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ABSTRACT 46 

The interaction of light with natural matter leads to a plethora of photosensitized reactions. 47 

These reactions cause the degradation of biomolecules, such as DNA, lipids, proteins, being 48 

therefore detrimental to the living organisms, or they can also be beneficial by allowing the 49 

treatment of several diseases by photomedicine. Based on the molecular mechanistic 50 

understanding of the photosensitization reactions, we propose to classify them in four 51 

processes: oxygen-dependent (type I and type II processes) and oxygen-independent [triplet-52 

triplet energy transfer (TTET) and photoadduct formation]. In here, these processes are 53 

discussed by considering a wide variety of approaches including time-resolved and steady-54 

state techniques, together with solvent, quencher, and scavenger effects. The main aim of this 55 

survey is to provide a description of general techniques and approaches that can be used to 56 

investigate photosensitization reactions of biomolecules together with basic 57 

recommendations on good practices. Illustration of the suitability of these approaches is 58 

provided by the measurement of key biomarkers of singlet oxygen and one-electron oxidation 59 

reactions in both isolated and cellular DNA. Our work is an educational review that is mostly 60 

addressed to students and beginners. 61 

  62 
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INTRODUCTION 63 

Electromagnetic radiation induces chemical modifications in compounds present in living 64 

systems. When photons are directly absorbed by biomolecules, excited electronic states are 65 

generated, the compound becomes more reactive and, if the energy is not rapidly dissipated 66 

as heat or light, a photochemical reaction can take place. Alternatively, the photochemical 67 

change can occur indirectly through a photosensitized reaction, that is defined as a process 68 

by which a chemical change occurs in one compound, the substrate or target, as a result of 69 

the initial absorption of electromagnetic radiation by the photosensitizer (or referred to 70 

simply as sensitizer). Most of the solar energy incidence on Earth’s surface corresponds to 71 

ultraviolet A (UVA) radiation (320–400 nm), visible (Vis) light (400–700 nm) and infrared 72 

(>700 nm) and is barely absorbed by the main biological chromophores. However, in 73 

particular UVA and Vis radiation can induce chemical changes in biological systems through 74 

photosensitized reactions (1,2,3), while relatively minor UVB component of solar radiation 75 

is predominantly responsible of the direct photochemical effects on several biomolecules. 76 

Photosensitized processes produce beneficial and harmful effects in living organisms. 77 

UVA radiation is recognized as a class I carcinogen (4) and epidemiological evidence shows 78 

that exposure of humans to artificial UVA radiation (i.e. sun lamps and tanning beds) is a 79 

major risk factor for melanoma induction (56,7). However, photosensitization reactions have 80 

been applied in the development of important applications for the treatment of infections 81 

(photodynamic inactivation of microorganisms (PDI)) (8,9,10,11) and cancer 82 

(photodynamic therapy (PDT)) (12,13,14). 83 

 Endogenous photosensitizers are compounds, usually present at very low 84 

concentrations, which limits their capacity to cause photodamage, but they can accumulate 85 

under certain pathological situations. Many natural heterocyclic compounds, such as 86 

porphyrins, flavins, pterins and lumazines (15) and oxidation products of normal cellular 87 
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components such as some oxidative degradation products of tryptophan (Trp) (16,17,18) can 88 

be considered as endogenous photosensitizers. Among exogenous photosensitizers a large 89 

number of xenobiotics can be included, incorporated to living organisms as pharmaceutical 90 

drugs or pollutants. In addition, many groups of compounds have been used as exogenous 91 

photosensitizers in PDI and PDT applications, such as porphyrins, chlorins, phenothiazines 92 

and furocoumarins (19,20,21). There are many novel techniques and methods of high current 93 

interest, such as optogenetic sensitizers (genetically-encoded for cell targeting), nanoparticle 94 

and liposomal carriers, plasmon-driven energy transfer, multifunctional and 95 

superhydrophobic sensitizers (22,23,24,25), that will also benefit from the concepts 96 

discussed in here, but that will not be further mentioned in detail, since we aim to discuss 97 

basic methodological and theoretical concepts. 98 

Regarding the biological substrates, many biomolecules can undergo chemical 99 

modifications through photosensitized reactions. Taking into account their reactivity, 100 

concentration, and biological relevance, we will focus on the of main targets including some 101 

amino acids (Trp, tyrosine (Tyr), histidine (His), methionine (Met), cysteine (Cys), etc.), the 102 

nucleobases (mostly guanine (G) and to a lesser extent adenine (A), thymine (T), cytosine 103 

(C)), and the unsaturated fatty acids. 104 

 Due to the relevance in biology and medicine, the number of reports on 105 

photosensitization has been growing steadily in the last decades. Countless studies have dealt 106 

with a large number of photosensitizers, targets, molecular mechanisms and therapeutic 107 

applications and assessment of photodamage in different systems. Because of the diversity 108 

of issues investigated and the heterogeneity of the backgrounds of the researchers involved, 109 

many different approaches and methods have been developed and, therefore, valuable 110 

information in the scientific literature is sometimes scattered and difficult to sort. We have 111 

recently published a review article on biological photosensitization reactions that intends to 112 
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unify definitions, sort the main mechanisms and gather relevant examples (26). 113 

 Fundamental research in photosensitization is essential to understand the molecular 114 

basis of these processes that affect living organisms. In particular, knowledge on mechanisms 115 

is crucial to improve strategies to avoid the harmful effects of electromagnetic radiation on 116 

biological system and to develop new photosensitizers and methods for PDI and PDT. With 117 

this in mind, we present here a guide to techniques with different levels of complexity to 118 

elucidate mechanisms of photosensitization processes. We also assess strategies for 119 

combining techniques and make some recommendations on good practices. This survey, by 120 

no means, includes detailed descriptions of techniques and is not an exhaustive report of the 121 

state-of-the-art approaches that are used to gain insights into photosensitization mechanisms, 122 

which can be found in the literature. In contrast to previous reviews (26,27), the present 123 

review focuses on practical aspects, including do’s and don’ts in evaluating experimental 124 

data to acquire mechanistic information on photosensitized reactions. Consequently, this 125 

article should be considered as an educational review that is mostly addressed to students, 126 

beginners and non-specialists in the molecular fundamentals of photosensitization. 127 

Mechanisms of photosensitization reactions 128 

The well-known type I and type II mechanisms of photosensitized oxidations, initially 129 

defined by Foote (28) and more recently revisited (27), are mainly restricted to oxygen-130 

dependent processes, in which molecular oxygen (O2) is required in the process. In addition 131 

to type I and type II photosensitized oxidations, several mechanisms have been described for 132 

oxygen-independent processes. In our previous review article, we have proposed a simple 133 

and schematic classification of the most relevant mechanisms described in the literature 134 

together with representative examples (26). To provide context, in the next paragraphs the 135 

different types of mechanisms are summarized following the criteria used in Ref. 26 (Scheme 136 

1). 137 
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<Scheme 1> 138 

The first step in any mechanism is the absorption of a UV/Vis photon by the 139 

photosensitizer giving rise to a singlet excited state that usually undergoes intersystem 140 

crossing (ISC) to yield a longer lived triplet excited state (Scheme 1), which not always, but 141 

most of the time, is the reactive species responsible for the initiation of the chemical process. 142 

To understand this fact, some simple kinetic aspects must be considered and will be briefly 143 

discussed in the next section. Then the first bimolecular step of the mechanism is the reaction 144 

of the singlet or the triplet excited state of the sensitizer with the substrate or with O2 (Scheme 145 

1). If the photosensitizer reacts with the substrate, the process is contact dependent, namely, 146 

an encounter between the concerned species takes place. Many different types of bimolecular 147 

reactions need an encounter, such as electron transfer, hydrogen abstraction, processes that 148 

require orbital overlap, energy transfer taking place through space, etc. If this step is a 149 

dynamic process, the rate of encounters is controlled by diffusion and the involved sensitizer 150 

excited state is usually a triplet excited state. Intersystem crossing can be stimulated by 151 

charge-transfer and double spin-flip processes, while the quenching of the triplet excited state 152 

sensitizer by O2 is a very frequent process leading to the formation of singlet oxygen (1O2) 153 

(see below) (29,30,31,32,33). In contrast, if there is a previous association between the 154 

photosensitizer and the substrate, the process that is not limited by diffusion, can be much 155 

faster and singlet excited state can also be involved. 156 

In type I mechanisms the first chemical reaction involves an electron transfer, a 157 

proton-coupled electron transfer or hydrogen atom transfer, leading to the formation of 158 

radicals. This initial bimolecular reaction can take place in both directions, but, almost 159 

always, the biomolecule target is the species that undergoes oxidation. In these processes O2 160 

participates in subsequent reactions. Alternatively, the other first bimolecular reaction that 161 

can initiate a type I mechanism is the reduction of O2 by the photosensitizer leading to the 162 
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formation of superoxide anion radical (O2•–). This mechanism is less important than the 163 

former and has not been included in Scheme 1.  164 

Type II mechanism involves an initial energy transfer from the triplet excited state of 165 

the sensitizer to dissolved O2, yielding singlet molecular oxygen [O2(1∆g), denoted 166 

throughout as 1O2], the lowest excited state of O2, which is generally far more reactive than 167 

ground state O2 (34,35,36,37,38,39). Molecular orbital and spin-orbital diagrams of O2 can 168 

be found in refs. 37 and 40, as well as an educational undergraduate laboratory example of 169 

using 1O2 for illustrating a [4 + 2] cycloaddition reaction in ref. 41. Ground state O2 is reactive 170 

on its own, including the redox reactions with metal ions, such as with Fe(II) compounds. 171 

Oxidation by 1O2 can be accomplished by using other methods of generation of this 172 

species different from classical type II photosensitization. It is worth once mentioning few 173 

recently developed interesting technics, which will not be further discussed. 174 

Superhydrophobic sensitizers for the generation of airborne 1O2 provide ways that avoids 175 

complications often found with sensitizers in biological matrixes (42). Singlet oxygen can 176 

also be generated in sensitizer-free systems by irradiation of O2 itself at 765 nm (43), 177 

avoiding side reactions and other complications present when sensitizers interact with the 178 

diversity of molecules found in biological systems (44). However, the competing absorption 179 

by endogenous chromophores, the low extinction coefficient of O2, and the need for 180 

femtosecond lasers can limit this direct-excitation technique in biological systems. 181 

In oxygen-independent processes, the excited state photosensitizer reacts with the 182 

substrate (Scheme 1), while O2 does not participate in any subsequent reaction. The first 183 

bimolecular step can be a triplet-triplet energy transfer (TTET) from the sensitizer to the 184 

substrate, which, in the excited state is more reactive and may react with a vicinal molecule. 185 

A second group of oxygen-independent reactions involve the formation of photoadducts in 186 

which the sensitizer and the substrate become covalently bound. 187 
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Basic kinetics 188 

The triplet excited state of a photosensitizer invariably has lower energy than the 189 

corresponding singlet excited state, which can be interpreted in the frame of the Hund’s rule, 190 

i.e., for a given electron configuration, the orbital occupancy with maximum multiplicity has 191 

the lowest energy. In spite of its lower energy, triplet excited state is, almost always, the 192 

pertinent reactive species that initiates the photosensitized dynamic processes. One may ask: 193 

Why of the two excited states, the one with lowest energy is the most important for the 194 

photosensitized process? The key to understand this fact does not lies in the energy 195 

assessment, but in a simple and fundamental kinetic analysis.  196 

 According to Kasha’s rule, the more energetic singlet electronic-excited states (S2, 197 

S3, etc) relax non-radiatively to the lowest vibrational level of the first electronic singlet 198 

excited state (S1) from where photophysical and photochemical processes take place. 199 

Kashas’s rule applies to the singlet and triplet excited states, but there are some exceptions 200 

that will not be commented in here (45). With these concepts in mind, consider the S1 state 201 

of a given photosensitizer (1Sens*) in a solution free of O2 and of any other reactant. The 202 

three fundamental competing pathways for the decay of 1Sens* are listed in Scheme 2, 203 

together with their corresponding rates. One of these pathways is the intersystem crossing to 204 

yield a triplet excited state (3Sens*). 205 

<Scheme 2> 206 

Since the decay of a triplet excited state to the corresponding ground state is a spin 207 

forbidden transition, the rate of its decay is much lower than the rate of the singlet excited 208 

state decay and, consequently, the lifetime of the former is much longer than the latter 209 

(Scheme 2). Under continuous irradiation the sample quickly achieves the steady-state 210 

condition, at which there is no change in the concentrations of the reactive intermediates. 211 

Therefore, under these conditions (d[1Sens*]/dt)SS= 0 and (d[3Sens*]/dt)SS= 0, resulting in 212 
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equations 1 and 2 for the steady state conditions for the singlet and triplet excited state, 213 

respectively. The rate of formation of 1Sens* per unit of volume is the photon flux absorbed 214 

by the photosensitizer divided by the volume of the sample (𝑞𝑞𝑛𝑛,𝑝𝑝
𝑎𝑎,𝑉𝑉). Therefore equations 3 and 215 

4 can be applied to calculate the concentrations of both excited states (ΦT is the quantum 216 

yield of triplet excited state formation). 217 

(d[1Sens*]/dt)SS= 0 = 𝑞𝑞𝑛𝑛,𝑝𝑝
𝑎𝑎,𝑉𝑉- Σ𝑘𝑘𝑖𝑖𝑆𝑆  [1Sens*]     (1) 218 

(d[3Sens*]/dt)SS= 0 = 𝑞𝑞𝑛𝑛,𝑝𝑝
𝑎𝑎,𝑉𝑉 ΦT – Σ𝑘𝑘𝑖𝑖𝑇𝑇 [3Sens*]     (2) 219 

[ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆1 ∗] =
𝑞𝑞𝑛𝑛,𝑝𝑝
𝑎𝑎,𝑉𝑉

∑𝑘𝑘𝑖𝑖
𝑆𝑆        (3) 220 

[ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆3 ∗] =
𝑞𝑞𝑛𝑛,𝑝𝑝
𝑎𝑎,𝑉𝑉  Φ𝑇𝑇

∑𝑘𝑘𝑖𝑖
𝑇𝑇         (4) 221 

Within this simple kinetic analysis, it is easy to understand that the higher reactivity 222 

of triplet excited states is mainly due to their higher concentrations during the irradiation. 223 

The derivation of equations 3 and 4 supposed an ideal situation where the sensitizer is alone 224 

in solution, but they clearly show that any additional molecule will react with the excited 225 

state in higher concentration, that is the triplet excited state. 226 

The thermodynamic feasibility 227 

A question may be asked: Is a certain compound capable of photosensitizing the degradation 228 

of a given biomolecule? To answer this question, the first point that has to be considered is 229 

if the potential photosensitizer absorbs UV-Vis photons and whether part of the singlet 230 

excited states generated is converted into triplet excited states. Triplet excited states, with 231 

longer lifetimes than singlet excited states, are most often times responsible for dynamic 232 

photosensitized processes (Scheme 1). An exception to this assumption can be the case in 233 

which there is a previous association between the photosensitizer and the substrate and then, 234 
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since the time between absorption and reaction is shorter, singlet excited state can react 235 

directly. With this in mind we analyze the properties of triplet excited stated, knowing that 236 

in some particular cases the same considerations can be applied to singlet excited states. 237 

 The triplet excited state of a potential photosensitizer should present two properties: 238 

i) lifetime (τT, Scheme 2) long enough to diffuse and collide with the target molecule 239 

(dynamic encounter) and ii) to have enough energy (∆E0,0) to react with the substrate. τT can 240 

be calculated by laser flash photolysis (LFP) studies, whereas ∆E0,0 can be estimated by 241 

theoretical calculations or by determining the phosphorescence spectrum at low 242 

temperatures. An energy transfer will be possible if ∆E0,0 is higher than the energy gap 243 

between the ground state and the excited state of the acceptor. However, it is worth 244 

mentioning that when the energy gap is large, other processes can compete, thereby reducing 245 

rates. Therefore, simple comparisons allow to assess the thermodynamic feasibility of a given 246 

process, that is, to find out if an electronically excited photosensitizer is able to transfer its 247 

energy to O2 for generating 1O2 (type II mechanism) or directly to a substrate to promote its 248 

conversion to an triplet excited state (TTET). 249 

 The analysis of thermodynamics of type I mechanisms is more complex. Considering 250 

the first bimolecular step as a redox reaction in which the substrate is oxidized (Scheme 1), 251 

the tendency of a photosensitizer in its electronic excited state to act as an oxidant can be 252 

assessed in terms of its one-electron reduction potential (E(Sens*/Sens•–)), also named as E´ox. 253 

E(Sens*/Sens•–) can be estimated from the values of the one-electron reduction potential of 254 

the sensitizer in its ground state (E(Sens/Sens•–)) and ∆E0,0, expressed in electron-volts (eV) 255 

(Equation 5). Then, the thermodynamic feasibility of the redox reaction can be evaluated by 256 

estimating the free energy change (∆G) of the process (Equation 6). Here, besides the 257 

E(Sens*/Sens•–) value, two additional parameters are needed: i) the one-electron oxidation 258 

potential of the substrate (the electron donor), or better said, the reduction potential of the 259 
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substrate radical, E(S•+/S), and ii) the energy required for the encounter of the reactants, that 260 

is, for bringing the reactant molecules together (Δw) (46,47). Δw value is related to the 261 

solvation energy of an ion pair Sens–/S•+ and is very small compared to the one-electron 262 

potentials and, in most cases, can be ignored for strong polar solvents, such as H2O. 263 

E(Sens*/Sens•–)= E(Sens/Sens•–) + ∆E0,0(eV)     (5) 264 

ΔG(eV)= E(S•+/S) – E(Sens*/Sens•–) + Δw (eV)     (6) 265 

Sometimes the information to assess the thermodynamic feasibility of a given process 266 

has been gained and is available in the literature; in other situations this is not the case and 267 

the values have to be theoretically or experimentally determined. It is important to take into 268 

account that thermodynamic analysis is just a first approach: if a given process is not 269 

thermodynamically possible, it can be discarded; on the other hand, if the process is feasible, 270 

this does not mean that the process is going to take place because kinetics have also to be 271 

considered. That is, a process, thermodynamically favored, might not occur because its rate 272 

is very low. Sometimes given a pair photosensitizer-substrate, several mechanisms are 273 

thermodynamically feasible and, in this case, those mechanisms will take place 274 

simultaneously and therefore compete, the predominant being the faster. 275 

STEADY-STATE PHOTOLYSIS 276 

 Valuable information about the mechanism(s) involved in given photosensitization 277 

processes can be obtained by continuous or steady-state photolysis studies. In these 278 

experiments a sample containing the photosensitizer and the substrate is exposed to 279 

continuous electromagnetic radiation, using a source that emits in a range of wavelengths for 280 

which the photosensitizer absorbs whereas the substrate does not. In this way, excited states 281 

are generated only in the photosensitizer and if the substrate undergoes any chemical change, 282 
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it will be due to photosensitization. The experiment must be carried out in a receptacle with 283 

transparent walls, for instance a quartz cell, and under controlled conditions, such as defined 284 

reactants concentrations, temperature, pH, etc. After irradiation the concentrations of both 285 

reactants are determined, using a suitable technique, typically, chromatography or 286 

spectroscopic analysis. 287 

A first experimental approach 288 

Comparative photolysis in the presence and the absence of O2 can be a first experimental 289 

approach to find out the type of mechanism involved in a given photosensitization process. 290 

The concentration of O2 depends on several factors, including the temperature, the pressure 291 

and concentration of other compounds present in solution. O2’s solubility in liquids at 292 

constant pressure and temperature and under equilibrium conditions is usually 10 times larger 293 

in organic solvents compared to that of water (48,49). The more apolar the solvent, the higher 294 

the O2 solubility (50). O2 can be easily removed from solvents by bubbling argon or nitrogen 295 

in the solution, or more efficiently by freeze-pump-thaw (51). The reduction of O2 296 

concentration depends on many factors, including the expertise of the researcher performing 297 

the degassing, but it can be as high as 40 times (49). One practical aspect is to achieve truly 298 

O2 free conditions: freeze-thaw-degassing that is required for this purpose for solutions is not 299 

compatible for cells. Another approach for O2 removal associates type II photosensitization 300 

and chemical trapping, thus attaining even lower O2 concentrations (52). It is also worth 301 

mentioning that the suppression of the emission by tris(2,2′-bipyridine)ruthenium(II) 302 

(Ru(bpy)3) provides an efficient and clean method to detect O2 concentration in solution (53). 303 

The O2 concentration is expected to cause significant changes in the kinetics and yields of 304 

products, unless triplet excited state are not taking part in the investigated photochemical 305 

process. In this case, either the photochemical reactions are initiated by singlet excited states 306 

or other species that compete with the free photosensitizer, such as the formation of dimers, 307 
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aggregates or non-covalent complexes with biological species that inhibit the O2/excited-308 

photosensitizer encounter (see further discussions below) (54,55). 309 

The pattern of photosensitizer degradation, which is also named photobleaching, and 310 

the consumption of substrate upon irradiation will be different for the various types of 311 

mechanisms. Both type I and type II photooxidation mechanisms need O2 and the 312 

photosensitizer is not consumed in the process. That is true for model and simplified 313 

mechanisms, such as those described below in equation 7 to 11. However, in type II 314 

mechanisms the photosensitizer many times can be consumed by the reaction with 1O2. In 315 

addition, if the radical anion derived from the photosensitizer is not completely re-oxidized 316 

some consumption can be observed in type I mechanisms. This is particularly relevant in 317 

photooxidation of lipid membranes (56). In general, for photosensitized oxidations, even in 318 

cases that deviate from ideal mechanisms, the consumption of the photosensitizer is 319 

significantly lower than that of the substrate and O2. In this context, methods that are 320 

photosensitizer free (43) or use phase-separated photosensitizer, such as superhydrophobic 321 

materials (42,57) can be advantageous. 322 

In oxygen-independent processes photosensitization takes place under anaerobic 323 

conditions and in air-equilibrated solutions the substrate consumption is, in general, slower 324 

because O2 competes with the substrate for the triplet excited state of the photosensitizer. For 325 

the formation of photo-adducts the photosensitizer is always consumed and the relation 326 

between the consumption of both reactants is expected to be 1:1. In contrast, in TTET 327 

mechanisms, the photosensitizer in its ground state is recovered upon reaction with the 328 

substrate and, in consequence, no consumption of the photosensitizer is expected. Table 1 329 

schematically shows the pattern of consumption of the photosensitizer and substrate for each 330 

type of mechanisms. Of course, this analysis is a simplification that does not include some 331 

exceptions and (frequent) cases in which more than one mechanism is occurring 332 
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simultaneously. 333 

<Table 1> 334 

However, even when it is not expected (Table 1), often, a decrease in the 335 

concentration of the photosensitizer is observed upon irradiation of a solution containing both 336 

reactants. The photobleaching is not necessarily due to the same process in which the 337 

photosensitizer is causing the degradation of the substrate. In contrast, the photosensitizer 338 

can be photo-unstable, undergoing intrinsic photolysis upon light exposure. For this reason, 339 

this type of experiments must be accompanied by controls in which a solution of the 340 

photosensitizer is irradiated in the absence of substrate. The irradiation of the substrate in the 341 

absence of sensitizer is also an important control because it ensures that the substrate does 342 

not undergoes direct photodegradation and the consumption in the solutions containing both 343 

reactants is due to photosensitization. 344 

 Another interesting experimental consideration during the photosensitized process is 345 

the evaluation of O2 consumption, by determining its concentration before and after 346 

irradiation of the solution containing the photosensitizer and the substrate. O2-selective 347 

electrodes can be used for monitoring the O2 concentration upon irradiation of solutions 348 

initially saturated with air. Again, comparative controls carried out with solutions containing 349 

only either the substrate or the sensitizer are mandatory for a clear interpretation of the results. 350 

If the consumption of O2 is faster than in the controls, a photosensitized oxidation (type I 351 

and/or type II mechanisms) is taking place. 352 

Type I versus type II mechanisms 353 

PDT and PDI are based on the appropriate combination of electromagnetic radiation, a 354 

photosensitizer and O2 to kill cells (cancer cell or pathogenic microorganism). Therefore, the 355 

term “photodynamic” involves photosensitized oxidations. In some applications, like in 356 
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cancer treatment, a suitable level of tissue oxygenation is not easy to obtain, a difficulty that 357 

is considered to be responsible for most of the PDT failures in cancer treatment, since most 358 

solid tumors are characterized by low O2 concentration (58). The role of O2 concentration 359 

becomes evident in the treatment of the diabetic foot for patients suffering from periphery 360 

arterial disease (PAD). Cohort studies and the current accepted prediction algorithms indicate 361 

that the treatment of the diabetic foot will not be effective, unless tissue revascularization is 362 

performed in patients with PAD (59). The search for photosensitizers that will perform 363 

properly at low O2 concentration is a hot-topic in PDT research, but none of them are being 364 

tested in humans (60). 365 

If we take into account that generation of skin cancer and other types of photodamage 366 

to living organisms also involves the participation of O2, it became evident that 367 

photosensitized oxidations plays a pivotal role in skin diseases. Frequently, given a pair 368 

photosensitizer/substrate, type I and type II mechanisms are both thermodynamically feasible 369 

and compete while dependent on O2 concentration (see reactions 7-12). In these cases, the 370 

predominant mechanism is not easy to establish and many times would depend not only on 371 

the reactants, but also on the experimental conditions. Anyhow, we must consider whether 372 

we can learn anything about the photosensitization oxidation mechanism(s) in well-373 

controlled experimental setup, by assessing changes that are dependent on O2 concentration. 374 

In this section we will present analysis of increasing complexity to get information about the 375 

predominant mechanism in a given photosensitized process. 376 

Two photosensitized oxidations may be considered: The first one (process 1) takes 377 

place exclusively through type I mechanism while process 2 occurs via a pure type II 378 

mechanism. Process 1 can be a case in which the substrate undergoes one-electron oxidation 379 

by the triplet excited state of the photosensitizer, but it does not react with 1O2. Process 2 can 380 

be a case in which the ∆G value of the redox reaction is positive (Equation 6), but the 381 
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photosensitizer is able to generate 1O2, which, in turn, oxidizes the substrate. 382 

Next, one should take into account Reactions 7 to 9 that schematically represent the 383 

main steps of type I mechanism and Reactions 10 and 11 that schematically represent the 384 

main steps of type II mechanism. It is worth mentioning that sometimes O2 deactivates the 385 

triplet excited states without generating 1O2 (Reaction 12). This is the main reason why the 386 

rate of quenching of the photosensitizer triplet excited states may be different from the rate 387 

of 1O2 formation. 388 

3Sens* + S  Sens•–/SensH• + S•+/S(-H)• (7) 

Sens•–/SensH• + O2  Sens + O2•–/HO2• (8) 

S•+/S(-H)• O2/O2•–/H2O S(ox) (9) 

3Sens* + O2  Sens + 1O2 (10) 

S + 1O2  S(ox) (11) 

3Sens* + O2  Sens + O2 (12) 

The quantum yield of 1O2 production (Φ∆) is given by Equation 13, 389 

Φ∆ = ΦT φet          (13) 390 

where φet is the efficiency of energy transfer from the triplet excited state of the 391 

photosensitizer to O2, that is the fraction of triplet excited state that is quenched in Reaction 392 

10 (Equation 14).  393 

φ𝑒𝑒𝑒𝑒 =  𝑘𝑘𝑒𝑒𝑒𝑒
Σ𝑘𝑘𝑖𝑖

𝑇𝑇+ 𝑘𝑘𝑆𝑆
𝑇𝑇[𝑆𝑆]+ 𝑘𝑘𝑂𝑂2

𝑇𝑇 [𝑂𝑂2]        (14) 394 

In Equation 14, Σ𝑘𝑘𝑖𝑖𝑇𝑇 is the sum of the rate constants of the unimolecular deactivation 395 

pathways (Scheme 2), 𝑘𝑘𝑆𝑆𝑇𝑇 is the rate constant of the quenching of triplet excited state by the 396 

substrate and 𝑘𝑘𝑂𝑂2𝑇𝑇  is the rate constant of the quenching of triplet excited state by O2, in which 397 
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both Reactions 10 and 12 contribute. 398 

With these pathways and kinetic analysis in mind, it is possible to explain the different 399 

behavior observed for the consumption of the substrate as a function of irradiation time in 400 

photolysis experiments carried out under various conditions. The increase in the 401 

concentration of O2, easily accomplished by saturating the solution with the gas before 402 

irradiation, will always favor the type II mechanism because the rate of Reaction 10 depends 403 

directly on O2 concentration. Therefore, for process 2 the rate of substrate consumption will 404 

be higher in O2–saturated than in air-equilibrated solutions (Figure 1). This difference will 405 

be more or less significant depending on the fraction of the triplet excited state of the 406 

sensitizer quenched under both O2 concentration conditions. On the other hand, the increase 407 

in O2 concentration will hinder a type I mechanism because O2 does not participate in 408 

Reaction 7 and consumes part of the triplet excited state of the sensitizer through Reactions 409 

10 and 12. Therefore, for process 1 the rate of substrate consumption may be lower in O2–410 

saturated than in air-equilibrated solutions (Figure 1).  411 

<Figure 1> 412 

 Besides the concentration of O2, other variables, such as changing the solvent may 413 

bring important information concerning the photochemical mechanism. The lifetime of 1O2 414 

(τ∆) in D2O is much longer than in H2O, because protic solvents lead to the short τ∆ due to 415 

facile deactivation by O–H vibrational quenching to ground state 3O2 (61). Therefore, the 416 

photosensitized oxidation of the substrate will be much faster in D2O than in H2O if 1O2 417 

contributes significantly to the process. In cells, the complete exchange of H2O for D2O 418 

cannot be achieved, since some residual H2O always remains, so the exact τ∆ increase from 419 

D2O is more qualitative than quantitative. In contrast, if 1O2 does not participate at all in the 420 

mechanism, the rate of substrate consumption will be similar in both solvents. This behavior 421 

is schematically shown for the hypothetic processes 1 and 2 in Figure 1. 422 
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 Regarding Figure 1 a relevant observation is necessary. The linear behavior depicted 423 

for all the cases presented in Figure 1 is just for the sake of simplicity and lacks from scientific 424 

thoroughness. In the type of experiments proposed in this section, the linear plot is a 425 

particular case under specific conditions, such as short periods of irradiation, within which 426 

the consumption of the reactant (substrate) is very small, for instance lower than 15 %. The 427 

general case is curvature (concave up) because the significant consumption of the substrate 428 

makes the reaction slower, that is, the absolute value or modulus of the slope of the curve 429 

decreases with irradiation time. 430 

Kinetic assessment of the contribution of type II mechanism 431 

In solution, 1O2 relaxes to its ground state through solvent induced radiationless and 432 

radiative pathways (Reactions 15 and 16). Alternatively, it may participate in bimolecular 433 

processes with other substances present in the medium. In this way, 1O2 may be physically 434 

deactivated by the substrate (Reaction 17) and/or can oxidize it (Reaction 18, Reaction 11 of 435 

the previous section) (62). The same reactions can take place with the photosensitizer 436 

(Reactions 19 and 20). Reaction 20, if it takes place, will lead to the photodegradation of the 437 

sensitizer, and will be evidenced in the control carried out in the absence of the substrate. 438 

1O2  3O2 (15) 

1O2  3O2 + hν (16) 

S + 1O2  S + 3O2 (17) 

S + 1O2  S(ox) (18) 

Sens + 1O2  Sens + 3O2 (19) 

Sens + 1O2  S(ox) (20) 

The rate of the oxidation of a defined substrate by 1O2 (Reaction 18) is given by 439 
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Equation 21: 440 

(d[S]/dt)∆ = - 𝑘𝑘𝑟𝑟−𝑆𝑆∆  [1O2] [S]        (21) 441 

where 𝑘𝑘𝑟𝑟−𝑆𝑆∆  is the rate constant of the chemical reaction between 1O2 and the substrate. If a 442 

solution containing the substrate and the photosensitizer is continuously irradiated at either a 443 

wavelength or a range of wavelengths absorbed only by the photosensitizer, the rate of 1O2 444 

production is given by equation 22, 445 

𝑟𝑟∆ =  𝑞𝑞𝑛𝑛,𝑝𝑝
𝑎𝑎,𝑉𝑉 𝛷𝛷∆           (22) 446 

where 𝑞𝑞𝑛𝑛,𝑝𝑝
𝑎𝑎,𝑉𝑉 and Φ∆ are the photon flux absorbed by the photosensitizer and its quantum yield 447 

of 1O2 production, respectively; and the rate of 1O2 consumption is given by the sum of the 448 

rates of the reactions 15 to 20 (Equation 23), 449 

𝑟𝑟−∆ =  −(𝑘𝑘𝑑𝑑[ 𝑂𝑂1 2] +  𝑘𝑘𝑒𝑒−𝑆𝑆𝑒𝑒𝑆𝑆𝑆𝑆∆ [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆][ 𝑂𝑂1 2] + 𝑘𝑘𝑒𝑒−𝑆𝑆∆ [𝑆𝑆][ 𝑂𝑂1 2])   (23) 450 

where kd is the non-radiative deactivation rate constant (Reaction 15) (61) [ke, the radiative 451 

deactivation rate constant (Reaction 16), is negligible compared to kd (63,64)]; 𝑘𝑘𝑒𝑒−𝑆𝑆∆  is the 452 

rate constant of 1O2 total quenching by the target molecule and is the sum of 𝑘𝑘𝑟𝑟−𝑆𝑆∆  (Reaction 453 

18) and the rate constant of the physical quenching of 1O2 by the substrate (𝑘𝑘𝑝𝑝−𝑆𝑆∆ ) (Reaction 454 

20) (Equation 24); similarly, 𝑘𝑘𝑒𝑒−𝑆𝑆𝑒𝑒𝑆𝑆𝑆𝑆∆  is the rate constant of 1O2 total quenching by the 455 

photosensitizer. 456 

𝑘𝑘𝑒𝑒−𝑆𝑆∆  = 𝑘𝑘𝑟𝑟−𝑆𝑆∆  + 𝑘𝑘𝑝𝑝−𝑆𝑆∆          (24) 457 

Assuming steady-state conditions, that is to say, the rates of 1O2 formation and consumption 458 

are equal (Equation 25), the steady-state concentration of 1O2 can be estimated with Equation 459 

26. 460 

𝑟𝑟∆ +  𝑟𝑟−∆ = 0          (25) 461 
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[ O1 2] =  
𝑞𝑞𝑛𝑛,𝑝𝑝
𝑎𝑎,𝑉𝑉 𝛷𝛷∆

𝑘𝑘𝑑𝑑+ 𝑘𝑘𝑒𝑒−𝑆𝑆𝑒𝑒𝑆𝑆𝑆𝑆
∆ [𝑆𝑆𝑒𝑒𝑆𝑆𝑆𝑆]+ 𝑘𝑘𝑒𝑒−𝑆𝑆

∆ [𝑆𝑆]
       (26) 462 

For a given set of conditions (irradiation intensity, concentrations, etc), the 463 

experimental rate of substrate consumption ((d[S]/dt)exp), determined, for instance, by 464 

chromatographic analysis, is compared to (d[S]/dt)∆ (Equation 21). If (d[S]/dt)exp is similar 465 

to (d[S]/dt)∆, the predominance of a 1O2–mediated mechanism can be inferred. In contrast, if 466 

(d[S]/dt)∆ is much lower than (d[S]/dt)exp, it can be assumed that oxidation via type II 467 

mechanism represents a minor contribution. 468 

This kinetic analysis allows a reliable method to assess the contribution of type II 469 

mechanism to the overall photosensitized oxidation of a substrate (65) and is much more 470 

accurate than the rough analysis presented in the previous section. The main difficulty of this 471 

method is that all parameters of Equations 22 and 26 have to be determined. In particular, 472 

𝑘𝑘𝑒𝑒−𝑆𝑆𝑒𝑒𝑆𝑆𝑆𝑆∆ , 𝑘𝑘𝑒𝑒−𝑆𝑆∆  and 𝑞𝑞𝑛𝑛,𝑝𝑝
𝑎𝑎,𝑉𝑉 values are difficult to measure and require a significant experimental 473 

effort. 474 

DETECTION OF REACTIVE INTERMEDIATES 475 

Laser flash photolysis (LFP): intermediates triplets and radicals 476 

One of the most useful tools to evaluate photosensitized oxidation processes is to assess the 477 

intermediate species in solution after a laser pulse, by a method called laser flash photolysis 478 

(LFP), a type of pump-probe spectroscopy that provides information on intermediates within 479 

time scales ranging from femtoseconds up to micro and milliseconds. The reactive 480 

intermediates relevant to photosensitized oxidations are generated, diffuse and react on this 481 

time scale, making LFP a flexible and fundamental method to investigate the mechanisms 482 

taking place during light-induced oxidations (66), as well as, the dynamics of interactions 483 

and complexation (67). 484 
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 Although many types of apparatus and configurations have been developed and used, 485 

some common and relevant aspects can be mentioned (Scheme 3). The sample excitation is 486 

often performed by a nanosecond laser system, such as a neodymium-doped yttrium 487 

aluminium garnet (Nd:YAG) laser coupled or not with optical parametric oscillator (OPO). 488 

Older technology also included coupling with dye laser. The sample solution should have 489 

absorbance in the excitation wavelength (0.1-0.3 absorbance units) to stave off spectral 490 

problems such as inner filter effects. The light source for transient evaluation can be a pulsed 491 

source of continuous light like a pulsed Xe lamp or a pulsed LED. In this case, the pulse of 492 

the evaluation source is controlled to start before the laser excitation pulse. However, 493 

currently continuous wave (CW) LED and Xe lamp systems are more frequently used. The 494 

detection system often includes a monochromator or a photomultiplier tube, or charge-495 

coupled device. Software controls the timing of the laser and evaluation light pulses, as well 496 

as the opening of the acquisition shutter and the signal acquisition. Raw data is in the form 497 

of transient signals of the absorbance variations (before and after the laser pulse, ∆Abs) that 498 

could be negative or positive, depending on whether the transient species absorbs more or 499 

less than the ground state in the observed wavelength. By varying the wavelength of data 500 

acquisition in systems equipped with a monochromator, it is possible to obtain transient 501 

spectra.  502 

<Scheme 3> 503 

 The transient absorption obtained after a laser flash (pump) can be used to study the 504 

characteristics and reactivity (obviously both properties are connected) of the intermediate 505 

species. In general, the formation of triplet excited state cannot be detected by the more 506 

common apparatus that use nanosecond laser pulse, but can be investigated with femtosecond 507 

LFP systems. The following steps, reactions of triplet excited with O2 or the substrate, can 508 

be monitored for all LFP equipment (Scheme 4a). Usually, the initial signals after the laser 509 
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pulse are attributed either to triplet excited states or to radical species. For example, the initial 510 

step in type I mechanism (Reaction 7) can typically be followed in the microsecond time 511 

domain (Scheme 4a), where both the decay of the triplet excited state of the photosensitizer 512 

or the formation of the radical can be monitored selecting suitable wavelengths (Scheme 4b) 513 

(68). Moreover, the transient spectra recorded at short times after the laser pulse correspond 514 

to the former species, whereas those recorded at long times correspond to the latter (Scheme 515 

4b). Following the transient at longer time scales (typically, from 100 µs to milliseconds) 516 

(Scheme 4a), may provide hint of secondary and higher order intermediates, as well as, 517 

information on final products. 518 

<Scheme 4> 519 

Decreasing O2 concentration could be used to characterize the chemical identity of 520 

the intermediate species. A triplet excited state will have its lifetime increased by at least one 521 

order of magnitude when O2 is removed, since O2 suppresses most triplet excited states 522 

(Reactions 10 and 12). Unfortunately, anion or semi-reduced radicals will also have their 523 

lifetimes increased in the absence of O2, since O2 usually re-oxide these radicals, forming 524 

O2•– (Reaction 8). Other experiments have to be performed in order to identify the nature of 525 

the intermediate whose lifetime increases in the absence of O2. For example, triplets are 526 

usually efficiently suppressed by carotenoids, while reduced radicals not necessarily (69). 527 

The redox properties of the radicals can be accessed by measuring their reactivity with 528 

molecules having different reduction potentials. This type of experiment can be used to 529 

characterize the range or redox properties of the radical species (56,70). 530 

 Can we learn from LFP transient signals that do not depend on the O2 concentration? 531 

Although specific details need to be investigated in a case-by-case matter, one may consider 532 

at least three most frequent situations:  533 
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i) The triplet excited state is interacting with complexes that hinder the O2 diffusion. 534 

Ground state O2 is small, uncharged and readily diffuses in the condensed phase, and can 535 

react for example with proteins such as hemoglobin or redox active metal-containing 536 

compounds, but otherwise has a high energy barrier to activation. The packing density in a 537 

globular protein is very high and usually hinders the diffusion of O2 (71). The protein 538 

conformation usually leads to pockets that can interact with the photosensitizer. A 539 

photosensitizer will typically react by electron transfer with specific redox-active biological 540 

targets, for example, amino acid components of proteins (72). The delivery of 541 

photosensitizers either bound to proteins or preferentially interacting with plasma proteins 542 

could be an issue for new generation photosensitizers (73,74). 543 

ii) Triplet excited states typically have lifetimes of nanoseconds to tens of 544 

microsecond in the biological environment, mainly because of the reaction with O2. Triplet 545 

excited states have diffusion-limited reactions (or close to the diffusion limit) with O2 (75). 546 

Excited states diffuse and react during their lifetimes. To estimate the sphere of activity of a 547 

triplet excited state, we propose to use the boundary conditions suggested by Ogilby, that 548 

assume a radial diffusion of the excited state and estimate the period at which the excited 549 

state is reactive (t) to be equal to 5 times the value of the excited state lifetime (τ) (39). 550 

Remember that during one lifetime the population of an excited state is reduced by a factor 551 

of 1/e, and therefore, during 5 lifetimes the excited state population is reduced to less than 552 

1% of the initial value (~0.67%). Taking a typical 𝜏𝜏𝑇𝑇 value (Scheme 2) of ~ 500 ns, the period 553 

of reaction of the triplet excited state will be around 2500 ns. For a molecule of molecular 554 

weight 300-400 g/mol and having diffusion coefficient (D) of ~3 x 10-6 cm2.s-1, its travel 555 

distance (δ= √6Dt) will be around ~ 66 nm (76). Note, this travel distance is about 10 times 556 

smaller than that of 1O2 (see below). Therefore, other reactions with the triplet excited states 557 

can take place in this limited time/spatial range. Please note that this is a simple calculation 558 
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to provide generic and rough estimations of lifetimes and diffusion distances. However, 559 

micro-heterogeneous concentrations may greatly affect this estimation. For example, ground 560 

state O2 is small, and its concentration is ~10-fold higher in lipophilic than aqueous media. 561 

The former coincides with photosensitizer localization when found in biomembranes (56,77). 562 

This usually occurs when the triplet excited state is interacting with the biological target in 563 

the ground state. The reaction will usually involve an electron transfer step with the biological 564 

target, which usually is an electron donor group such as a double bond of a lipid (56), amino 565 

acid (78), or a nitrogenous DNA base (79). 566 

iii) The photosensitizer is associated with itself in the ground state, forming dimers or 567 

higher order aggregates, which can facilitate excited-state quenching or lead to chemical 568 

reactions. An intermolecular electron transfer reaction will form the semi-oxidized and the 569 

semi-reduced forms of the photosensitizer typically on picosecond time scales (54,80,81). 570 

Singlet oxygen phosphorescence in the NIR 571 

Near-infrared (NIR) luminescence emission centered at 1270 nm, which is the fingerprint 572 

emission of the O2(a1Δg) → O2(X3Σg−) transition, is the most specific way to detect the 573 

generation and study the reactivity of 1O2, and consequently to characterize the role of type 574 

II photosensitized oxidation reaction. This method is not very sensitive because the intrinsic 575 

emission efficiency of 1O2 is ultra-weak [only 1 in 106 of 1O2 molecules luminesce (Reaction 576 

16)]. Also the detectors available in this NIR are not as efficient as those used in the visible 577 

spectral range and the emission decay of 1O2 occurs in the microsecond time domain, in such 578 

a way that emission, reaction and diffusion occurs in the same time domain. However, in this 579 

spectral region emission from few other molecules contribute, which leads to a very specific 580 

detection for 1O2. In addition, NIR detectors have evolved and are more sensitive nowadays. 581 

This method has been at the origin of many discoveries in this field (82,83,84). As in any 582 

other emissive technique, it is possible to perform steady-state measurements to obtain 583 
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emission spectra or to operate in the time-resolved mode for gaining kinetic information on 584 

the decay and reactivity of the excited transient (85). Interesting to mention that Gorman and 585 

Rodgers predicted, in this review (85), that the emissive characteristics of 1O2 would prevent 586 

the kinetic analysis of its decay in complex environments, which proved to a wrong 587 

prediction, since kinetic analysis of 1O2 decays have been performed in several complex 588 

scenarios, including single cells (see further discussion below). 589 

The first aspect that should be considered in any method aiming to quantify 1O2 is that 590 

τ∆ varies quite substantially with the solvent, for example, from 3.7 µs in H2O to 66 µs in 591 

D2O and to almost 28 ms in CCl4 (86,87,88). This is because solvent molecules interact and 592 

perturb 1O2 both by charge transfer states and vibrational modes that mediate non-radiative 593 

coupling of O2(a1Δg) → O2(X3Σg−) transition (89). Therefore, if one would like to compare 594 

yields of 1O2 or its reactivity, it is imperative to consider the effect of the solvents, ideally 595 

comparing measurements performed in the same solvent (90). It is worth mentioning that the 596 

intrinsic τ∆ value found in the literature for certain solvents varies quite substantially. This is 597 

because τ∆ depends on the solvent purity, especially concerning small amounts of water or of 598 

other impurities. In solvents with longer intrinsic τ∆, or in complex environments (biological 599 

or materials) with high concentrations of photosensitizer and suppressors (quenchers), one 600 

should also worry with the suppression by the photosensitizer and by O2. Besides being the 601 

main reactants during the 1O2 generation, photosensitizer and O2 may also act as suppressors 602 

themselves (61,91,92,93,94). 603 

Taking into account the τ∆ value and its diffusion coefficient, it is possible to estimate 604 

its average travel distance (δ= √Dt) to be around ~ 660 nm in water (D= 5x10-5cm2.s-1, τ∆~ 3 605 

µs, t= 15 µs) (39,95). The physical characteristics of 1O2 (size, charge, polarity) are very 606 

similar to those of O2, indicating the difficulty to restrain its distribution among different 607 

compartments. In terms of biological ultra-structural organization, 660 nm is not small since 608 
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a membrane bilayer is only 5 nm thick and several organelles have sizes on the same order 609 

of magnitude than the diffusion distance of 1O2. Consequently, many efforts have been 610 

devoted to the study of the diffusion and reaction of 1O2 in higher complexity systems of 611 

interfaces, micelles, vesicles and cells. By preparing micellar systems in which the generation 612 

of 1O2 occurred in the bulk solution while 1O2 trapping was inside aqueous micelles of 613 

different charges, Gorman and colleagues showed that 1O2 diffuses and reacts in micellar 614 

solutions similarly than in bulk water, i.e., 1O2  is not affected by the characteristics of the 615 

water-organic interfaces (96). Studies in reverse micelles (water-in-oil nano-emulsions) 616 

resulted in similar observations. The NIR decay data obtained with photosensitizers dissolved 617 

in different reverse micelles could be fitted by considering that 1O2 quickly diffuses and 618 

equilibrates in the micro-heterogeneous systems, without any measurable interference of the 619 

different interfaces (97). Therefore, in heterogeneous or micro-heterogeneous systems, for 620 

example in water-hydrocarbon domains, 1O2 will have enough time to distribute between 621 

different phases and equilibrate following the tendency given by the partition coefficient. 622 

Therefore, considering the concentration gradients, one can consider that 1O2 will be 623 

compartmentalized following the physical-chemical partition coefficients (98). 624 

What is the situation when 1O2 is generated within a membrane bilayer by membrane-625 

embedded photosensitizers? To understand the NIR luminescence profiles in this condition 626 

one must consider the O2 diffusion and partition as well as the luminescence rate constants 627 

in the membrane and water (85). In the membranes, 1O2 has a higher luminescence rate 628 

constant and an environment that favor longer lifetimes, compared with water (99). However, 629 

the lipid bilayers are so thin compared with the diffusion radius of 1O2 (see comments above) 630 

that 1O2 exits from the membrane very rapidly. Therefore, NIR emission transients from 631 

liposome suspensions, in which the generation of 1O2 occurs inside the membrane, will not 632 

bring information concerning the τ∆ value in the environment of the lipid bilayer. The 633 
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luminescence transient will show mainly the typical τ∆ value observed in the bulk solution 634 

and, at very short times after the laser pulse, the average escaping time of 1O2 from within 635 

the membrane (100). Therefore, 1O2 molecules escape the membranes before they can be 636 

actually “sense” their microenvironments (99). The τ∆ value was estimated to be around 12 637 

and 36 µs in membranes composed of polyunsaturated and saturated lipids, respectively, by 638 

measuring decays in bulk solutions of the phospholipids and estimating their concentrations 639 

in the membranes (101). Interestingly, Bacellar and co-workers have used the diffusion-640 

reaction-decay properties of 1O2 to investigate the O2 distribution in the fluid/gel phases of 641 

lipid membranes (99). 642 

The NIR emission has also been used to study 1O2 in cells. There are two main 643 

protocols, one involving suspending cells in media followed by quick measurements and 644 

another involving NIR emission devices coupled to microscopes to realize 1O2 experiments 645 

in single cells. In the suspension experiments, suppression experiments (ascorbate or bovine 646 

serum albumin (BSA), for example) are used to show that the emission comes from within 647 

the cells. While in isotropic medium, the presence of ascorbate virtually suppresses all 1O2 648 

emission; in cell suspensions, τ∆ remains almost the same in the presence or absence of 649 

ascorbate (102). Whether or not 1O2 will leak out from cells, depends on many experimental 650 

parameters, such as the site of its generation and the amount of 1O2 that will escape cells. 651 

Suppression experiments can be used to test the exit of 1O2 from cells. By using BSA as an 652 

extra-cellular suppressor, Jiménez-Banzo and coworkers found that 1O2 may or may not leak 653 

out from the cells, depending on the photosensitizer and on their intracellular location (103). 654 

Interestingly, in cells previously incubated with cold D2O, τ∆ was shown to depend on the 655 

type of photosensitizer, being 5 µs for a photosensitizer that localizes in mitochondria up to 656 

33 µs for a photosensitizer that distributes in many cell compartments (102). Researchers 657 

have also studied emission properties of 1O2 in suspended cells, in vivo, and other 658 
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heterogeneous media, wherein τ∆ is dependent on the type of photosensitizer and its location 659 

(104,105,106,107,108,109). 660 

The intrinsic emissive properties of 1O2 put extraordinary challenges for its use as an 661 

imaging probe in cell experiments. Nevertheless, successful attempts that were made should 662 

be mentioned. Observation by epifluorescence of cells loaded with photosensitizers is a 663 

suitable approach to obtain kinetic profiles of 1O2 generation and decay in whole cells. This 664 

was achieved by collecting NIR light of a whole cell and directing it to a NIR-photomultiplier 665 

tube (NIR-PMT). Under these conditions, Kuimova and co-authors also observed that the 666 

τ∆ varied with the type of photosensitizers from 30-40 µs for an aqueous soluble 667 

photosensitizer down to 4.5 µs for a membrane soluble photosensitizer, and the 1O2 668 

suppression constant by added NaN3 were also different (110). Therefore, it is evident that 669 

τ∆ is highly dependent on the characteristics of the photosensitizers and on their location 670 

inside cells. We can speculate that these changes in τ∆ values are due to different suppressors 671 

present in the specific locations of the cell environments, but the molecular mechanisms are 672 

still under investigation. It is also worth mentioning the direct excitation of O2 with a 765 nm 673 

femto-second laser, providing expected τ∆ in sensitizer-free solvents and spatially resolved 674 

generation while triggering lethal effects in human tumor cells (43). 675 

Electron paramagnetic resonance (EPR) 676 

Electron paramagnetic resonance (EPR) spectroscopy, also named electron spin resonance 677 

(ESR), is a technique to study chemical species with one or more unpaired electrons (organic 678 

and inorganic free radicals, complexes with transition metal ions, etc) (111). The method is 679 

based on the excitation of electron spins and, hence, only paramagnetic species give rise to 680 

EPR signals. Since almost all biomolecules and solvents are diamagnetic, this technique 681 

shows great specificity. 682 

Many intermediates in photosensitization reactions have unpaired electrons. 683 
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However, these radicals are in general very reactive and, in consequence, possess short 684 

lifetimes in solutions. This explains that usually under steady-state conditions, the 685 

concentrations of oxygen radical species and organic radicals are very low and difficult to 686 

detect by EPR. Thus, EPR-spin trapping is an alternative analytical technique that is also 687 

used for the detection and identification of short-lived free radicals. Spin traps are 688 

compounds, susceptible to react with radical intermediates to form stable radical adducts that 689 

are detectable and finger-printable by EPR spectroscopy (112,113). Nitrones are common 690 

reagents used as spin traps, for instance, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and α-691 

(4-pyridyl-1-oxide) N-t-butylnitrone (PBN). 692 

Reaction of a given spin trap with different radical species gives rise to specific radical 693 

adducts that shows, in turn, distinctive EPR spectra. Therefore this technique that ensures the 694 

detection of organic radicals and reactive oxygen species (ROS) formed in a reaction system 695 

provide structural information on these reactive radical species. As an example, Scheme 5 696 

shows the formation of persistent radical adducts in the reaction of DMPO with different 697 

radical species. EPR has also been used for the detection of 1O2 upon trapping by 2,2,6,6-698 

tetra-methylpiperidine (TEMP) to produce the free radical 2,2,6,6-tetra-methylpiperidine-N-699 

oxyl (TEMPO), as a sterically hindered amine (Scheme 5). The total quenching rate constant 700 

(𝑘𝑘𝑒𝑒−𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇∆ ) for this reaction is ~5 × 105 M-1 s-1. However, the most reliable detection method 701 

of 1O2, particularly in biological systems is provided by the measurement of its characteristic 702 

1270 luminescence (see above). 703 

<Scheme 5> 704 

To study a photosensitization reaction through EPR-spin trapping the solution 705 

mixture of photosensitizers, the substrate and the spin-trap is steadily irradiated. Since the 706 

radical adducts are sufficiently long lived, the irradiation can be performed inside or outside 707 

the cavity of the EPR spectrometer. In the latter case, the irradiated solution is rapidly 708 
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transferred to an EPR cell. EPR spectra are recorded at different irradiation time and 709 

increasing signals of the radicals formed are registered. Even in simple reaction systems, 710 

many radicals can be simultaneously formed (see below) and the resulting EPR spectra can 711 

be complex due to the contribution of several individual spectra. 712 

To better detect organic radicals, such as carbon-centered radicals, for instance those 713 

generated in type I photosensitization mechanism, O2 can be removed from the sample before 714 

irradiation. In this way the reactions of the spin trap with ROS are avoided, thus giving a 715 

simpler and clearer spectrum of the adduct resulting from the reaction between the spin-trap 716 

and the organic radical (114). However, even under anaerobic conditions the recorded spectra 717 

may result from the sum of signals belonging to different organic radical species. 718 

Scavengers 719 

 An ideal scavenger is a compound that reacts specifically with only one reactive 720 

species involved in a given photosensitization mechanism, such as the triplet excited state of 721 

the photosensitizer, an organic radical species or a ROS. Scavengers can be used in time-722 

resolved studies, but they are more frequently used in steady-state experiments. In general, 723 

comparative experiments are performed in the presence and absence of the scavenger. If the 724 

reaction is inhibited by the scavenger, the participation of the reactive species that is 725 

quenched can be inferred. The main drawback of these experiments is the lack of selectivity. 726 

Very rarely does the scavenger react only with the target intermediate. Furthermore, the 727 

scavenger usually quenches the triplet excited state of the photosensitizer, which inhibits all 728 

the mechanisms of photosensitization (115). Therefore, for investigating the participation of 729 

a dedicated ROS, these experiments should be carried out after checking that the scavenger 730 

under the conditions used, mainly by varying the concentration, does not quench the excited 731 

states of the photosensitizer, and pooling evidence for potential competing ROS and substrate 732 

radicals. Such controls are not so easy to perform and, consequently, a reliable study with 733 
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selective scavengers is often time consuming and requires considerable experimental efforts. 734 

 The interaction between the scavenger and the sought intermediate can be a physical 735 

deactivation or a chemical reaction, frequently named also as physical and chemical 736 

quenching, respectively. In the latter case, information on the selectivity or specificity may 737 

be gained by looking at the final products of the reaction. In general, the reactions of different 738 

ROS with a given scavenger lead to different products. Therefore, when a scavenger of a 739 

given reactive species prevents occurrence of a photosensitization reaction, detection of 740 

specific products is mechanistically relevant. Application of this experimental strategy is 741 

facilitated if the targeted products have been previously described in the literature and 742 

analytical methods are available for detecting the standards. In consequence, the investigation 743 

of products implies further additional experimental efforts and increased costs. In the next 744 

paragraphs, several examples of the use of scavengers are briefly described. 745 

 Selective 1O2 scavengers are frequently used to reveal the participation of this ROS 746 

in the mechanism of photooxidation reactions. In that respect, charge-transfer physical 747 

quenchers such as sodium azide (NaN3), DABCO or other suppressing amines are used under 748 

appropriate conditions. Avoid using large suppressor concentrations to avoid quenching the 749 

triplet exited state of the photosensitizer (116). β-Carotene can also be used as it is an energy-750 

transfer physical quencher of 1O2 (117). Scheme 6 shows several commonly used chemical 751 

quenchers of 1O2, which include dienes to produce endoperoxides, and mono-alkenes to 752 

produce dioxetanes that cleave apart to generate carbonyl fragments. The use of chemical 753 

quenchers includes sulfides and phosphines (also seen in Scheme 6), as well as furans, 9,10-754 

disubstituted anthracenes, p-nitrosodimethylaniline, and uric acid whose consumption can be 755 

followed by mass spectrometry, nuclear magnetic resonance (NMR), or UV-Vis 756 

spectrophotometry. These types of experiments are widespread, but the results can lead to 757 

wrong conclusions and have to be considered with caution. As mentioned before, the main 758 
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weakness is usually the low selectivity of 1O2 quenchers. Organic sulfide and phosphine traps 759 

are useful, but do not exhibit enough selectivity to differentiate between type I and type II 760 

mechanisms. This remark applies as well to thiols whose type I and type II photosensitized 761 

reactions can lead to many oxidized products, including disulfides (RSSR), thiosulfinates 762 

[RS(=O)SR], and thiosulfonates [RS(O2)SR]. One exception concerns the selectivity of 1O2 763 

in the ‘ene’ reaction in Scheme 6 that is characterized by the migration of a double bond 764 

considered as a fingerprint of the presence of 1O2. Alkenes bearing an α-H that are targets for 765 

the 1O2-mediated ‘ene’ reaction have been used to decipher relative contributions of type I 766 

and type II reactions (118,119), where the migration of a double bond monitored by NMR is 767 

useful as the analytical detection technique. In terms of NMR spectroscopy, the direct 768 

detection of intermediates by NMR can be challenging, although some low temperature NMR 769 

experiments involving organic solvent-soluble traps have been successful (115,120). 770 

<Scheme 6> 771 

In terms of secondary •OH formed in type I reactions, D-mannitol (e.g., 20-100 mM), 772 

ethanol or methanol (100 mM, also up to 1 M) are good scavengers (121). Conversion of 773 

DMSO to methanesulfinic acid is characteristic of •OH (e.g., 100 mM). Glutathione, 2-774 

mercaptoethanol, and dithiothreitol can be used as oxygen radical scavengers, although they 775 

are not selective. Alcohols are not good scavengers of O2•–, their low acidity results in 776 

inefficient proton transfer as the pKa of HO2• is ~4.8. Instead, superoxide dismutase (SOD) 777 

can be used (e.g., 100 µg/mL), as well as chemiluminescence methods with luminol and 6-778 

(4-methoxyphenyl)-2-methyl-3,7-dihydroimidazo[1,2-a]pyrazin-3-one hydrochloride 779 

(MCLA) (122,123). More will be discussed on chemiluminescence methods in the next 780 

section. Catalase can similarly be used to decompose H2O2 (e.g., 100 µg/mL), and tested 781 

against denatured catalase (e.g., 100 µg/mL). More is described on H2O2 and ROS detection 782 

next, in the context of fluorescent probes. 783 
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Probes 784 

An ideal probe is a compound that reacts specifically with only one reactive species and gives 785 

rise to a product that can be detected spectroscopically. Many probes drastically change their 786 

fluorescence quantum yield upon reaction with an intermediate, thereby increasing or 787 

decreasing their fluorescence intensity. As with the case of studies using scavengers (see 788 

above), comparative steady-state photolysis can be performed in the presence and absence of 789 

the dedicated probes. Ideally, the probe forms a product in the presence of the ROS which is 790 

spectroscopically unique. In general, the advantages and disadvantages of this methodology 791 

are similar to those described for the use of scavengers.  792 

 However, there are some differences and aspects that deserve discussion. Due to the 793 

high responsiveness of fluorescence detection, the use of probes is often more sensitive than 794 

that of scavengers with the advantage of requiring low concentrations of the probe. These 795 

features make probe experiments more suitable for complex systems, including 796 

investigations in cells. It is worth mentioning that the detection of a given intermediate by a 797 

specific probe does not constitute proof of its substantial participation in the 798 

photosensitization process; in contrast, it just means that the reactive species is present in the 799 

reaction system. The photosensitivity of luminescent probes must also be taken into account. 800 

Several luminescent probes that are UV-visible light sensitive are subject to photooxidation, 801 

which can lead to product(s) that could be the same as those formed upon reaction of the 802 

probe with the oxidant of interest. In the next paragraphs, some relevant examples of the use 803 

of probes are briefly described. 804 

Luminescent (chemiluminescent and fluorescent) probes. Various probes are currently used 805 

to detect ROS and reactive nitrogen species in cells. However most of them lack of specificity 806 

as a main shortcoming. The 2',7'-dichlorofluorescein diacetate (DCFH-DA) assay that is 807 

widely applied to measure ROS since already 50 years has been shown to suffer from several 808 
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drawbacks and limitations (124,125,126,127,128). •OH and not O2•− among ROS is able to 809 

induce the release of fluorescent 2',7'-dichlorofluorescein (DCF). Furthermore the assay is 810 

not specific of ROS since one-electron oxidants, hypohalous acids and several organic 811 

radicals including thiyl radicals (RS•) have been shown to give rise to DCF. This limitation 812 

prevents one from making any relevant conclusion on the nature of ROS that are measured. 813 

Real-time monitoring of several ROS including O2•− and H2O2 is however possible using 814 

suitable fluorescent probes (129,130). The probe Singlet oxygen sensor green (SOSG) has 815 

been shown to form an endoperoxide product that shows a typical fluorescence in the visible 816 

region and also functions as a sensitizer (131). A fluorescent NanoSOSG system of 817 

polyacrylamide nanoparticles also works well to detect 1O2 in cells (132), and 1O2-based 818 

chemiluminescent dioxetane cleaving systems have also been reported (133). 819 

Detection of superoxide anion radical. Hydroethidine (HE) also known as dihydroethidium 820 

is a specific chemiluminescent probe for the detection of O2•− giving rise through oxidation 821 

to red 2-hydroxyethidium (2-OH-E+) as a red fluorescent product (134). However this 822 

compounds has to be separated by HPLC from other fluorescent compounds such as ethidium 823 

to allow its selective detection (135,136). 824 

Detection of H2O2. Aromatic boronate-based probes react quantitatively with H2O2, forming 825 

a phenolic product (137). However, peroxynitrite and hypochlorite react more rapidly with 826 

boronates, forming the same product. The identity of the oxidant should therefore be 827 

confirmed using genetic and/or pharmacologic approaches, as other acidic hydroperoxides 828 

(especially peroxynitrous acid) may also contribute to the oxidation of boronates. 829 

18O, 17O, 15N, and 13C isotopic substitution. Valuable mechanistic insight can be obtained 830 

from work with isotope tracers. For example, tracer work that uses [18O]-labeled 1,4-831 

naphthalene endoperoxides provide clean chemical sources of [18O]-labeled 18O2, which are 832 

well-suited for mass spectrometry studies (138,139,140,141,142). Using 17O2 gas is also 833 
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useful for tracking of reaction paths by 17O NMR (143), although the NMR signals can be 834 

broad. One downside is also that 18O2 and 17O2 gases are expensive reagents due to their low 835 

17O and 18O natural abundances to achieve high enrichments. 13C and 15N NMR with labeled 836 

reagents for product analysis offer an analytical tool that however requires synthesis 837 

(115,120,144). The natural abundance of 31P makes it readily followed by 31P NMR, although 838 

compounds such as triaryl phosphines are potent oxophiles and thus not selective for 839 

differentiating type I and type II sensitized photooxidations.  840 

ANALYSIS OF PRODUCTS 841 

Diversification of photosensitized damage 842 

In general, different photosensitizing mechanisms operating on a given substrate lead to 843 

different primary reaction products. Knowing the main mechanism involved in the 844 

photosensitized degradation of a biomolecule helps to predict probable chemical 845 

transformation and, in the opposite direction, identification of products allows to speculate 846 

on the mechanisms. However, this simple reasoning is far from easy to implement in most 847 

cases. Even when only a single mechanism is operating, several competitive degradation 848 

pathways can occur and the relative rates of these reactions depend on the environmental 849 

conditions (Scheme 7). In addition, many primary products, such as hydroperoxides and 850 

endoperoxides, are not stable and undergo further thermal reactions leading to secondary 851 

products. Finally, both primary and secondary products can act as substrates of 852 

photosensitization reactions, can suffer photodegradation by direct absorption of radiation or 853 

can act as photosensitizers themselves. In consequence, it is clear that even in a very simple 854 

reaction system, such as an aqueous solution containing a photosensitizer and a substrate 855 

exposed to UVA radiation, many products can be generated and the content of the 856 

photosensitized solution will depend on the experimental conditions and the irradiation time. 857 
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<Scheme 7> 858 

In type I mechanisms, for instance, the radical formed by electron transfer or 859 

hydrogen abstraction frequently is more acidic than its precursor and two acid base forms 860 

can be in equilibrium. In addition, the unpaired electron is delocalized over several atoms 861 

resulting in different resonance structures. Therefore, a “free radical” is, as a matter of fact, 862 

a set of chemical structures that can participate in simultaneous pathway leading to 863 

modifications in different positions of the molecule (Scheme 8). Moreover, these structures 864 

can react with several species to yield different products. Typically, cation radicals can 865 

undergo hydration that often yields C-carbon centered radicals, reaction with O2, by either 866 

addition or by one-electron oxidation, reaction with O2•–, dimerize, etc. In addition, 867 

deprotonation is often a significant competitive reaction that leads to neutral radicals. 868 

<Scheme 8> 869 

 Analogous considerations can be made for the other mechanisms. Oxidations 870 

involving 1O2 are, in general, more selective than those included in type I mechanisms. 871 

However, this ROS can react in different ways and in different sites in the same molecule. 872 

The substrate in an electronic excited state, resulting from photosensitization by TTET, can 873 

react through different pathways, depending on the experimental conditions. Even the 874 

formation of photoadducts can lead to a family of isomers, where the substrate and the 875 

photosensitizer are linked in different ways. A description of the countless possible chemical 876 

modifications that biomolecules can undergo due to photosensitization is beyond the aims of 877 

this review. However, to show the complexity of the issue and to orientate the reader on how 878 

to deal with the distribution of products, some relevant examples on isolated and cellular 879 

DNA will be presented in the next sections. 880 

Products of type I and type II photosensitized degradation of isolated DNA 881 
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Detailed mechanistic information is available on the reactivity of the oxygen species 882 

and oxidation processes triggered by photodynamic effects towards isolated DNA and related 883 

model compounds in aerated aqueous solutions.  Type I photosensitizers operate mostly by 884 

one-electron oxidation of nucleobases with high preference for guanine that shows the lowest 885 

ionization potential among DNA constituents (27). The resulting unstable guanine radical 886 

cation (Gua•+) is converted into final degradation products consecutively to deprotonation 887 

and nucleophilic additions. H2O/OH- addition to C8 of Gua•+ leads to the formation of 8-888 

hydroxy-7,8-dihydroguanyl radical that is one-electron oxidized by O2 to produce 8-oxo-7,8-889 

dihydroguanine (8-oxoGua), an ubiquitous DNA oxidation product, whereas competitive 890 

one-electron reduction generates 2,6-diamino-4-hydroxy-5-formamidopyrimidine 891 

(FapyGua) (145,146). Deprotonation of Gua•+ gives rise to a highly oxidizing guanine radical 892 

(Gua(-H)•) that preferentially reacts with O2•- (147) mostly produced by O2-mediated 893 

oxidation of photo-induced radical anion of the photosensitizer as part of type I mechanism. 894 

Addition of O2•- to radical center at C5 of the tautomeric isomer of Gua(-H•) leads through a 895 

complex multi-step pathway to the formation of 2,5-diamino-4H-imidazol-4-one (Iz) that is 896 

further hydrolyzed into 2,2,4-triamino-5(2H)-oxazolone (Oz) (148). These two guanine 897 

rearrangement products (149,150) are in addition to FapyGua (151), piperidine labile lesions 898 

in contrast to 8-oxoGua that is resistant to this treatment. It may be pointed out that O2•- does 899 

not exhibit any significant reactivity toward nucleobases and the 2-deoxyribose moieties 900 

(152). Singlet oxygen (1O2) that is the only ROS produced by type II photosensitization reacts 901 

exclusively with guanine among DNA components (153,154). This leads to the exclusive 902 

formation in double-stranded DNA of 8-oxoGua that is also generated by either one-electron 903 

oxidation or •OH oxidation of guanine (145, 146). Therefore the measurement of 8-oxoGua 904 

alone cannot be used of diagnostic for either type I or type II photosensitization mechanisms. 905 

This limitation necessitates the design of appropriated strategies that are further discussed 906 
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below. In addition, there are a few conditions to be fulfilled in terms of selection of model 907 

compounds and conditions of photosensitized oxidation. 908 

a) 2’-Deoxyguanosine is a poor model system. 2’-Deoxyguanosine (dG) that is the simplest 909 

guanine DNA model compound presenting enough solubility in aqueous solution is not 910 

suitable for investigating type I and type II photosensitization mechanisms of guanine, the 911 

preferential DNA target of these reactions at least for two main reasons. Thus, evidence has 912 

been shown that highly oxidizing (Gua(-H)• efficiently oxidizes 8-oxoGua, one of the main 913 

primary one-electron oxidation products of Gua as soon as it is formed. As a result, secondary 914 

oxidation products including spiroiminodihydantoin (Sp) and Oz that are mechanistically 915 

irrelevant when DNA is concerned are produced at the expense of 8-oxoGua whose formation 916 

rapidly plateaus at low levels (155,156). Another matter of concern is lack of specificity of 917 

chemical 1O2 oxidation reactions of the guanine in dG with respect to native DNA. In both 918 

cases Diels-Alder [4+2] cycloaddition of 1O2 across the imidazole ring of Gua gives rise to 919 

unstable 4,8-endoperoxide that undergoes linear rearrangement into 8-hydroperoxyguanine 920 

and subsequent reduction into 8-hydroxyguanine that is in dynamic equilibrium with the 921 

more stable 8-oxoGua tautomer. This pathway that is quantitative in DNA is only minor for 922 

dG since guanine 4,8-endoperoxide mainly decomposes upon loss of a water molecule into 923 

a reactive quinoid intermediate that upon subsequent hydration and rearrangement gives rise 924 

to Sp as a primary photooxidation product (157). The formation of mechanistically irrelevant 925 

Sp in either 1O2 reaction or one-electron oxidation of Gua in nucleoside/nucleotide prevents 926 

the use of these simple model compounds for investigating type I and II properties of 927 

photosensitizers. 928 

b) Necessity of preventing occurrence of secondary oxidation reactions of 8-oxoGua. 8-929 

OxoGua shows a much higher susceptibility by about two orders of magnitude than parent 930 

Gua toward oxidation reactions triggered by either 1O2 (158,159) or one-electron oxidation 931 
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(160,161). Therefore it is a requisite even when relevant double-stranded DNA is used as the 932 

model compound to minimize the formation of secondary Gua oxidation products. This could 933 

be achieved by exposing DNA to mild oxidation conditions that led to an overall degradation 934 

of Gua moieties lower than 10%. 935 

Measurement of oxidized nucleobases/nucleosides in isolated DNA. High performance liquid 936 

chromatography associated with accurate and sensitive electrospray ionization tandem mass 937 

spectrometry detection (HPLC-ESI-MS/MS) has been shown to be the gold standard method 938 

to quantitatively measure a large number of oxidized 2’-deoxyribonucleosides including 8-939 

oxodG and FapydG (162). The analysis requires application of optimized condition of 940 

enzymatic digestion of oxidized DNA that leads to a quantitative release of free 2’-941 

deoxyribonucleosides. The detection of the 2’-deoxyribonucleoside of FapyGua is more 942 

problematic since the opening of imidazole ring is accompanied by a significant increase in 943 

the weakness of the N-glycosidic bond of the modified nucleoside. This leads to furanose-944 

pyranose ring isomerization and C1’-anomerization of osidic moiety in a dynamic way that 945 

is accompanied by irreversible release of the free base (163). This difficulty has been 946 

overcome by letting the unstable 2’-deoxyribonucleoside quantitatively converted into 947 

FapyGua that is analyzed by gas-chromatography coupled with mass spectrometry (GC-MS) 948 

once the modified base has been pre-purified by HPLC (164). A more recently alternative 949 

protocol involves direct HPLC-ESI-MS/MS analysis of released FapyGua (162). 1O2 950 

oxidation of double-stranded DNA leads to the predominant formation of 8-oxodG whereas 951 

type I photosensitized oxidation gives rise to 8-oxodG, dOz and FapyGua as the main base 952 

degradation products. The latter base degradation pattern that was observed for riboflavin, 953 

benzophenone and 2-methyl-1,4-napthoquinone, all well-documented type I photosensitizers 954 

(165) is also characteristic of •OH-mediated guanine degradation distribution. In addition, 955 

•OH is also capable to oxidize pyrimidine bases, however with usually a much higher 956 
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efficiency than type I photosensitizers (146). 957 

Covalently guanine-lysine cross-link represents another relevant DNA modification 958 

of type I photosensitization reaction that could be used as diagnostic of one-electron 959 

oxidation of guanine in DNA-protein complexes. The specific formation of the amino-960 

nucleobase adducts involves covalent attachment of Ɛ-free amino group of central lysine of 961 

bound KKK tripeptide to TGT trinucleotide at guanine C8 upon riboflavin photosensitization 962 

(166). 963 

Site specific distribution of oxidized bases in defined sequence double-stranded DNA 964 

fragments. Another relevant analytical approach has been developed for gaining mechanistic 965 

insights into type I and type II photosensitized formation in double-stranded DNA fragments. 966 

This is based on the formation of the main guanine modifications including 8-oxoGua, Oz 967 

and FapyGua at the nucleotide level. For this purpose [32P]-end labeled of double stranded 968 

DNA fragments of defined sequence that were obtained by specific restriction enzymatic 969 

cleavage of human genes were used as the oxidation DNA targets. 8-OxoGuo, the exclusive 970 

1O2 oxidation product of DNA, could be revealed together with FapyGua as DNA repair 971 

glycosylase-sensitives site whereas Oz and FapyGua could be detected as alkali-labile sites 972 

upon hot piperidine treatment. Localization of enzymatic or chemical cleaved DNA sites is 973 

achieved by high resolution polyacrylamide gel electrophoresis (PAGE) analysis using the 974 

performant sequencing protocol developed by Maxam and Gilbert (167). It was found that 975 

the distribution of 1O2 mediated 8-oxoGua does not show any significant sequence selectivity 976 

as observed upon photosensitization by either hematoporphyrin or lomefloxacin in agreement 977 

that is agreement with the similar reactivity of guanine moieties towards 1O2 oxidation in 978 

DNA fragments irrespective of the nature of vicinal bases (168,169,170). In contrast the type 979 

I photosensitized formation of 8-oxoGua and piperidine-sensitive guanine lesions consisting 980 

of Oz and FapyGua is highly dependent on the nature of the flanking bases (170). Thus 5’-981 
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GG-3’ doublet and particularly 5’G exhibit a high susceptibility to 1O2 oxidation that is a 982 

characteristic feature of type I photosensitizers as observed for riboflavin (168,171), 983 

methylene blue (172), nalidixic acid (169), pterins (171,173) and Nile blue (171). This was 984 

rationalized by theoretical studies in terms of decrease in the ionization potential of 5’G 985 

versus 3’G and 5’-localization of HOMO in stacked G doublet (174). It was also shown both 986 

experimentally and theoretically that G triplet is another preferential target for one-electron 987 

oxidation of nucleobases in native DNA with a preference for central G (175). In contrast 988 

isolated guanines are poorly oxidized by one-electron oxidants with no base specificity. 989 

Other analytical approaches that are based on [18O]-labeling experiments have been 990 

applied for assessing contribution of type I and II photosensitization mechanisms to oxidation 991 

reactions of DNA. Thus riboflavin-mediated sensitization of calf thymus DNA to UVA 992 

radiation in [18O]-labeled aqueous solution led to the formation of [18O]-enriched 8-oxodG 993 

as a relevant indicator of type I photosensitization mechanism through specific hydration of 994 

the guanine radical cation (176). Monitoring the formation of monoatomic labeled 8-oxodG 995 

arising from [18O]-1O2 oxidation exposure (177) could be used as a relevant indicator of type 996 

photosensitization II reaction in aerated aqueous solution of DNA. Enhancement of 997 

photosensitized formation of 8-oxodG in D2O that is explained by a significant increase of 998 

1O2 lifetime in deuterated solvent (61) constitutes an alternative and complementary way to 999 

assess the implication of type II mechanism as shown for hematoporphyrin (169). 1000 

Cellular DNA 1001 

Abundant information is available on the chemical reactions triggered by both type I and type 1002 

II photosensitization reactions that result in the predominant oxidation of the guanine base in 1003 

isolated DNA (145, 146). Interestingly the aqueous solution model system that has been 1004 

mostly used to investigate oxidizing reactions of the guanine moiety mediated by 1O2, one-1005 

electron oxidants and •OH) has been shown to be biologically relevant in terms of reactivity 1006 
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and formation of final degradation products in cellular DNA (34,146,178). Therefore 1007 

measurement of selected biomarkers such as 8-oxodG and FapyGua in cellular DNA could 1008 

be of mechanistic value. However this requires application of accurate and sensitive methods 1009 

since the levels of oxidatively generated DNA modifications are at best in the range of a few 1010 

modifications per 106 nucleosides. Another difficulty that further complicates investigation 1011 

of photosensitized reactions of cellular DNA is the possible implication of •OH–mediated 1012 

degradation processes triggered by Fenton reactions as part of biochemical oxidative stress 1013 

response to UV radiation (179,180). 1014 

Methods of measurement of photosensitized DNA damage. HPLC-ESI-MS/MS is the method 1015 

of choice to measure 8-oxodG and FapyGua the two main oxidatively generated guanine 1016 

modifications in cellular DNA (162). However occurrence of spurious oxidation of 1017 

overwhelming normal nucleosides during DNA extraction and subsequent work-up that 1018 

cannot be totally prevented (146,162,181) could represent a limitation when mild conditions 1019 

of photosensitization are concerned. A more sensitive but less specific alternative to detect 1020 

oxidatively base lesions is to apply highly sensitive modified alkaline comet assay that in 1021 

contrast to HPLC methods is exempt of artifactual oxidation occurrence (182,183). Pre-1022 

incubation of released DNA by suitable DNA repair glycosylases allow highly sensitive 1023 

detection and quantitation of two main classes of modified bases. Thus digestion of DNA 1024 

with either formamidopyrimidine DNA N-glycosylase or mammalian 8-oxoguanine DNA N-1025 

glycosylase allows measurement of modified purine bases consisting predominantly of 8-1026 

oxoGua and FapyGua. In addition the levels of 5,6-saturated pyrimidine bases could be 1027 

assessed upon DNA incubation with bacterial endonuclease III (endo III). Application of the 1028 

standard protocol that omits DNA repair incubation provides information on the generation 1029 

of oligonucleotide strand breaks including direct DNA nicks and alkali-labile lesions. 1030 

UVA photosensitization of DNA in human cells. The implication of oxidation reactions with 1031 
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a preponderant role played by 1O2 in the deleterious effects of UVA on human skin cells was 1032 

demonstrated by the initial contributions of RM Tyrell and collaborators (184,185). Evidence 1033 

was subsequently provided that UVA irradiation triggered the predominant formation of 1034 

formamidopyrimidine (Fpg)-sensitive sites that were revealed by alkaline elution technique 1035 

(186,187). More specifically 8-oxodG an ubiquitous DNA oxidation was measured by 1036 

HPLC-ECD and HPLC- MS/MS (for an early review, see Ref. 188 and herein references). It 1037 

was also shown that 8-oxodGuo, the main oxidation product, is generated as relatively minor 1038 

lesions with respect to predominant cyclobutane pyrimidine dimers (CPDs) in human 1039 

fibroblasts, keratinocytes (189) and skin explants (190) upon UVA irradiation. While 1040 

predominant CPDs are formed by direct UVA excitation of pyrimidine bases, 8-oxodG and 1041 

other oxidatively minor oxidatively generated DNA modifications arise from implication of 1042 

still hypothetical endogenous photosensitizers which nature is likely to differ according to 1043 

cells (180). Mechanistic insights into UVA-sensitized oxidation DNA degradation pathways 1044 

of human monocytes TPH1 were gained from the measurement of 8-oxodG and FapyGua, 1045 

two relevant oxidatively produced guanine modifications by HPLC-ECD and HPLC/GC/MS 1046 

respectively. As striking results it was found that 8-oxodG is predominantly generated 1047 

whereas no significant increase in the level of FapyGua was observed with respect to control, 1048 

thus strongly suggesting that type II mechanism is mostly involved in the photosensitization 1049 

reactions of monocyte DNA. Further information was provided by the measurements of three 1050 

main classes of DNA oxidation damage using both the basic and enzymatic versions of the 1051 

alkaline comet assay. It was found that Fpg-sensitive sites consisting of guanine 1052 

modifications, likely 8-oxodG, are predominantly produced whereas the formation of 1053 

relatively minor endo III-sensitive sites and direct DNA strand breaks/alkali-labile sites is 1054 

mostly accounted for •OH mediated degradation reactions (Table 2). This is supported by the 1055 

comparison of the distribution of the three classes of DNA UVA modifications with that 1056 
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produced by gamma rays (Table 2) that predominantly generate •OH as the reactive species 1057 

whereas ionization is a minor contributor. Interestingly the relative yield of DNA strand 1058 

breaks with respect to pyrimidine base modifications (about 3) is similar in DNA exposed to 1059 

either UVA radiation or gamma rays. However in agreement with the mild oxidizing feature 1060 

of 1O2 that exclusivity generated 8-oxodG, the relative yield of Fpg-sensitive sites compared 1061 

to DNA stand breaks is about 6-fold higher upon UVA irradiation than exposure to gamma 1062 

rays. It may be concluded that oxidation reactions triggered by UVA on monocytes are 1063 

predominantly accounted for by photosensitizers operating through type II photosensitization 1064 

mechanism together with a minor contribution of •OH issued from Fenton type reactions as 1065 

part of biochemical responses to UVA irradiation. Information is also available on the 1066 

respective levels of 8-oxodG, Fpg-sensitive sites and strand breaks in the DNA of human 1067 

keratinocytes and melanocytes growth from the same donor (191). The UVA-induced 1068 

formation of 8-oxodG and Fpg-sites is about two-fold higher in melanocytes than in 1069 

keratinocytes in agreement with earlier obersvations (192). On the other hand the levels of 1070 

DNA strand breaks that include alkali-labile sites are similar in both type cells (191). The 1071 

relative increase in the levels of guanine modifications by comparison with DNA breaks in 1072 

melanocytes than in keratinocytes is suggestive of relative higher contribution of 1O2 with 1073 

respect to Fenton reaction occurrence. Evidence has been provided from spectroscopic 1074 

studies (193) and visible light irradiation of biological samples (194,195) that melanin is able 1075 

to generate 1O2 and also O2•-, as a likely precursor of •OH in cells. There is a strong need of 1076 

assessing the photodynamic features of a wide variety of photosensitizers on cellular DNA 1077 

that could be done by measuring both specific lesions and broader classes of damage. This 1078 

concerns in particular phototherapeutic thiazine dyes with emphasis on methylene blue that 1079 

bind to DNA and induce  in addition to 8-oxodG other unknown modifications (196,197), 1080 

likely as the result of involvement of both types I and type II photosensitization mechanisms 1081 



 46 

(198,199,200). 1082 

<Table 2> 1083 

Ref: 201 1084 

DO’S AND DON’TS FOR GOOD PRACTICES 1085 

Scheme 1 shows the types of photosensitization reaction involving biological targets. There 1086 

are four quadrants, where the above text provided practical aspects on how to study them. 1087 

They include oxygen-dependent (type I and type II processes) and oxygen-independent 1088 

sensitization (TTET and photoadduct formation). The first recommendation clearly is to 1089 

consider the four mechanisms and do not restrict the analysis to the more widely broadcast 1090 

and known type I and type II mechanisms. 1091 

Insight into these four mechanisms is provided and how to assess their relative 1092 

contributions and being critical in the analysis. Isolated system vs. cellular system: There are 1093 

pluses and minuses to each since the number of variables in the former is lower but in a 1094 

contrived setting, while in the latter, a larger number of variables complicates a “high-1095 

resolution” mechanistic analysis. For example, in cellular systems, there are challenges from 1096 

competing (e.g., O2•−, HO∙, NO∙, ONOO−, OCl−, H2O2, Fenton, and other oxidation and 1097 

autoxidation reactions) that also arise by normal enzymatic reactions. In short, one must be 1098 

very careful in applying conclusions obtained from simple and controlled systems to cells. 1099 

There are virtues in putting together different possibilities that associate physical, chemical, 1100 

and biological aspects. Therefore use of various sources of information from isolated and 1101 

cellular systems could be useful. 1102 

In this survey we have described the use of different techniques and different 1103 

experimental strategies, emphasizing the pros and cons of each one. It is clear that no reliable 1104 
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conclusions can be made and no elucidation of mechanisms is possible using a single 1105 

technique. To sum up, there are benefits that can be expected by using different 1106 

methodologies and strategies. 1107 

CONCLUSIONS 1108 

This is a follow-up of recent surveys aimed at reviewing mechanistic aspects of 1109 

photosensitized degradation of key biomolecules (nucleic acids, unsaturated lipids, proteins) 1110 

that have included a slightly revisited version of type I and type II photosensitization 1111 

pathways. Emphasis is placed in the present article on the evaluation of the potential and 1112 

limitation of available experimental approaches for providing mechanistic insights in 1113 

photosensitized reactions. These include time-resolved and steady-state spectroscopic 1114 

methods that may be complemented by the delineation of the modifying effects of quenchers 1115 

and scavengers. In addition, relevant information may be gained from the characterization of 1116 

dedicated final degradation products of biomolecules, information that can be used in cells 1117 

as relevant and sensitive biomarker(s) of representative photosensitized mechanisms. We 1118 

hope our work will establish good standard practices, with clear hints on how to succeed in 1119 

the study of the photosensitized oxidation reactions. 1120 
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FIGURE CAPTIONS 1128 

Scheme 1. Main types of photosensitized reactions of biological targets. Sens: 1129 

photosensitizer in the ground state, 1Sens*: photosensitizer in the singlet excited state, 3Sens*: 1130 

photosensitizer in the triplet excited state, S: substrate or target molecule. For simplicity, only 1131 

processes initiated by 3Sens* are shown. 1132 

Scheme 2. Unimolecular deactivation pathways of singlet (1Sens*) and triplet (3Sens*) 1133 

excited states of a photosensitizer. 𝑘𝑘𝑖𝑖 : rate constant, d[Sens*]/dt: rate of excited state decay, 1134 

τ: excited state life time, 𝜏𝜏𝑆𝑆 and 𝜏𝜏𝑇𝑇: lifetimes of singlet and triplet excited states, respectively. 1135 

Figure 1. Typical behavior of the time evolution of the concentration of an oxidizable 1136 

substrate (S) steadily irradiated in the presence of a suitable photosensitizer under different 1137 

experimental conditions. a) Process 1 takes place through a pure type I mechanism; b) process 1138 

2 takes place through a pure type II mechanism. 1139 

Scheme 3. Schematic of a laser flash photolysis (LFP) setup and data acquisition. (A) Pulsed-1140 

laser irradiation; (B) pulsed-light source for evaluation of transient intermediate; (C) 1141 

detection module, commonly a shutter, a monochromator and a photomultiplier tube (PMT) 1142 

coupled to an oscilloscope; (D) software for timing control of the laser, evaluation light 1143 

source, shutter, and signal acquisition; and (E) raw data as transient signals with absorbance 1144 

variations, before and after the laser pulses (∆Abs). 1145 

Scheme 4. a) Portions of the laser flash photolysis (LFP) system involving: pulsed-excitation 1146 

of sensitizer (Sens); intersystem crossing of singlet-excited sensitizer (1Sens*) to triplet-1147 

excited sensitizer (3Sens*); quenching of 3Sens* in short-time window; reactions proceeding 1148 

after long-time windows following the laser pulse. b) LFP analysis of the initial step of type 1149 

I mechanism. Representative signal traces and absorption spectra following 3Sens* decay and 1150 
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transient intermediate appearance of transient intermediates: sensitizer and substrate radicals 1151 

(Sens•–/SensH• and S•+/S(-H)•, respectively). 1152 

Scheme 5. Electron paramagnetic resonance (EPR): Formation of persistent radicals by the 1153 

reaction of spin traps with short-lived radicals. DMPO: 5,5-dimethyl-1-pyrroline-N-oxide 1154 

(DMPO), TEMP: 2,2,6,6-tetra-methylpiperidine, TEMPO: 2,2,6,6-tetra-methylpiperidine-1155 

N-oxyl. 1156 

Scheme 6. 1O2 scavengers of varying selectivities. 1157 

Scheme 7. Diversification of the photochemical damage. 1158 

Scheme 8. Competitive pathways in type I mechanism. Sn•+ and Sn(-H)•, resonance forms of 1159 

the substrate radical cation and neutral radical, respectively. 1160 

 1161 

  1162 
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TABLE CAPTIONS 1163 

Table 1. Pattern of consumption of photosensitizer and substrate for different types of 1164 

mechanisms. These findings are valid only when a unique mechanism is possible for a given 1165 

pair sensitizer/substrate. TTET: triplet-triplet energy transfer. 1166 

Table 2. Relative yield of UVA radiation and gamma ray induced classes of DNA damagea. 1167 

  1168 
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 1169 

 1170 

Scheme 1. Main types of photosensitized reactions of biological targets. Sens: 1171 

photosensitizer in the ground state, 1Sens*: photosensitizer in the singlet excited state, 1172 
3Sens*: photosensitizer in the triplet excited state, S: substrate or tatget molecule. For 1173 

simplicity, only processes initiated by 3Sens* are shown. 1174 

  1175 
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 1176 

Equation Type of process Step rate d[Sens*]/dt τ 
       

1Sens*  3Sens* Intersystem crossing 𝑘𝑘𝐼𝐼𝐼𝐼𝐼𝐼𝑆𝑆  [1Sens*] 

  Σ𝑘𝑘𝑖𝑖𝑆𝑆 [1Sens*] 1/Σ𝑘𝑘𝑖𝑖𝑆𝑆 1Sens*  Sens Internal conversion 𝑘𝑘𝐼𝐼𝐼𝐼𝑆𝑆  [1Sens*] 
1Sens*  Sens + hνʼ Fluorescence 𝑘𝑘𝐹𝐹𝑆𝑆 [1Sens*] 

       
3Sens*  Sens (back) Intersystem crossing 𝑘𝑘−𝐼𝐼𝐼𝐼𝐼𝐼𝑇𝑇  [3Sens*] 

  Σ𝑘𝑘𝑖𝑖𝑇𝑇 [3Sens*] 1/Σ𝑘𝑘𝑖𝑖𝑇𝑇 
3Sens* 

 Sens + hνʼʼ Phosphorescence 𝑘𝑘𝑇𝑇𝑇𝑇 [3Sens*] 

Scheme 2. Unimolecular deactivation pathways of singlet (1Sens*) and triplet (3Sens*) 1177 

excited states of a photosensitizer. 𝒌𝒌𝒊𝒊 : rate constant, d[Sens*]/dt: rate of excited state 1178 

decay, τ: excited state life time, 𝝉𝝉𝑺𝑺 and 𝝉𝝉𝑻𝑻: lifetimes of singlet and triplet excited states, 1179 

respectively. 1180 

  1181 

Σ𝒌𝒌𝒊𝒊𝑺𝑺 >> Σ𝒌𝒌𝒊𝒊𝑻𝑻 ⇒ 𝝉𝝉𝑺𝑺 << 𝝉𝝉𝑻𝑻 ⇒ [1Sens*] << [3Sens*] 
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 1182 

Figure 1. Typical behavior of the time evolution of the concentration of an oxidizable 1183 

substrate (S) steadily irradiated in the presence of a suitable photosensitizer under 1184 

different experimental conditions. a) Process 1 takes place through a pure type I 1185 

mechanism; b) process 2 takes place through a pure type II mechanism. 1186 

 1187 

  1188 

𝒓𝒓𝒔𝒔(𝑨𝑨𝑨𝑨) < 𝒓𝒓𝒔𝒔(𝒂𝒂𝒂𝒂𝒂𝒂) ≤ 𝒓𝒓𝒔𝒔(𝑶𝑶𝟐𝟐) ≪ 𝒓𝒓𝒔𝒔(𝒂𝒂𝒂𝒂𝒂𝒂/𝑫𝑫𝟐𝟐𝑶𝑶) 

𝒓𝒓𝒔𝒔(𝑨𝑨𝑨𝑨) < 𝒓𝒓𝒔𝒔(𝑶𝑶𝟐𝟐) ≤ 𝒓𝒓𝒔𝒔(𝒂𝒂𝒂𝒂𝒂𝒂) = 𝒓𝒓𝒔𝒔(𝒂𝒂𝒂𝒂𝒂𝒂/𝑫𝑫𝟐𝟐𝑶𝑶) 
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 1189 

Scheme 3. Schematic of a laser flash photolysis (LFP) setup and data acquisition. (A) 1190 

Pulsed-laser irradiation; (B) pulsed-light source for evaluation of transient 1191 

intermediate; (C) detection module, commonly a shutter, a monochromator and a 1192 

photomultiplier tube (PMT) coupled to an oscilloscope; (D) software for timing control 1193 

of the laser, evaluation light source, shutter, and signal acquisition; and (E) raw data as 1194 

transient signals with absorbance variations, before and after the laser pulses (∆Abs). 1195 

  1196 
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 1197 

 1198 

Scheme 4. a) Portions of the laser flash photolysis (LFP) system involving: pulsed-1199 

excitation of sensitizer (Sens); intersystem crossing of singlet-excited sensitizer (1Sens*) 1200 

to triplet-excited sensitizer (3Sens*); quenching of 3Sens* in short-time window; 1201 

reactions proceeding after long-time windows following the laser pulse. b) LFP analysis 1202 

of the initial step of type I mechanism. Representative signal traces and absorption 1203 

spectra following 3Sens* decay and appearance of transient intermediates: sensitizer 1204 

and substrate radicals (Sens•–/SensH• and S•+/S(-H)•, respectively). 1205 
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Scheme 5. Electron paramagnetic resonance (EPR): Formation of persistent radicals 1209 

by the reaction of spin traps with short-lived radicals. DMPO: 5,5-dimethyl-1-1210 

pyrroline-N-oxide (DMPO), TEMP: 2,2,6,6-tetra-methylpiperidine, TEMPO: 2,2,6,6-1211 

tetra-methylpiperidine-N-oxyl. 1212 
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 1214 

Scheme 6. 1O2 scavengers of varying selectivities. 1215 

  1216 



 81 

 1217 

Scheme 7. Diversification of the photochemical damage. 1218 

  1219 
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 1220 

Scheme 7. Competitive pathways in type I mechanism. Sn•+ and Sn(-H)•, resonance forms 1221 

of the substrate radical cation and neutral radical, respectively. 1222 

 1223 

  1224 
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 1225 

Table 1. Pattern of consumption of photosensitizer and substrate for different types of 1226 

mechanisms. These findings are valid only when a unique mechanism is possible for a 1227 

given pair sensitizer/substrate. TTET: triplet-triplet energy transfer. 1228 

  Photosensitized oxidations     O2 independent processes 

 Reactant Type I Type II TTET photoadducts 

Presence of O2 
Sensitizer ‒/+ ‒ ‒ + 

Substrate + + + + 

Absence of O2 
Sensitizer ‒ ‒ ‒ ++ 

Substrate ‒ ‒ ++ ++ 
 1229 

  1230 
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 1231 

Table 2. Relative yield of UVA radiation and gamma ray induced classes of DNA damagea 1232 

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% 

a Measured by basal and enzymatic versions of the alkaline comet assay (202). 1233 

 1234 

 1235 

202 Pouget, J.-P., T. Douki, M.-J. Richard and J. Cadet (2000) DNA damage induced in cells 

by gamma and UVA radiation as measured by HPLC/GC-MS and HPLC-EC and Comet 

assay. Chem. Res. Toxicol. 13, 541–549. 

                                                 


