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Abstract
Photophysical and photochemical studies were carried out to examine the photoreactivity of etheno adducts, 1,N6-ethe-
noadenine (εdA) and 1,N2-ethenoguanine (εdG), in the presence of two well-known photosensitizers acting by Type I and/
or Type II mechanisms such as 4-carboxybenzophenone (CBP) and rose Bengal (RB), respectively. Steady-state photolysis 
experiments combined with HPLC and mass spectroscopy measurements lead to photoproducts that correspond to the 
repaired nucleosides. To determine the mechanism of this photooxidation processes, phosphorescence spectroscopy, direct 
detection of singlet oxygen luminescence and laser flash photolysis were carried out. This work establishes that εdG and 
εdA are sensitive to both types of processes (Type I and II).
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1  Introduction

Photosensitization of DNA bases has attracted consider-
able interest to understand the interaction between light 
and nucleic acids and its role in the appearance of harmful 
effects such as photoaging, phototoxicity, photocarcinogen-
esis, etc. [1]. Over the years, a multitude of photosensitizers 
have been reported to generate DNA lesions through three 
main types of mechanisms corresponding to Type I and/or 
Type II processes, or triplet–triplet energy transfer (TTET) 
[2, 3]. One of the most sensitive nucleobases to oxidation 
through Type I and Type II processes is 2ʹ-deoxyguanosine 
(dG) forming 8-oxo-7,8-dihydroguanosine (8-oxoG) [4, 5]. 
The 8-oxoG is described to be a primary photolesion from 
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the canonical nucleobase; however, its photosensitized deg-
radation leads to the formation of secondary photoproducts 
with mutagenic properties such as 2,2-diamino-oxazolone 
(Ox) [6], spiroiminodihydantoin (Sp) or guanidinohydantoin 
(Gh) [7]. As in the case of 8-oxoG, DNA (photo)lesions 
are not necessarily photostable and might suffer further 
photodegradation. With this in mind, DNA etheno adducts 
(ε-adducts) warrant further study as interesting lesions for 
investigating their photoreactivity.

DNA ε-adducts come from endogenous reactions involv-
ing metabolically generated aldehydes derived from lipid 
peroxidation [8, 9] or human carcinogen metabolites such 
as vinyl chloride [10]. As a consequence, they represent a 
background DNA damage in rodent or human tissues [11, 
12]. These adducts contain a five-membered ring formed 
between the exocyclic amine and a nitrogen atom of the 
purine or pyrimidine core. A total of four ε-adducts have 
been identified in DNA; they correspond to 1,N6-ethenoad-
enine, 3,N4-ethenocytosine, 1,N2-ethenoguanine and N2,3-
ethenoguanine. Remarkably, these ubiquitous lesions are not 
innocuous and exhibit highly mutagenic properties inducing 
base transitions or transversion in mammal cells [8, 13]. In 
addition, we recently reported the photophysics of εdC and 
εdG using a combined experimental and theoretical study 
[14, 15], and showed that addition of the extra etheno ring 
on 2ʹ-deoxycytosine (dC) or dG alters their photobehavior 
and results in an increase of the lifetime and quantum yield 
of fluorescence. These findings could be associated with a 
higher photoreactivity of the lesion compared to the canoni-
cal nucleobase. Interestingly, the computational results for 

εdG also point to a lower oxidation potential of this nucle-
obase compared with that of dG [14].

As a matter of fact, the chemical stability of 1,N2-etheno-
2ʹ-deoxyguanosine (εdG) has been tackled in the literature to 
evaluate the accuracy of the analytical methods employed in 
its quantification as an oxidative stress biomarker [16]. Thus, 
its degradation by hydrolysis under acidic conditions (pH 
2), Fenton reaction, or one-electron oxidation by SO4

•− has 
been documented [16], ultimately resulting in the repaired 
nucleotide, dG, for the latter two processes. Furthermore, the 
reactivity of three ε-adducts 1,N6-etheno-2ʹ-deoxyadenine 
(εdA), 3,N4-etheno-2ʹ-deoxycytosine (εdC) and εdG with 
1O2 has been studied few years ago [17]. Bimolecular 
rate constants ranging from 2.3 to 4.4 × 106 M−1s−1 have 
been determined for 1O2 quenching. It is noteworthy that 
these values are close to that measured for quenching by 
2ʹ-deoxyguanosine (dG) of ca. 5.4 × 106 M−1s−1 [17], which 
is the only canonical nucleoside able to chemically react 
with this reactive oxygen species. In addition, thermally 
generated 1O2 from naphthalene-derived endoperoxides was 
shown to attack εdG to yield the original nucleoside dG after 
formation of an oxetane intermediate (Scheme 1, Type II 
route). Deactivation of 1O2 by the other two ε-adducts was, 
by contrast, interpreted as a physical quenching [17].

Here, we addressed the study of the processes involved in 
the photoreactivity of two ε-adducts derived from purines, 
εdG and εdA, using rose Bengal (RB2−) and 4-carboxy-
benzophenone (CBP) as Type II and/or I photosensitizers, 
respectively (Fig. 1). On the one hand, RB2− is a well-known 
photosensitizer that has been widely used due to its high 

Scheme 1   Proposed mechanism 
for Type I and Type II (adapted 
from reference [17]) photosensi-
tized degradation of εdG N
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quantum yield of 1O2 formation (ΦΔ = 0.76 in water) [18]. 
As a consequence, its mode of action has been mostly attrib-
uted to a Type II mechanism that corresponds to a reaction 
between the substrate and 1O2. RB2− has been, for example, 
employed to investigate the photoproducts obtained from 
1O2 attack on nucleoside or DNA molecules, leading to 
the formation of 8-oxoG, Ox, Sp or Gh [4, 5]. However, 
it has also been shown that RB2− could undergo oxidative 
and reductive triplet excited state quenching in biological 
media [19], which suggests that under particular conditions 
Type I processes can take place and compete with the 1O2-
derived mechanism. On the other hand, benzophenone and 
its derivatives such as CBP have been described as classical 
and paradigmatic chromophores [20]. They are well-estab-
lished DNA photosensitizers able to yield a large variety of 
lesions arising from Type I (electron transfer and hydrogen 
abstraction) or Type II processes, but also from triplet–triplet 
energy transfer (TTET) to thymine, the nucleobase with the 
lowest triplet excited state energy [21]. In this work, CBP 
is used as a water-soluble derivative, and ε-adducts photo-
sensitization was run under anaerobic conditions to prevent 
Type II mechanism and focus attention on a Type I process.

2 � Results

2.1 � Photosensitization of ε‑adducts by RB2−

The ε-adducts reactivity toward 1O2 was first considered 
using rose Bengal (RB2−) as a typical Type II photosensitizer 
[18, 19]. Steady-state photolysis was run for aerated water 
solutions of the ε-adducts (20 µM) and RB2− (10 µM) using 
white light (emission between 350 and 700 nm) to ensure 
the excitation of RB2− at its 550 nm absorption band without 
direct excitation of the ε-adducts (Fig. S1). The kinetics of 
the lesion consumption and photoproducts formation were 
followed by HPLC. Control experiments were performed 
by irradiating the lesion alone; expectedly, no changes were 
observed by HPLC confirming their photostability under our 
experimental conditions (Fig. S2). Conversely, steady-state 
photolysis of the ε-adducts in the presence of RB2− showed 
that the initial peak decreases as a function of irradiation 
time (Figs. 2 and 3, black lines).

The guanine-derived adduct, εdG (eluting at 15 min), 
exhibited a reactivity similar to that previously reported in 
the literature [17] as its consumption gave rise to the forma-
tion of different products with retention times (tR) of 5.2–5.4, 
6.2, and 10.7 min (Fig. 2). Compound eluting at 6.2 min was 
assigned to the original nucleobase, dG, by comparison with 
an authentic sample. Compounds at 5.2–5.4 and 10.7 min 
were identified by HPLC–MS (Fig. S3) on the basis of Mar-
tinez et al. studies [17]. The fast eluting compound with m/z 

Fig. 1   Structure of the 
ε-adducts under study, rose 
Bengal (RB2−) and 4-carboxy-
benzophenone (CBP)
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Fig. 2   a HPLC chromatograms 
registered at 260 nm for an 
aerated solution of 20 µM εdG 
in the presence of 10 µM RB 
upon irradiation at different 
times in H2O. B Variation of the 
concentration of damaged (εdG, 
circle) and repaired nucleoside 
(dG, square) as a function of the 
irradiation time in H2O (black) 
and D2O (red)
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of 326 corresponds to intermediate III, whereas at tR = 10.7 
min the registered m/z of 296 agrees with the generation of 
intermediate VIa and/or VIb (Scheme 1).

Interestingly, εdG is not the only ε-adduct that reacted 
under our experimental conditions. As shown in Fig. 3, εdA 
(eluting at 11.2 min) was also consumed, but led to the for-
mation of one single product eluting at tR of ca. 8.5 min and 
assigned to dA by comparison with an authentic sample and 
HPLC–MS analysis. In that case, no intermediates of the 
reaction were detected.

To confirm the role of 1O2 in the degradation of the 
ε-adducts and regeneration of the original DNA bases, irra-
diations were run in D2O, where 1O2 lifetime is much longer 
than in H2O (ca. 60 vs 4 µs) [22]. Accordingly, the kinetics 
were faster, reaching an almost complete consumption after 
20 and 60 min for εdG and εdA, respectively (Figs. 2B and 
3B, red lines).

Thus, RB2− photosensitization of both ε-adducts under 
aerobic conditions leads back to the original nucleosides and 
provides a photorepair process of these lesions. Recovery of 

the nucleosides appears to occur in high yields for εdA in 
D2O (Fig. 3B). By contrast, dG formation yield reaches less 
than 10% just after 15 min of irradiation in D2O. This low 
yield can be explained not only by the presence of intermedi-
ates that, as shown by Martinez et al., slowly evolve to dG, 
but also by the particular reactivity of dG with 1O2, as it is 
the only DNA nucleobase able to react with this reactive 
oxygen species to yield secondary products [23].

2.2 � Photophysical study of RB2− in the presence 
of ε‑adducts

Next, the interaction of the ε-adducts with 1O2 was studied 
using time-resolved phosphorescence. Experiments were run 
recording 1O2(1Δg) characteristic emission at 1270 nm after 
excitation at 532 nm of D2O solutions of RB2− at a concen-
tration of 5 µM (A532 = 0.18). The initial lifetime τ0 of ca. 66 
µs determined for 1O2 emission was shortened after the addi-
tion of increasing amounts of the etheno derivatives (Fig. 4). 
The 1O2 quenching rate constants (kq(1O2)-ε in M−1s−1) were 

Fig. 3   a HPLC chromatograms 
registered at 260 nm for an 
aerated solution of 20 µM εdA 
in the presence of 10 µM RB 
upon irradiation at different 
times in H2O. B Variation of the 
concentration of damaged (εdA, 
circle) and repaired nucleoside 
(dA, square) as a function of the 
irradiation time in H2O (black) 
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Fig. 4   Time-resolved 1O2 phosphorescence signal (λexc = 532 nm, 
λem = 1270 nm) and their corresponding Stern–Volmer plot (insets) 
obtained from aerated D2O solutions of 5 µM RB in the presence of 

increasing amounts of ε-adducts (A) from 0 to 2 mM for εdA and (B) 
from 0 to 0.2 mM in case of εdG
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determined from the Stern–Volmer plots applying the fol-
lowing equation:

where τ0 and τ are the 1O2 lifetime (in s) in the absence 
and in the presence of a concentration [ε-adduct] of the 
quencher (in M). Similar values were obtained for the two 
adducts with kq(1O2)-ε in the order of 106 M−1s−1 (Table 1).

Moreover, a decrease of the top emission intensity was 
observed for all the additions, which was especially pro-
nounced for εdA (Fig. 4A) where the final adduct concentra-
tion was higher (εdG is not soluble at concentration higher 
than 0.4 mM). This decrease in 1O2 signal intensity could 
be the result of a lower formation yield of the 1O2 precursor, 
i.e., RB2− triplet excited state (3RB2−*), as the concentration 
of the quencher increases. These changes in 3RB2−* popula-
tion can be, indeed, due to several processes.

First, the screening effect resulting from absorption of 
the etheno derivatives can be discarded due to their lack 
of absorption at the excitation wavelength (λexc = 532 nm). 
Another option is an interaction of the ε-adducts with the 
singlet excited state of the photosensitizer (1RB2−*), which 
would decrease the excited molecules available for inter-
system crossing and population of 3RB2−*, resulting in less 
1O2 production. To investigate this possibility, steady-state 
fluorescence experiments were carried out under the same 
conditions as those of 1O2 detection, but no significant 
decrease of 1RB2−* emission intensity was observed (Fig. 
S4). Therefore, on the basis of the steady-state fluorescence 

1∕� = 1∕�0 + kq
(

1O2

)

− � × [� - adduct],

results, the decrease in the top emission intensity observed in 
Fig. 4 is not due to a quenching of 1RB2−*. Another explana-
tion could rely on the photodegradation of the RB2− during 
the measurements (each trace is obtained after an accumula-
tion time of 3 min). However, no significant changes were 
observed when comparing the UV–Vis absorption spectra of 
the solutions before and after the 1O2 measurement.

A direct interaction between the triplet excited state 
of RB2− and the ε-adducts represents another possibility. 
Indeed, upon excitation, formation of the triplet manifold 
is the main route of 1RB2−* deactivation with an efficient 
intersystem crossing, �ISC of ca. 0.8, and thus the reactivity 
of this state directly with the lesions can play an important 
role in the photochemical processes [19, 24, 25]. In this con-
text, phosphorescence experiments were performed using 
RB2− solutions (5 µM) prepared in deuterated water and 
flushed with N2 just before the measurements. The phos-
phorescence emission was registered at room temperature 
after excitation at 532 nm and showed a maximum at 730 
nm with a lifetime τ0 of ca. 210 µs. Decays were recorded in 
the presence of increasing amounts of the ε-adducts (Fig. 5), 
and the bimolecular quenching rate constants kq(3RB2−*)P-ε, 
summarized in Table 1, were obtained from the Stern–Vol-
mer plots (Fig. 5, insets). These phosphorescence experi-
ments showed that 3RB2−* is quenched by εdA and εdG, 
with a constant two orders of magnitude higher for the latter. 
Interestingly, for εdG, the quenching rate constant of 3RB2−* 
is also two orders of magnitude higher than that of 1O2.

On these bases, laser flash photolysis experiments were 
carried out to get more insight into the quenching mecha-
nism and to investigate the presence of other intermediates 

Table 1   Quenching rate constants of 1O2, generated after RB2− exci-
tation, by ε-adducts (kq(1O2)-ε), bimolecular quenching rate con-
stants of 3RB2−* by ε-adducts determined from phosphorescence, 
(kq(3RB2−*)P-ε) and from laser flash photolysis (kq(3RB2−*)LFP-ε) 

experiments, and bimolecular quenching rate constants of 3CBP* by 
ε-adducts determined from laser flash photolysis (kq(3CBP*)LFP-ε) 
experiments

kq(1O2)-ε (M−1s−1) kq(3RB2−*)P-ε kq(3RB2−*)LFP-ε kq(3CBP*)LFP-ε

εdA 9.2 × 105 1.5 × 106 3.8 × 106 2.2 × 109

εdG 3.6 × 106 1.3 × 108 8.5 × 107 3.6 × 109

Fig. 5   Time-resolved 3RB2−* 
phosphorescence signals 
monitored at 690 nm in N2 
obtained from 5 µM RB2− in the 
presence of increasing amounts 
of ε- adducts: A εdA and B εdG 
(from 0 to 2 mM and 0 to 0.2 
mM in the case of εdG). Insets: 
corresponding Stern–Volmer 
plot

0 100 200 300 400 500 600 700 800 900 1000

0

500

1000

1500

2000

2500

E
m
is
si
on

In
te
ns

ity
(c
ou

nt
s)

Time ( s)

(A)

0.0 0.5 1.0 1.5
4500

5000

5500

6000

1/
(s

-1
)

dA (mM)

0 100 200 300 400 500 600 700 800 900 1000
0

500

1000

1500

2000

2500

E
m
is
si
on

In
te
ns

ity
(c
ou

nt
s)

Time ( s)

(B)

0.00 0.05 0.10 0.15 0.20

5000

10000

15000

20000

1/
(s

-1
)

dG (mM)



6	 Photochemical & Photobiological Sciences (2025) 24:1–12

such as radical species in the ε-adducts photosensitization 
process. A previous work revealed that 532 nm laser excita-
tion of RB2− leads not only to the formation of its triplet 
excited state, but also to oxidative and reductive processes 
leading to the corresponding ion radicals (Fig. S4) [18]. 
Thus, experiments were performed by means of a nanosec-
ond pulsed laser (Nd:YAG) using 532 nm as the excitation 
wavelength. The transient absorption spectra of a degassed 
solution of RB2− in D2O at different times after the laser 
pulse are in agreement with those described in the literature 
for RB2− [18], and provide evidence for the formation of 
three transient species (Fig. S4). The first one, exhibiting 
three maxima at �max

abs
 380, 465 and 590 nm, is attributed to 

the triplet–triplet transition 3RB2−* that starts to decay just 
after the pulse has a lifetime of τ(3RB2−*) = 82 µs. The other 
two transients are longer-lived than 3RB2−* and appear at 
�
max
abs

 420 and 460 nm with a relative delay after the pulse. 
On the basis of literature data, they were assigned to the 
oxidized (RB•−) and reduced (RB•3−) forms.

The typical RB2− signals were obtained in the presence 
of both ε-adducts (Fig. 6), and quenching experiments were 
run by adding increasing amounts of the different etheno 
derivatives. For the three lesions, the signal at ca. 600 nm 
assigned to the triplet–triplet transition was monitored, and 
bimolecular quenching rate constants of the same order of 
magnitude as those obtained during the luminescence stud-
ies were determined. The obtained values are kq(3RB2−*)
LFP-ε of ca. 3.8 × 106 and 8.5 × 107 M−1s−1 for εdA and εdG, 
respectively (Table 1). Interesting outcomes can be drawn 
from the ion radical signals. As shown in Fig. 6, when εdA 
and εdG were added to the RB2− solution, the signals at 
380, 465 and 590 nm decay, whereas the transient absorp-
tion corresponding to the photosensitizer reduced form 
RB•3− at 420 nm remains stable. For further assignment, 
formation of RB•3− was forced by adding 1,4-diazabicy-
clo[2.2.2]octane (DABCO) to the system. Figure S6 shows 

the transient absorption spectra of RB2− in the presence of 
5 mM DABCO, where the RB•3− signal at 420 nm is clearly 
observed. Therefore, detection of this species when εdG 
and εdA are present in the solution, together with 3RB2−* 
quenching by these ε-adducts, points toward a photoredox 
process where 3RB2−* oxidizes the lesions to yield the pho-
tosensitizer reduced form, RB•3−, and the cation radical of 
the lesions. This latter was not detected in our experiment; 
however, it could be masked by the band derived from RB2−, 
have a low molar absorption coefficient or absorb in a region 
different from the analysis window.

2.3 � Photosensitization of ε‑adducts by CBP

In view to study a potential electron transfer process leading 
to ε-adducts oxidation, 4-carboxybenzophenone (CBP) was 
considered as a Type I photosensitizer. First of all, steady-
state photolysis experiments were done to investigate the 
occurrence of the repair process. The ε-adducts were irradi-
ated with UVA light in the presence and absence of CBP in 
deaerated water. Experiments were performed in the absence 
of oxygen to avoid formation of 1O2 and focus attention on 
a potential electron transfer process. No degradation of the 
etheno derivatives occurred during the control irradiation 
in the absence of CBP. By contrast, in the presence of CBP, 
photodegradation took place for the two etheno derivatives 
(Fig. 7). For εdG, the same pattern as that in Fig. 2A was 
observed in the chromatograms, where the repaired nucleo-
side was observed together with other peaks at a tR of ca. 
5.2–5.4 and 10.8 min (Fig. 7A). By contrast for εdA, in addi-
tion to dA, other photoproducts were formed at short elu-
tion times, between 3 and 5 min (Fig. 7B). Due to the low 
concentration of these compounds, no clear information on 
their nature was obtained from HPLC–MS analysis.

These results point toward the possibility of a pho-
toinduced anaerobic oxidation process for the purine 
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derivatives, which regenerates the original nucleobase 
from the ε-adducts without intervention of oxygen. In that 
case, and by contrast with Type II photosensitization, once 
formed both dA and dG are sensitive to electron transfer, 
which can lead to the formation of oxidatively generated 
photoproducts.

2.4 � Photophysical study of CBP in the presence 
of ε‑adducts

Laser flash photolysis experiments were carried out at 355 
nm to investigate the nature of the observed reactivity. The 
transient absorption spectra of a N2 flushed CBP aqueous 
solution showed two signals at 340 and 560 nm assigned 
to the CBP triplet excited state (3CBP*) bands by com-
parison with reported data (Fig. S7) [20]. In the presence 
of purine-derived ε-adducts, the 3CBP* disappeared at 
short delays after the laser pulse and gave rise to a longer-
lived and red-shifted signal with maximum at ca. 580 nm 
(Fig. 8). This behavior was more pronounced in the case 
of εdG than for εdA. The new transient was attributed to 

the ketyl radical of CBP obtained from photoreduction of 
the 3CBP* and oxidation of the lesions. In this process, the 
formed anion radical CBP•− is subsequently protonated 
(Scheme S2) [26] yielding CBPH•. This transient radi-
cal was further assigned by comparison with the signals 
obtained for CBP aqueous solution containing 20% of eth-
anol (inset Fig. S7). In this case, the typical H-abstraction 
from the solvent led to efficient formation of CBP ketyl 
radical centered at 580 nm.

Concerning the kinetics, the 3CBP* lifetime was 
shortened in the presence of the two etheno derivatives. 
The bimolecular quenching rate constants kq(3CBP*)-ε 
obtained from the Stern–Volmer plots were of ca. 3.6 × 109 
M−1s−1 for εdG and 2.2 × 109 M−1s−1 for εdA (Table 1). 
Interestingly, the kq(3CBP*)-ε was higher in the case of 
εdG, which suggests, as reported for the canonical base, 
a lower oxidation potential of the guanosine derivative 
with respect to εdA. Altogether, these data are consistent 
with quenching occurring via electron transfer from the 
ε-adduct to CBP triplet manifold, and it is further sup-
ported by the clear detection of CBPH• in Fig. 8.
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Fig. 7   HPLC chromatograms registered at 260 nm for an anaerobic 
H2O solution (1.5% acetonitrile) of A εdA or B εdG (100 µM) in the 
presence of CBP (50 µM) upon UVA irradiation at different times. 

Inset: variation of the concentration of ε-adduct (black square) and 
repaired nucleoside (red circle) with irradiation time

Fig. 8   Transient absorption 
spectra of CBP in the presence 
of ε-adduct (2 mM for εdA and 
0.3 mM for εdG) in MeCN:H2O 
(1:1, v:v) at different times after 
the 355 nm laser pulse. A εdA, 
B εdG
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3 � Discussion

The photoreactivity of ε-adducts triggered by two well-
established photosensitizers has been addressed to get 
mechanistic insight into the processes responsible for their 
decomposition. In both cases, triplet-mediated processes 
were observed for the purine adducts.

Firstly, experimental results obtained during irradiation in 
the presence of RB2− are in agreement with a Type II pho-
tosensitization of ε-adducts, since the photoreaction takes 
place more efficiently in deuterated media. However, photo-
physical studies revealed quenching of 3RB2− triplet excited 
state by both ε-adducts, which opens the way to a potential 
competition between Type I and Type II oxidation. This pro-
cess was further investigated to establish the actual mecha-
nism responsible for the ε-adducts photodegradation. After 
RB2− excitation, triplet excited state is efficiently populated 
( �ISC = 0.8) and then it can be deactivated following differ-
ent pathways (Scheme 2): (i) intrinsic decay, kd(3RB2−*), 
(ii) quenching by the ε-adducts, kq(3RB2−*)-ε, via a Type I 
process, or (iii) quenching by oxygen kq(3RB2−*)-O2 to form 
1O2. This species can be subsequently quenched, kq(1O2)-ε, 
by the ε-adduct to yield a Type II process or can decay natu-
rally to its ground state, kd(1O2).

Contribution of the different routes and of the percentage 
of Type I vs Type II processes can be estimated by using 
Eqs. (1–5) [27]. In these equations, τ(3RB2−*) and τ(1O2) 
are 3RB2−* and 1O2 lifetimes of ca. 80 and 66 µs, respec-
tively. Values of [ε-adduct] = 20 × 10–6 M and [O2] = 2.9 × 
10–4 M were considered for the concentrations of ε-adducts 
and molecular oxygen in water [28], respectively, and 
kq(3RB2−*)-O2 is taken as 7.4 × 109 M−1s−1 [27]. The values 
of the bimolecular quenching rate constants derived from 
the laser flash photolysis experiments were considered for 
3RB2−* deactivation by εdA and εdG (Table 1).

Equations (1)–(3) allow determining the contribution of 
the three pathways arising from 3RB2−*:

Type I:

Next, quenching of 3RB2−* by molecular oxygen can pro-
duce 1O2, which could evolve through two further pathways: 
intrinsic decay (Eq. 4) or quenching by the ε-adduct (at the 
origin of Type II process, Eq. 5). Therefore, considering 

(1)

%3RB2−∗Intrinsicdecay
(

kd3RB2−∗

)

=

1

�
3RB2−∗

kq(3RB2−∗)−O2
⋅

[

O2

]

+ kq(3RB2−∗)−� ⋅ [�] +
1

�
3RB2−∗

× 100.

(2)

%3RB2−∗Quenching_�
(

kq(3RB2−∗)−�

)
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⋅
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O2

]

+ kq(3RB2−∗)−� ⋅ [�] +
1

�
3RB2−∗

× 100.
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%1O2Formation
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[

O2
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⋅

[

O2

]

+ kq(3RB2−∗)−� ⋅ [�] +
1

�
3RB2−∗

× 100.

Scheme 2   Deactivation routes 
intervening in the interaction 
between excited RB2− and 
ε-adducts 

Table 2   Estimated contributions of the different routes involved in 
εdA and εdG photosensitization by RB2−

εdA εdG

%3RB2−* intrinsic decay (Eq. 1) 0.6 0.6
%3RB2−* quenching by ε-adducts (Eq. 2) 3·10–3 0.08
%3RB2−* quenching by O2 (Eq. 3) 99.4 99.3
%1O2 intrinsic decay (Eq. 4) 99.3 98.9
% 1O2 quenching by ε-adducts (Eq. 5) 0.1 0.5
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that 3RB2−* quenching by O2 only results in 1O2 formation, 
Eq. (3), the percentages of these two routes are given by 
Eqs. (4) and (5):

Type II:

The contributions of the different pathways for εdA and 
εdG photosensitization by RB2− are summarized in Table 2

It is clearly observed that the main deactivation pathway 
of 3RB2−* under aerobic conditions consists in its quench-
ing by molecular oxygen, leading mainly to 1O2 formation 
(Eq. 3), which accounts for 99.4% and 99.3% for εdA and 
εdG, respectively. Nevertheless, subsequent quenching of 
1O2 by the lesions occurs with relatively low bimolecular 
rate constants, kq(1O2)-ε of ca. 9.5 × 105, 3.6 × 106 M−1s−1 
for εdA and εdG, respectively. Thus, at the lesion concen-
tration of 20 µM, almost all the 1O2 decays without reacting 
(%1O2 intrinsic decay Eq. 4, Table 2). Nevertheless, under 
aerobic conditions, the contribution of a Type II process is 
higher than that of the Type I pathway (Table 2).

This conclusion can be directly drawn for εdG, as it has 
been previously established that this lesion is able to react 
with 1O2, cleanly generated from thermal degradation of 
naphthalene-derived endoperoxides, to regenerate the origi-
nal dG [17]. In the present work, the similarity of the results 
between εdA and εdG also points to an analogous reactivity 
with 1O2.

However, a Type I pathway is conceivable in the case of 
these purine adducts, but depends on the photoredox proper-
ties of the photosensitizer. As a matter of fact, the bimolecu-
lar quenching rate constants of 3RB2−* by the lesions are at 
least two order of magnitude lower than those determined 
for 3CBP*, which is a better photooxidant.

To further investigate the Type I route, experiments were 
run under anaerobic conditions using CBP as photosensi-
tizer. In line with that reactivity, for both ε-adducts a clear 
electron transfer was evidenced by the formation of CBPH• 

(4)

%1O2Intrinsicdecay
(

kq1O2
)

=
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⋅
[
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]
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1
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1
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(Fig. 8). Although the reduction potential value for εdG has 
not been reported, it appears from our experiments that, 
like the corresponding canonical nucleobase dG, it might 
be more easily oxidized than εdA. This assumption is not 
only based on CBPH• detection, but also on the fact that 
the highest quenching rate constants were determined for 
3RB2−* and 3CBP* by this lesion (Table 1).

On the basis of these results, mechanisms could be pro-
posed for Type I and Type II photosensitization of ε-adducts 
(Scheme  1). Electron transfer from εdG to 3CBP*, or 
3RB2−*, could result in the formation of cation radical I 
centered on the etheno ring, which after nucleophilic addi-
tion of water and deprotonation yields radical II. This radical 
can further react with water to yield glycol intermediate III, 
or disproportionate and after addition of water can also give 
rise to III. Then, dG is formed after attack of water and loss 
of formic acid. A similar mechanism is proposed for dA 
formation from εdA. In the case of 1O2-mediated process, 
its addition on the εdG double bond of the etheno ring leads, 
as proposed by Martinez et al.17, to an unstable dioxetane IV 
that cleaves to form intermediates III or V. For intermedi-
ate III, the following reaction steps are then similar to those 
described for Type I. For intermediate V, compounds VIa 
or VIb are formed after attack of water, and loss of formic 
acid; these intermediates after a second addition of water 
and elimination of a second molecule of formic acid lead to 
the regenerated base dG.

4 � Conclusions

As a general outcome, the photolability of ε-adducts under 
photosensitization conditions was studied. The use of pho-
tosensitizers acting by Type I and/or Type II mechanisms 
has shown that ε-adducts are sensitive to both types of pro-
cesses. Interestingly, both oxidation processes lead to photo-
products that correspond to the repaired nucleosides. Despite 
that recovery of the original bases is not quantitative and that 
other unidentified photoproducts are formed, the obtained 
results reveal that photosensitization might be proposed as 
a new strategy of photorepair for ε-adducts.

5 � Experimental section

5.1 � Chemicals

The 2ʹ-deoxynucleosides dA and dG were purchased from 
Merck. εdA was from Carbosynth Biosynth, and εdG was 
synthesized as previously described [14].
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5.2 � UV–Vis spectrometry

All UV–Vis absorption spectra were registered with a single 
beam Varian Cary 60 spectrophotometer, using quartz cells 
of 1cm optical path length.

5.3 � Phosphorescence spectroscopy

RB2− phosphorescence was recorded at room temperature 
using a customized setup having a diode-pumped Nd:YAG 
laser as a light source (FTSS355-Q3 model from CryLas, 
Germany), which was tuned to its second harmonic (532 
nm). The detection system consists of a monochromator 
(CM110) from Spectral Product and a PMT from Hama-
matsu (H11526-110-NN detection range 230 nm-700 nm); 
the PMT output is sent to a multi-channel scaler (TimeHarp 
260-Nano, PicoQuant). All solutions were prepared in etha-
nol, adjusting their absorbance at ca. 0.5 of the excitation 
wavelength (with a cuvette of 1 cm optical pathway).

5.4 � Direct detection of singlet oxygen luminescence

Time-resolved near-infrared (TRNIR) phosphorescence detec-
tion of 1O2 at 1270 nm was carried out using a customized 
setup. A diode-pumped Nd:YAG laser (FTSS355-Q3, Cry-
Las, Germany), tuned to its second harmonic (532 nm) and 
working at a repetition rate of 1 kHz, was used as an excita-
tion source for RB2−. The kinetic traces were collected by iso-
lating the 1270 nm intrinsic phosphorescence of 1O2 using a 
monochromator (Digikröm CM110 1/8 m, Spectral Products, 
Putnam, CT) equipped with a 1150 nm cut-on long-pass filter 
(FEL1150, ThorLabs, Newton, NJ) and a 1064 nm notch fil-
ter (NF1064-44, ThorLabs) mounted side by side at its entry 
port and directed to a TE-cooled photomultiplier tube (PMT, 
H10330A-45, Hamamatsu, Japan), working at -908 V and oper-
ated in the photon-counting mode.

After amplification by a 1.1 GHz preamplifier module 
(PAM-102-T, PicoQuant GmbH, Germany), the output of 
the PMT was sent to a multi-channel scaler (TimeHarp 
260-Nano, PicoQuant). The signals were collected in D2O 
for 300 s with 256 ns resolution. The kinetic traces were 
least-square fitted to the following equation using Prism 7.0 
(GraphPad Software Inc., La Jolla, CA) with τΔ, τT, and S0 
as free parameters. The quality of the fittings was assessed 
by the residual plots.

where S(t) is the signal intensity at a time t, τΔ is the 1O2 
lifetime and ,τT is the photosensitizer’s triplet state lifetime. 

(6)S(t) = S0
�Δ

(

�Δ − �T

)

(

exp

(

−t

�Δ

)

− exp

(

−t

�T

))

,

S0 is defined as the concentration of 1O2 being produced in 
a given system.

5.5 � Steady‑state photolysis

Irradiation of the samples containing RB2− was performed 
under anaerobic and aerobic conditions in Pyrex vials using 
a Luzchem photoreactor (model LZV-4V) with 8 FLS T5 
8W840/CW fluorescent lamps (emission range 350–700 
nm). For CBZ, the samples were irradiated under anaerobic 
conditions in quartz cuvettes using a Luzchem photoreactor 
equipped with UVA-BLB lamps (maximum output at 365 
nm).

5.6 � Laser flash photolysis

Laser flash photolysis experiments were performed by excit-
ing at 355 and 532 nm, using the third and second harmonic, 
respectively, of a pulsed laser Nd:YAG (L52137V LOTIS 
TII) with a pulse duration of ca. 10 ns. The full system com-
prises a pulsed laser, a xenon lamp (Lo 255 Oriel), a mono-
chromator (Oriel 77,200), a photomultiplier (Oriel 70,705) 
and an oscilloscope (TDS-640A Tektronic). The output 
signal from the oscilloscope was transferred to a personal 
computer.

All experiments were performed in a quartz cell of 1 cm 
optical path length. Compounds’ concentration was adjusted 
to have an absorbance of ca. 0.3 at the excitation wavelength. 
Before running the measurements under anaerobic condi-
tions, solutions were flushed with N2, for 15 min. Laser ener-
gies ranging 20 mJ per pulse were used.

5.7 � HPLC analysis

All irradiation mixtures were analyzed on an Agilent 1100 
Series HPLC setup equipped with a diode-array detector 
covering a detection range from 200 to 400 nm. Analyses 
were performed using a Zorbax Eclipse Plus C18 (100 × 4.6 
mm, 3.5 μm) column (ZC), with a detection fixed at 260 
nm. For εdG photosensitization, the analysis was run under 
isocratic conditions for 25 min with a mobile phase of 5% 
acetonitrile and 95% H2O acidified with trifluoroacetic acid 
at pH ca. 3, then a gradient was applied to reach 95% of 
acetonitrile in 10 min, and these conditions were maintained 
for 10 min; the flow rate was set at 0.3 mL/min. For εdA 
photosensitization, the analysis was run under isocratic con-
ditions for 17 min with a mobile phase of 3% acetonitrile 
and 97% H2O acidified with trifluoroacetic acid at pH ca. 3, 
then a gradient was applied to reach 95% of acetonitrile in 10 
min, and these conditions were maintained for 10 min; the 
flow rate was set at 0.4 mL/min. The yields of photorepair 
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and concentration of repaired and damage nucleosides were 
determined from calibration curves using pure compounds.

Mass analyses were performed on a system composed of 
Shimadzu modules: a DGU-405 degassing unit, an LC-40D 
xs solvent delivery module, an SCL-40system controller, 
SIL-40C xs autosampler, a CTO-40C column oven, an SPD-
M40 Photodiode array detector, and a Triple Quadrupole 
Mass Spectrometer LC 840 model. The same column (Zor-
bax Eclipse Plus C18) and eluting conditions (with the only 
difference being that solvents were acidified with HCOOH) 
as described above were used. Analysis was performed using 
electrospray in positive mode with a capillary voltage of 4.5 
kV. The following MS parameters were used in the analysis: 
nebulizing gas flow: 3 L min−1, drying gas flow: 15 L min−1, 
interface temperature: 350 ºC, desolvation line temperature: 
250 ºC, and heating block: 400 ºC. The data were processed 
using Lab Solutions software.
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