and reactive oxygen species (ROS)
formed in a reaction system, provides structural information on
these reactive radical species. As an example, Scheme 5 shows
the formation of persistent radical adducts in the reaction of
DMPO with different radical species. EPR has also been used

10 Maurı́cio S. Baptista et al.
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for the detection of 1O2 upon trapping by 2,2,6,6-tetra-
methylpiperidine (TEMP) to produce the free radical 2,2,6,6-
tetra-methylpiperidine-N-oxyl (TEMPO), as a sterically hindered
amine (Scheme 5). The total quenching rate constant (kΔt�TEMP)
for this reaction is ~5 × 105 M

−1 s−1. However, the most reliable
detection method of 1O2, particularly in biological systems is
provided by the measurement of its characteristic 1270 lumines-
cence (see above).

To study a photosensitization reaction through EPR-spin trap-
ping the solution mixture of photosensitizers, the substrate and
the spin-trap is steadily irradiated. Since the radical adducts are
sufficiently long lived, the irradiation can be performed inside or
outside the cavity of the EPR spectrometer. In the latter case, the
irradiated solution is rapidly transferred to an EPR cell. EPR
spectra are recorded at different irradiation time and increasing
signals of the radicals formed are registered. Even in simple
reaction systems, many radicals can be simultaneously formed
(see below) and the resulting EPR spectra can be complex due
to the contribution of several individual spectra.

To better detect organic radicals, such as carbon-centered radi-
cals, for instance, those generated in type I photosensitization
mechanism, O2 can be removed from the sample before irradia-
tion. In this way, the reactions of the spin trap with ROS are
avoided, thus giving a simpler and clearer spectrum of the adduct
resulting from the reaction between the spin-trap and the organic
radical (113). However, even under anaerobic conditions, the
recorded spectra may result from the sum of signals belonging to
different organic radical species.

Scavengers

An ideal scavenger is a compound that reacts specifically with
only one reactive species involved in a given photosensitization

mechanism, such as the triplet excited state of the photosensitizer,
an organic radical species or a ROS. Scavengers can be used in
time-resolved studies, but they are more frequently used in steady-
state experiments. In general, comparative experiments are per-
formed in the presence and absence of the scavenger. If the reac-
tion is inhibited by the scavenger, the participation of the reactive
species that is quenched can be inferred. The main drawback of
these experiments is the lack of selectivity. Very rarely does the
scavenger react only with the target intermediate. Furthermore, the
scavenger usually quenches the triplet excited state of the photo-
sensitizer, which inhibits all the mechanisms of photosensitization
(114). Therefore, for investigating the participation of a dedicated
ROS, these experiments should be carried out after checking that
the scavenger under the conditions used, mainly by varying the
concentration, does not quench the excited states of the photosen-
sitizer, and pooling evidence for potential competing ROS and
substrate radicals. Such controls are not so easy to perform and,
consequently, a reliable study with selective scavengers is often
time consuming and requires considerable experimental efforts.

The interaction between the scavenger and the sought interme-
diate can be a physical deactivation or a chemical reaction, fre-
quently named also as physical and chemical quenching,
respectively. In the latter case, information on the selectivity or
specificity may be gained by looking at the final products of the
reaction. In general, the reactions of different ROS with a given
scavenger lead to different products. Therefore, when a scav-
enger of a given reactive species prevents occurrence of a photo-
sensitization reaction, detection of specific products is
mechanistically relevant. Application of this experimental strat-
egy is facilitated if the targeted products have been previously
described in the literature and analytical methods are available
for detecting the standards. In consequence, the investigation of
products implies further additional experimental efforts and
increased costs. In the next paragraphs, several examples of the
use of scavengers are briefly described.

Selective 1O2 scavengers are frequently used to reveal the par-
ticipation of this ROS in the mechanism of photooxidation reac-
tions. In that respect, charge-transfer physical quenchers such as
sodium azide (NaN3), DABCO or other suppressing amines are
used under appropriate conditions. Avoid using large suppressor
concentrations to avoid quenching the triplet exited state of the
photosensitizer (115). β-Carotene can also be used as it is an
energy-transfer physical quencher of 1O2 (116). Scheme 6 shows
several commonly used chemical quenchers of 1O2, which
include dienes to produce endoperoxides, and mono-alkenes to
produce dioxetanes that cleave apart to generate carbonyl frag-
ments. The use of chemical quenchers includes sulfides and
phosphines (also seen in Scheme 6), as well as furans, 9,10-
disubstituted anthracenes, p-nitrosodimethylaniline, and uric acid
whose consumption can be followed by mass spectrometry,
nuclear magnetic resonance (NMR), or UV–Vis spectrophotome-
try. These types of experiments are widespread, but the results
can lead to wrong conclusions and have to be considered with
caution. As mentioned before, the main weakness is usually the
low selectivity of 1O2 quenchers. Organic sulfide and phosphine
traps are useful, but do not exhibit enough selectivity to differen-
tiate between type I and type II mechanisms. This remark applies
as well to thiols whose type I and type II photosensitized reac-
tions can lead to many oxidized products, including disulfides
(RSSR), thiosulfinates [RS(=O)SR], and thiosulfonates [RS(O2)
SR]. One exception concerns the selectivity of 1O2 in the ‘ene’

Scheme 5. Electron paramagnetic resonance (EPR): Formation of persis-
tent radicals by the reaction of spin traps with short-lived radicals.
DMPO: 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), TEMP: 2,2,6,6-tetra-
methylpiperidine, TEMPO: 2,2,6,6-tetra-methylpiperidine-N-oxyl.

Photochemistry and Photobiology 11
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reaction in Scheme 6 that is characterized by the migration of a
double bond considered as a fingerprint of the presence of 1O2.
Alkenes bearing an α-H that are targets for the 1O2-mediated
‘ene’ reaction have been used to decipher relative contributions
of type I and type II reactions (117,118), where the migration of
a double bond monitored by NMR is useful as the analytical
detection technique. In terms of NMR spectroscopy, the direct
detection of intermediates by NMR can be challenging, although
some low temperature NMR experiments involving organic
solvent-soluble traps have been successful (114,119).

In terms of secondary •OH formed in type I reactions, D-
mannitol (e.g. 20–100 mM), ethanol or methanol (100 mM, also up
to 1 M) are good scavengers (120). Conversion of DMSO to
methanesulfinic acid is characteristic of •OH (e.g. 100 mM). Glu-
tathione, 2-mercaptoethanol, and dithiothreitol can be used as oxy-
gen radical scavengers, although they are not selective. Alcohols
are not good scavengers of O2

•–, their low acidity results in ineffi-
cient proton transfer as the pKa of HO2

• is ~4.8. Instead, superox-
ide dismutase (SOD) can be used (e.g. 100 μg mL−1), as well as
chemiluminescence methods with luminol and 6-(4-
methoxyphenyl)-2-methyl-3,7-dihydroimidazo[1,2-a]pyrazin-3-
one hydrochloride (MCLA) (121,122). More will be discussed on
chemiluminescence methods in the next section. Catalase can simi-
larly be used to decompose H2O2 (e.g. 100 μg mL−1), and tested
against denatured catalase (e.g. 100 μg mL−1). More is described
on H2O2 and ROS detection next, in the context of fluorescent
probes.

Probes

An ideal probe is a compound that reacts specifically with only
one reactive species and gives rise to a product that can be detected
spectroscopically. Many probes drastically change their fluores-
cence quantum yield upon reaction with an intermediate, thereby
increasing or decreasing their fluorescence intensity. As with the
case of studies using scavengers (see above), comparative steady-
state photolysis can be performed in the presence and absence of
the dedicated probes. Ideally, the probe forms a product in the
presence of the ROS which is spectroscopically unique. In general,
the advantages and disadvantages of this methodology are similar
to those described for the use of scavengers.

However, there are some differences and aspects that deserve
discussion. Due to the high responsiveness of fluorescence detec-
tion, the use of probes is often more sensitive than that of scav-
engers with the advantage of requiring low concentrations of the
probe. These features make probe experiments more suitable for
complex systems, including investigations in cells. It is worth
mentioning that the detection of a given intermediate by a speci-
fic probe does not constitute proof of its substantial participation
in the photosensitization process; in contrast, it just means that
the reactive species is present in the reaction system. The photo-
sensitivity of luminescent probes must also be taken into
account. Several luminescent probes that are UV–visible light
sensitive are subject to photooxidation, which can lead to pro-
duct(s) that could be the same as those formed upon reaction of

Scheme 6. 1O2 scavengers of varying selectivities.

12 Maurı́cio S. Baptista et al.

 17511097, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/php.13774 by C

ochraneA
rgentina, W

iley O
nline L

ibrary on [31/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the probe with the oxidant of interest. In the next paragraphs,
some relevant examples of the use of probes are briefly
described.

Luminescent (chemiluminescent and fluorescent) probes. Various
probes are currently used to detect ROS and reactive nitrogen
species in cells. However most of them lack of specificity as a
main shortcoming. The 20,70-dichlorofluorescein diacetate
(DCFH-DA) assay that is widely applied to measure ROS since
already 50 years has been shown to suffer from several draw-
backs and limitations (123–127). •OH and not O2

•− among ROS
is able to induce the release of fluorescent 20,70-
dichlorofluorescein (DCF). Furthermore the assay is not specific
of ROS since one-electron oxidants, hypohalous acids and sev-
eral organic radicals including thiyl radicals (RS•) have been
shown to give rise to DCF. This limitation prevents one from
making any relevant conclusion on the nature of ROS that are
measured. Real-time monitoring of several ROS including O2

•−

and H2O2 is however possible using suitable fluorescent probes
(128,129). The probe Singlet oxygen sensor green (SOSG) has
been shown to form an endoperoxide product that shows a typi-
cal fluorescence in the visible region and also functions as a sen-
sitizer (130). A fluorescent NanoSOSG system of polyacrylamide
nanoparticles also works well to detect 1O2 in cells (131), and
1O2-based chemiluminescent dioxetane cleaving systems have
also been reported (132).

Detection of superoxide anion radical. Hydroethidine (HE) also
known as dihydroethidium is a specific chemiluminescent probe
for the detection of O2

•− giving rise through oxidation to red 2-
hydroxyethidium (2-OH-E+) as a red fluorescent product (133).
However this compounds has to be separated by HPLC from
other fluorescent compounds such as ethidium to allow its selec-
tive detection (134,135).

Detection of H2O2. Aromatic boronate-based probes react quan-
titatively with H2O2, forming a phenolic product (136). How-
ever, peroxynitrite and hypochlorite react more rapidly with
boronates, forming the same product. The identity of the oxi-
dant should therefore be confirmed using genetic and/or phar-
macologic approaches, as other acidic hydroperoxides
(especially peroxynitrous acid) may also contribute to the oxida-
tion of boronates.

18O, 17O, 15 N, and 13C isotopic substitution. Valuable mechanis-
tic insight can be obtained from work with isotope tracers. For
example, tracer work that uses [18O]-labeled 1,4-naphthalene
endoperoxides provide clean chemical sources of [18O]-labeled
18O2, which are well-suited for mass spectrometry studies
(137–141). Using 17O2 gas is also useful for tracking of reaction
paths by 17O NMR (142), although the NMR signals can be
broad. One downside is also that 18O2 and 17O2 gases are expen-
sive reagents due to their low 17O and 18O natural abundances to
achieve high enrichments. 13C and 15N NMR with labeled
reagents for product analysis offer an analytical tool that how-
ever requires synthesis (114,119,143). The natural abundance of
31P makes it readily followed by 31P NMR, although compounds
such as triaryl phosphines are potent oxophiles and thus not
selective for differentiating type I and type II sensitized photoox-
idations.

ANALYSIS OF PRODUCTS

Diversification of photosensitized damage

In general, different photosensitizing mechanisms operating on a
given substrate lead to different primary reaction products.
Knowing the main mechanism involved in the photosensitized
degradation of a biomolecule helps to predict probable chemical
transformation and, in the opposite direction, identification of
products allows to speculate on the mechanisms. However, this
simple reasoning is far from easy to implement in most cases.
Even when only a single mechanism is operating, several com-
petitive degradation pathways can occur and the relative rates of
these reactions depend on the environmental conditions
(Scheme 7). In addition, many primary products, such as
hydroperoxides and endoperoxides, are not stable and undergo
further thermal reactions leading to secondary products. Finally,
both primary and secondary products can act as substrates of
photosensitization reactions, can suffer photodegradation by
direct absorption of radiation or can act as photosensitizers them-
selves. In consequence, it is clear that even in a very simple
reaction system, such as an aqueous solution containing a photo-
sensitizer and a substrate exposed to UVA radiation, many prod-
ucts can be generated and the content of the photosensitized
solution will depend on the experimental conditions and the irra-
diation time.

In type I mechanisms, for instance, the radical formed by
electron transfer or hydrogen abstraction frequently is more
acidic than its precursor and two acid base forms can be in equi-
librium. In addition, the unpaired electron is delocalized over
several atoms resulting in different resonance structures. There-
fore, a “free radical” is, as a matter of fact, a set of chemical
structures that can participate in simultaneous pathway leading to
modifications in different positions of the molecule (Scheme 8).
Moreover, these structures can react with several species to yield
different products. Typically, cation radicals can undergo hydra-
tion that often yields C-carbon centered radicals, reaction with
O2, by either addition or by one-electron oxidation, reaction with
O2

•–, dimerize, etc. In addition, deprotonation is often a signifi-
cant competitive reaction that leads to neutral radicals.

Analogous considerations can be made for the other mecha-
nisms. Oxidations involving 1O2 are, in general, more selective
than those included in type I mechanisms. However, this ROS
can react in different ways and in different sites in the same
molecule. The substrate in an electronic excited state, resulting
from photosensitization by TTET, can react through different
pathways, depending on the experimental conditions. Even the

Scheme 7. Diversification of the photochemical damage.

Photochemistry and Photobiology 13
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formation of photoadducts can lead to a family of isomers,
where the substrate and the photosensitizer are linked in differ-
ent ways. A description of the countless possible chemical mod-
ifications that biomolecules can undergo due to
photosensitization is beyond the aims of this review. However,
to show the complexity of the issue and to orientate the reader
on how to deal with the distribution of products, some relevant
examples on isolated and cellular DNA will be presented in the
next sections.

Products of type I and type II photosensitized degradation of
isolated DNA

Detailed mechanistic information is available on the reactivity of
the oxygen species and oxidation processes triggered by photo-
dynamic effects toward isolated DNA and related model com-
pounds in aerated aqueous solutions. Type I photosensitizers
operate mostly by one-electron oxidation of nucleobases with
high preference for guanine that shows the lowest ionization
potential among DNA constituents (27). The resulting unstable
guanine radical cation (Gua•+) is converted into final degradation
products consecutively to deprotonation and nucleophilic addi-
tions. H2O/OH

− addition to C8 of Gua•+ leads to the formation
of 8-hydroxy-7,8-dihydroguanyl radical that is one-electron oxi-
dized by O2 to produce 8-oxo-7,8-dihydroguanine (8-oxoGua),
an ubiquitous DNA oxidation product, whereas competitive one-
electron reduction generates 2,6-diamino-4-hydroxy-5-
formamidopyrimidine (FapyGua) (144,145). Deprotonation of
Gua•+ gives rise to a highly oxidizing guanine radical (Gua(-
H)•) that preferentially reacts with O2

•- (146) mostly produced
by O2-mediated oxidation of photo-induced radical anion of the
photosensitizer as part of type I mechanism. Addition of O2

•- to
radical center at C5 of the tautomeric isomer of Gua(-H•) leads
through a complex multi-step pathway to the formation of 2,5-
diamino-4H-imidazol-4-one (Iz) that is further hydrolyzed into
2,2,4-triamino-5(2H)-oxazolone (Oz) (147). These two guanine
rearrangement products (148,149) are in addition to FapyGua
(150), piperidine labile lesions in contrast to 8-oxoGua that is
resistant to this treatment. It may be pointed out that O2

•- does
not exhibit any significant reactivity toward nucleobases and the
2-deoxyribose moieties (151). Singlet oxygen (1O2) that is the
only ROS produced by type II photosensitization reacts exclu-
sively with guanine among DNA components (152,153). This
leads to the exclusive formation in double-stranded DNA of 8-
oxoGua that is also generated by either one-electron oxidation or
•OH oxidation of guanine (144,145). Therefore the measurement
of 8-oxoGua alone cannot be used of diagnostic for either type I
or type II photosensitization mechanisms. This limitation

necessitates the design of appropriated strategies that are further
discussed below. In addition, there are a few conditions to be
fulfilled in terms of selection of model compounds and condi-
tions of photosensitized oxidation.

20-Deoxyguanosine is a poor model system. 20-Deoxyguanosine
(dG) that is the simplest guanine DNA model compound pre-
senting enough solubility in aqueous solution is not suitable for
investigating type I and type II photosensitization mechanisms
of guanine, the preferential DNA target of these reactions at
least for two main reasons. Thus, evidence has been shown that
highly oxidizing (Gua(-H)•) efficiently oxidizes 8-oxoGua, one
of the main primary one-electron oxidation products of Gua as
soon as it is formed. As a result, secondary oxidation products
including spiroiminodihydantoin (Sp) and Oz that are mechanis-
tically irrelevant when DNA is concerned are produced at the
expense of 8-oxoGua whose formation rapidly plateaus at low
levels (154,155). Another matter of concern is lack of speci-
ficity of chemical 1O2 oxidation reactions of the guanine in dG
with respect to native DNA. In both cases Diels-Alder [4 + 2]
cycloaddition of 1O2 across the imidazole ring of Gua gives
rise to unstable 4,8-endoperoxide that undergoes linear rear-
rangement into 8-hydroperoxyguanine and subsequent reduction
into 8-hydroxyguanine that is in dynamic equilibrium with the
more stable 8-oxoGua tautomer. This pathway that is quantita-
tive in DNA is only minor for dG since guanine 4,8-
endoperoxide mainly decomposes upon loss of a water mole-
cule into a reactive quinoid intermediate that upon subsequent
hydration and rearrangement gives rise to Sp as a primary pho-
tooxidation product (156). The formation of mechanistically
irrelevant Sp in either 1O2 reaction or one-electron oxidation of
Gua in nucleoside/nucleotide prevents the use of these simple
model compounds for investigating type I and II properties of
photosensitizers.

Necessity of preventing occurrence of secondary oxidation reac-
tions of 8-oxoGua. 8-OxoGua shows a much higher susceptibility
by about two orders of magnitude than parent Gua toward oxida-
tion reactions triggered by either 1O2 (157,158) or one-electron
oxidation (159,160). Therefore it is a requisite even when rele-
vant double-stranded DNA is used as the model compound to
minimize the formation of secondary Gua oxidation products.
This could be achieved by exposing DNA to mild oxidation con-
ditions that led to an overall degradation of Gua moieties lower
than 10%.

Measurement of oxidized nucleobases/nucleosides in isolated
DNA. High performance liquid chromatography associated with
accurate and sensitive electrospray ionization tandem mass spec-
trometry detection (HPLC-ESI-MS/MS) has been shown to be
the gold standard method to quantitatively measure a large num-
ber of oxidized 20-deoxyribonucleosides including 8-oxodG and
FapydG (161). The analysis requires application of optimized
condition of enzymatic digestion of oxidized DNA that leads to
a quantitative release of free 20-deoxyribonucleosides. The detec-
tion of the 20-deoxyribonucleoside of FapyGua is more problem-
atic since the opening of imidazole ring is accompanied by a
significant increase in the weakness of the N-glycosidic bond of
the modified nucleoside. This leads to furanose-pyranose ring
isomerization and C10-anomerization of the osidic moiety in a
dynamic way that is accompanied by irreversible release of the

Scheme 8. Competitive pathways in type I mechanism. Sn
•+ and Sn(-

H)•, resonance forms of the substrate radical cation and neutral radical,
respectively.
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free base (162). This difficulty has been overcome by letting the
unstable 20-deoxyribonucleoside quantitatively converted into
FapyGua that is analyzed by gas-chromatography coupled with
mass spectrometry (GC–MS) once the modified base has been
pre-purified by HPLC (163). A more recently alternative protocol
involves direct HPLC-ESI-MS/MS analysis of released FapyGua
(161). 1O2 oxidation of double-stranded DNA leads to the pre-
dominant formation of 8-oxodG whereas type I photosensitized
oxidation gives rise to 8-oxodG, dOz and FapyGua as the main
base degradation products. The latter base degradation pattern
that was observed for riboflavin, benzophenone and 2-methyl-
1,4-napthoquinone, all well-documented type I photosensitizers
(164) is also characteristic of type="InGeneral_Punctuation">•OH-medi-
ated guanine degradation distribution. In addition, •OH is also
capable to oxidize pyrimidine bases, however with usually a
much higher efficiency than type I photosensitizers (145).

Covalently guanine-lysine cross-link represents another rele-
vant DNA modification of type I photosensitization reaction that
could be used as diagnostic of one-electron oxidation of guanine
in DNA-protein complexes. The specific formation of the amino-
nucleobase adducts involves covalent attachment of Ɛ-free amino
group of central lysine of bound KKK tripeptide to TGT trinu-
cleotide at guanine C8 upon riboflavin photosensitization (165).

Site specific distribution of oxidized bases in defined sequence
double-stranded DNA fragments. Another relevant analytical
approach has been developed for gaining mechanistic insights
into type I and type II photosensitized formation in double-
stranded DNA fragments. This is based on the formation of the
main guanine modifications including 8-oxoGua, Oz and Fapy-
Gua at the nucleotide level. For this purpose, [32P]-end labeled
of double stranded DNA fragments of defined sequence that
were obtained by specific restriction enzymatic cleavage of
human genes were used as the oxidation DNA targets. 8-
OxoGua, the exclusive 1O2 oxidation product of DNA, could be
revealed together with FapyGua as DNA repair glycosylase-
sensitives site whereas Oz and FapyGua could be detected as
alkali-labile sites upon hot piperidine treatment. Localization of
enzymatic or chemical cleaved DNA sites is achieved by high
resolution polyacrylamide gel electrophoresis (PAGE) analysis
using the performant sequencing protocol developed by Maxam
and Gilbert (166). It was found that the distribution of 1O2

mediated 8-oxoGua does not show any significant sequence
selectivity as observed upon photosensitization by either hemato-
porphyrin or lomefloxacin in agreement with the similar reactiv-
ity of guanine moieties toward 1O2 oxidation in DNA fragments
irrespective of the nature of vicinal bases (167–169). In contrast,
the type I photosensitized formation of 8-oxoGua and piperidine-
sensitive guanine lesions consisting of Oz and FapyGua is highly
dependent on the nature of the flanking bases (169). Thus 50-
GG-30 doublet and particularly 50G exhibit a high susceptibility
to 1O2 oxidation that is a characteristic feature of type I photo-
sensitizers as observed for riboflavin (167,170), methylene blue
(171), nalidixic acid (168), pterins (170,172) and Nile blue
(170). This was rationalized by theoretical studies in terms of
decrease in the ionization potential of 50G versus 30G and 50-
localization of HOMO in stacked G doublet (173). It was also
shown both experimentally and theoretically that G triplet is
another preferential target for one-electron oxidation of nucle-
obases in native DNA with a preference for central G (174). In

contrast, isolated guanines are poorly oxidized by one-electron
oxidants with no base specificity.

Other analytical approaches that are based on [18O]-labeling
experiments have been applied for assessing contribution of type
I and II photosensitization mechanisms to oxidation reactions of
DNA. Thus riboflavin-mediated sensitization of calf thymus
DNA to UVA radiation in [18O]-labeled aqueous solution led to
the formation of [18O]-enriched 8-oxodG as a relevant indicator
of type I photosensitization mechanism through specific hydra-
tion of the guanine radical cation (175). Monitoring the forma-
tion of monoatomic labeled 8-oxodG arising from [18O]-1O2

oxidation exposure (176) could be used as a relevant indicator of
type II photosensitization reaction in aerated aqueous solution of
DNA. Enhancement of photosensitized formation of 8-oxodG in
D2O that is explained by a significant increase of 1O2 lifetime in
deuterated solvent (61) constitutes an alternative and complemen-
tary way to assess the implication of type II mechanism as
shown for hematoporphyrin (141).

Cellular DNA

Abundant information is available on the chemical reactions trig-
gered by both type I and type II photosensitization reactions that
result in the predominant oxidation of the guanine base in iso-
lated DNA (144,145). Interestingly the aqueous solution model
system that has been mostly used to investigate oxidizing reac-
tions of the guanine moiety mediated by 1O2, one-electron oxi-
dants and (•OH) has been shown to be biologically relevant in
terms of reactivity and formation of final degradation products in
cellular DNA (34,145,177). Therefore, measurement of selected
biomarkers such as 8-oxodG and FapyGua in cellular DNA
could be of mechanistic value. However, this requires application
of accurate and sensitive methods since the levels of oxidatively
generated DNA modifications are at best in the range of a few
modifications per 106 nucleosides. Another difficulty that further
complicates investigation of photosensitized reactions of cellular
DNA is the possible implication of •OH–mediated degradation
processes triggered by Fenton reactions as part of biochemical
oxidative stress response to UV radiation (178,179).

Methods of measurement of photosensitized DNA damage.
HPLC-ESI-MS/MS is the method of choice to measure 8-oxodG
and FapyGua the two main oxidatively generated guanine modi-
fications in cellular DNA (161). However occurrence of spurious
oxidation of overwhelming normal nucleosides during DNA
extraction and subsequent work-up that cannot be totally pre-
vented (145,161,180) could represent a limitation when mild
conditions of photosensitization are concerned. A more sensitive
but less specific alternative to detect oxidatively base lesions is
to apply highly sensitive modified alkaline comet assay that in
contrast to HPLC methods is exempt of artifactual oxidation
occurrence (181,182). Pre-incubation of released DNA by suit-
able DNA repair glycosylases allow highly sensitive detection
and quantitation of two main classes of modified bases. Thus
digestion of DNA with either formamidopyrimidine DNA N-
glycosylase or mammalian 8-oxoguanine DNA N-glycosylase
allows measurement of modified purine bases consisting predom-
inantly of 8-oxoGua and FapyGua. In addition, the levels of 5,6-
saturated pyrimidine bases could be assessed upon DNA incuba-
tion with bacterial endonuclease III (endo III). Application of the
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standard protocol that omits DNA repair incubation provides
information on the generation of oligonucleotide strand breaks
including direct DNA nicks and alkali-labile lesions.

UVA photosensitization of DNA in human cells. The implication
of oxidation reactions with a preponderant role played by 1O2 in
the deleterious effects of UVA on human skin cells was demon-
strated by the initial contributions of RM Tyrell and collaborators
(183,184). Evidence was subsequently provided that UVA irradi-
ation triggered the predominant formation of formamidopyrim-
idine (Fpg)-sensitive sites that were revealed by alkaline elution
technique (185,186). More specifically 8-oxodG an ubiquitous
DNA oxidation was measured by HPLC-ECD and HPLC- MS/
MS (for an early review, see Ref. (187) and herein references). It
was also shown that 8-oxodGuo, the main oxidation product, is
generated as relatively minor lesions with respect to predominant
cyclobutane pyrimidine dimers (CPDs) in human fibroblasts, ker-
atinocytes (188) and skin explants (189) upon UVA irradiation.
While predominant CPDs are formed by direct UVA excitation
of pyrimidine bases, 8-oxodG and other oxidatively minor oxida-
tively generated DNA modifications arise from implication of
still hypothetical endogenous photosensitizers which nature is
likely to differ according to cells (179). Mechanistic insights into
UVA-sensitized oxidation DNA degradation pathways of human
monocytes TPH1 were gained from the measurement of 8-
oxodG and FapyGua, two relevant oxidatively produced guanine
modifications by HPLC-ECD and HPLC/GC/MS respectively.
As striking results it was found that 8-oxodG is predominantly
generated whereas no significant increase in the level of Fapy-
Gua was observed with respect to control, thus strongly suggest-
ing that type II mechanism is mostly involved in the
photosensitization reactions of monocyte DNA. Further informa-
tion was provided by the measurements of three main classes of
DNA oxidation damage using both the basic and enzymatic ver-
sions of the alkaline comet assay. It was found that Fpg-sensitive
sites consisting of guanine modifications, likely 8-oxodG, are
predominantly produced whereas the formation of relatively
minor endo III-sensitive sites and direct DNA strand breaks/
alkali-labile sites is mostly accounted for •OH mediated degrada-
tion reactions (Table 2). This is supported by the comparison of
the distribution of the three classes of DNA UVA modifications
with that produced by gamma rays (Table 2) that predominantly
generate •OH as the reactive species whereas ionization is a
minor contributor. Interestingly the relative yield of DNA strand
breaks with respect to pyrimidine base modifications (about 3) is
similar in DNA exposed to either UVA radiation or gamma rays.
However in agreement with the mild oxidizing feature of 1O2

that exclusivity generated 8-oxodG, the relative yield of Fpg-
sensitive sites compared to DNA stand breaks is about 6-fold
higher upon UVA irradiation than exposure to gamma rays. It
may be concluded that oxidation reactions triggered by UVA on
monocytes are predominantly accounted for by photosensitizers
operating through type II photosensitization mechanism together
with a minor contribution of •OH issued from Fenton type reac-
tions as part of biochemical responses to UVA irradiation. Infor-
mation is also available on the respective levels of 8-oxodG,
Fpg-sensitive sites and strand breaks in the DNA of human ker-
atinocytes and melanocytes growth from the same donor (190).
The UVA-induced formation of 8-oxodG and Fpg-sites is about
two-fold higher in melanocytes than in keratinocytes in

agreement with earlier observations (191). On the other hand the
levels of DNA strand breaks that include alkali-labile sites are
similar in both type cells (190). The relative increase in the
levels of guanine modifications by comparison with DNA breaks
in melanocytes than in keratinocytes is suggestive of relative
higher contribution of 1O2 with respect to Fenton reaction occur-
rence. Evidence has been provided from spectroscopic studies
(192) and visible light irradiation of biological samples (92,193)
that melanin is able to generate 1O2 and also O2

•-, as a likely
precursor of •OH in cells. There is a strong need of assessing
the photodynamic features of a wide variety of photosensitizers
on cellular DNA that could be done by measuring both specific
lesions and broader classes of damage. This concerns in particu-
lar phototherapeutic thiazine dyes with emphasis on methylene
blue that bind to DNA and induce in addition to 8-oxodG other
unknown modifications (194,195), likely as the result of involve-
ment of both types I and type II photosensitization mechanisms
(196–198).

DO’S AND DON’TS FOR GOOD PRACTICES
Scheme 1 shows the types of photosensitization reaction involv-
ing biological targets. There are four quadrants, where the above
text provided practical aspects on how to study them. They
include oxygen-dependent (type I and type II processes) and
oxygen-independent sensitization (TTET and photoadduct forma-
tion). The first recommendation clearly is to consider the four
mechanisms and do not restrict the analysis to the more widely
broadcast and known type I and type II mechanisms.

Insight into these four mechanisms is provided and how to
assess their relative contributions and being critical in the analy-
sis. Isolated system vs. cellular system: There are pluses and
minuses to each since the number of variables in the former is
lower but in a contrived setting, while in the latter, a larger num-
ber of variables complicates a “high-resolution” mechanistic
analysis. For example, in cellular systems, there are challenges
from competing (e.g. O2

•−, HO∙, NO∙, ONOO−, OCl−, H2O2,
Fenton, and other oxidation and autoxidation reactions) that also
arise by normal enzymatic reactions. In short, one must be very
careful in applying conclusions obtained from simple and con-
trolled systems to cells. There are virtues in putting together dif-
ferent possibilities that associate physical, chemical, and
biological aspects. Therefore use of various sources of informa-
tion from isolated and cellular systems could be useful.

In this survey we have described the use of different tech-
niques and different experimental strategies, emphasizing the
pros and cons of each one. It is clear that no reliable conclusions

Table 2. Relative yield of UVA radiation and gamma ray induced
classes of DNA damage*.

Classes of oxidatively generated DNA
damage

UVA
radiation

Gamma
rays

Fpg-sensitive sites (purine modifications) 61% 21%
Endo III-sensitive sites (pyrimidine base

lesions)
10% 23%

DNA strand breaks (direct and alkali-labile
sites)

29% 56%

*Measured by basal and enzymatic versions of the alkaline comet assay
(181).
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can be made and no elucidation of mechanisms is possible using
a single technique. To sum up, there are benefits that can be
expected by using different methodologies and strategies.

CONCLUSIONS
This is a follow-up of recent surveys aimed at reviewing mecha-
nistic aspects of photosensitized degradation of key biomolecules
(nucleic acids, unsaturated lipids, proteins) that have included a
slightly revisited version of type I and type II photosensitization
pathways. Emphasis is placed in the present article on the evalu-
ation of the potential and limitation of available experimental
approaches for providing mechanistic insights in photosensitized
reactions. These include time-resolved and steady-state spectro-
scopic methods that may be complemented by the delineation of
the modifying effects of quenchers and scavengers. In addi-
tion, relevant information may be gained from the characteriza-
tion of dedicated final degradation products of biomolecules,
information that can be used in cells as relevant and sensitive
biomarker(s) of representative photosensitized mechanisms. We
hope our work will establish good standard practices, with clear
hints on how to succeed in the study of the photosensitized oxi-
dation reactions.
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freezing on thermoluminescence in various plant species. Pho-
tochem. Photobiol. 80, 525–530.

80. Matsuzaki, H., T. N. Murakami, N. Masaki, A. Furube, M. Kimura
and S. Mori (2014) Dye aggregation effect on interfacial electron-
transfer dynamics in zinc phthalocyanine-sensitized solar cells. J.
Phys. Chem. C 118, 17205–17212.

81. Khan, A. U. and M. Kasha (1979) Direct spectroscopic observation
of singlet oxygen emission at 1268 nm excited by sensitizing dyes
of biological interest in liquid solution. Proc. Natl. Acad. Sci. USA
76, 6047–6049.

82. Kasha, M. (1985) Singlet oxygen electronic structure. In Singlet O2,
Vol. 1 (Edited by A. Frimer), pp. 1–12. CRC Press, Boca Raton,
FL.
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Kinetics of singlet oxygen photosensitization in human skin fibrob-
lasts. Free Radic. Biol. Med. 44, 1926–1934.

103. Pfitzner, M., J. C. Schlothauer, E. Bastien, S. Hackbarth, L. Bezdet-
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