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a b s t r a c t

Lumazine (pteridine-2,4(1H,3H)-dione, LU) was investigated for its efficiency of singlet oxygen (1O2) pro-
duction and quenching in aqueous solution. The quantum yield of 1O2 production (˚�) was determined
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by measurements of the O2 luminescence in the near-infrared upon continuous excitation of the sensi-
tizer. Values of ˚� are sensitive to the pH and were found to be 0.44 ± 0.01 and 0.080 ± 0.004 in acidic
and alkaline media, respectively. The photochemical stability of LU was investigated under different pH
conditions, in the presence and in the absence of O2. The photochemical consumption of LU in aqueous
solution at room temperature under irradiation at 350 nm was followed by UV–vis spectrophotometry and
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. Introduction

Pteridines are heterocyclic compounds widespread in biological
ystems, participating in relevant biological functions. Pteridines
ontain the bicyclic pteridine ring system: a pyrimidine and a
yrazine, and include pterins and lumazines (Fig. 1). The chemi-
al difference between the two groups of compounds lies in the
yrimidine ring.

The participation of pterins in different photobiological pro-
esses has been suggested or demonstrated in past decades, and
nterest in the photophysics and photochemistry of this group of
ompounds has subsequently increased. The photochemistry of the
terin (PT) moiety has recently been investigated [1]. PT is photo-
table in the absence of O2, whereas excitation in air equilibrated
olution leads to oxidation, yielding non-pterinic photoproducts
cleavage of PT moiety). The quantum yields of PT disappearance
n the presence of O2 are much lower than those corresponding to
erivatives bearing oxidizable substituents [2]. Pterins, upon exci-
ation with UV-A radiation, are able to generate reactive oxygen
pecies (ROS), such as superoxide anion (O2

•−) and hydrogen per-

xide (H2O2) [1,3–5]. In addition, most pterins are good sensitizers
f singlet molecular oxygen (O2(1�g), denoted throughout as 1O2),
nder UV-A irradiation in aqueous solutions [2,6].

∗ Corresponding author. Tel.: +54 221 425 7291; fax: +54 221 425 7291.
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ields of LU disappearance are low, indicating that LU is rather photostable
.

© 2008 Elsevier B.V. All rights reserved.

Lumazine derivatives are present in cells, since 6,7-dimethyl-8-
ibityllumazine is the biosynthetic precursor of riboflavin (vitamin
2). Riboflavin is itself the precursor of flavin mononucleotide and
avin adenine dinucleotide, essential cofactors for a wide vari-
ty of redox enzymes [7]. Lumazines are also natural products
rom the metabolic degradation of pterins [8]. Lumazine (pteridine-
,4(1H,3H)-dione, LU) presents different acid–base equilibria in
queous solutions. The only relevant equilibrium at physiological
H involves the neutral form and the monoanion (Fig. 2), with a
Ka value of 7.95 [9]. The absorption spectra of both acid–base
orms, although quite different, have intense bands in the UV-A
egion (320–400 nm) (Fig. 2). Fluorescence properties of LU were
escribed many years ago, and the fluorescence quantum yields
epend on the pH, being 0.24 ± 0.02 at pH 10, and lower in acidic
edia (<0.08) [10]. Lumazines have been of interest recently for

heir fluorescent properties and their potential use as reporter
roups in DNA probes [11].

In spite of the biological importance of lumazine derivatives, lit-
le is known about the photochemistry of these compounds [12]. In
he present work, we have investigated the photochemistry of LU
nder UV-A irradiation in both acidic and alkaline aqueous solu-
ions. The quantum yields of LU disappearance are reported. The
apability of LU to produce reactive oxygen species was studied. In
articular, as previously reported for PT and its derivatives [6], LU

ay act as a singlet oxygen (1O2) sensitizer by energy transfer from

ts triplet excited state to dissolved molecular oxygen (reactions (1)
nd (2), Sens = LU).

Sens
hϑ−→1Sens∗ → 3Sens∗ (1)

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:clorente@inifta.unlp.edu.ar
dx.doi.org/10.1016/j.jphotochem.2008.08.003
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Fig. 1. Chemical structures of natural pteridines.
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ig. 2. Molecular structure of LU, and the corresponding absorption spectra in air-
quilibrated aqueous solutions; solid line: acid form of LU (pH 5.5); dashed-dotted
ine: basic form of LU (pH 10.5).

Sens∗ 1O2 → 1Sens+1O2 (2)

inglet oxygen is one of the main activated species responsible
or the damaging effects of light on biological systems (photody-
amic effects) [13], and it has been shown that photosensitization

s primarily responsible for the production of 1O2 in vivo [14]. This
ctivated metastable species has been attracting interest for sev-
ral decades in both practical and fundamental aspects [13,15]. We
ave determined the quantum yield of 1O2 production (˚�) by LU.
oreover, this compound may be oxidized by 1O2 and physically

uench this species (reactions (3) and (4), Q = LU).

+ 1O2
kr−→QO2 (3)

+ 1O2
kq−→Q + 3O2 (4)

he rate constant of 1O2 total quenching (kt = kr + kq) by LU was
etermined and the role of 1O2 on the mechanism of the photoox-

dation of LU was analyzed. The results obtained in this study are
ompared with previous studies reported for pterins.

. Experimental

.1. Chemicals

Lumazine (pteridine-2,4(1H,3H)-dione, LU) was purchased from

chircks Laboratories (Switzerland) (purity > 97.5%) and used with-
ut further purification. Other chemicals from Sigma–Aldrich were
sed as received. The pH of the aqueous solutions was adjusted, by
dding drops of HCl and NaOH solutions from a micropipette. The
oncentration of the acid and the base used for this purpose ranged

1

1
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rom 0.1 M to 2 M. The ionic strength was approximately 10−3 M in
ll the experiments.

In singlet oxygen (1O2) experiments, D2O (Euriso-top, Groupe
EA, Saclay, France, minimum isotopic purity of 99.9%), solutions
f DCl (Aldrich, 99.5% D) and NaOD (CEA) in D2O were employed.

.2. Photolysis experiments

.2.1. UV irradiation
The continuous irradiation of 3 cm3 LU solutions (100–400 �M)

ere carried out in quartz cells (1 cm optical path length) at
oom temperature. Rayonet RPR lamps emitting at 350 (±10) nm
Southern N.E. Ultraviolet Co.) were employed for the irradiation.
hotolysis experiments were performed in the presence and in the
bsence of air. Deaerated solutions were obtained by bubbling with
rgon for 20 min.

.2.2. UV–vis spectrophotometric analysis
UV–vis spectra were registered on a Cary 3 (Varian) spectropho-

ometer, using a program for smoothing and averaging signals.
bsorption spectra of the solutions were recorded at regular inter-
als of irradiation time in the cells used for the irradiations (Section
.2.1).

.2.3. High-performance liquid chromatography (HPLC)
A high-performance liquid chromatograph Prominence from

himadzu (solvent delivery module LC-20AT, on-line degasser
GU-20A5 and UV–vis photodiode array detector SPD-M20A,
utosampler SIL-20AHT) was employed for monitoring the reac-
ion. A Pinnacle-II C18 column (250 mm × 4.6 mm, 5 �m; Restek)
as used for product separation. An aqueous solution of potassium
hosphate (20 mM, pH 5.5) containing 3% of acetronitrile was used
s eluent.

.2.4. Quantum yield determinations
The quantum yields of LU disappearance (˚−LU) were deter-

ined in experiments performed in 1 cm × 1 cm quartz cells (3 cm3

f solution) under different conditions. The evolution of the con-
entrations of LU during the irradiation time was followed by HPLC.
he incident photon flux (qp,0) at the wavelength of excitation
350 nm) was determined by actinometry using Aberchrome 540
s an actinometer [16,17] (qp,0 = 1.3 (±0.1) × 10−6 Einstein s−1 at
50 nm). Aberchrome 540 is the anhydride form of the (E)-�-(2,5-
imethyl-3-furylethylidene)(isopropylidene)succinic acid which
nder irradiation in the spectral range 316–366 nm leads to a
yclized form [16]. Values of qp,a (photon flux absorbed by the
eactant) were calculated from qp,0 using the Beer–Lambert law

p,a = qp,0(1 − 10−A) (5)

here A is the absorbance of the reactant (LU) at the excitation
avelength.

.3. Singlet oxygen (1O2) studies

Singlet oxygen relaxes to its triplet ground state by both radia-
ionless and radiative pathways (reactions (6) and (7), respectively).
n most solvents, the rate constant of the former process is much
arger than that of the latter (kd � ke), and the 1O2 lifetime (��) in
d

O2
kd−→3O2 (6)

O2
ke−→1O2 + hϑ′ (7)
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f a substance in solution (which may be the sensitizer itself) is able
o quench or trap 1O2, chemical reaction (reaction (3)) and physical
uenching (reaction (4)) must be considered.

.3.1. Determination of quantum yields of 1O2 production
The quantum yields of 1O2 production (˚�) were determined

y direct analysis of the weak 1O2 near-infrared luminescence at
270 nm (reaction (7)) [18–20], produced during continuous irra-
iation of LU in aqueous solution.

The main features of the method and the equipment have
lready been described in detail [21–23]. Briefly, the sample solu-
ion in a quartz cuvette was irradiated with a xenon/mercury arc
hrough a water filter, focusing optics and a monochromator (6 nm
andwidth). The 1O2 luminescence was collected with a mirror,
hopped and, after passing through focusing lens, a cut-off filter
1000 nm) and an interference filter (1271 nm), was detected at 90◦

ith respect to the incident beam using a cooled NIR photomulti-
lier (Hamamatsu).

For determining ˚�, the intensities of the 1O2 luminescence sig-
als were measured in 1 cm × 1 cm quartz cells (3 cm3 of solution)
lternating between the sensitizer under study (SS

e) and the refer-
nce sensitizer (SR

e ) (3 min irradiation time for each sample). The
bsorbances at the wavelength of irradiation were the same for the
eference sensitizer (R) and the sample solution (S). Under these
onditions, the ratio of the luminescence signals, SS

e/SR
e is given by

he following equation:

SS
e

SR
e

=
qS

p,0

qR
p,0

˚S
�

˚R
�

kd

kd + kS
t [Sens]

(8)

here qS
p,0/qR

p,0 is the ratio of the incident photon fluxes at the
avelength of excitation of the sensitizer investigated and of the

eference. If kd (the non-radiative rate constant of 1O2 deactivation
y the solvent) and kS

t (the rate constant of 1O2 total quenching
y the sensitizer itself) are known in the solvent used, ˚� may
e calculated from Eq. (8) by measuring SS

e and SR
e , as well as

he corresponding incident photon fluxes. The latter were calcu-
ated from the incident radiant powers (P0, W) measured with a
hermopile (qS

p,0/qR
p,0 = (PS

0�S
ex)/(PR

0 �R
ex), where �S

ex and �R
ex are the

avelengths of excitation of sensitizer under study and reference,
espectively). Eq. (8) is valid if 1O2 quenching by the reference
ensitizer itself is negligible compared to quenching by the sol-
ent (kR

t [R] � kd), which is the case for the reference sensitizers
sed in this work. Because of the short lifetime of 1O2 (��) in H2O
3.1–3.8 �s), D2O, where �� is much longer (62 �s) was used as
olvent in all experiments [24,25]. Measurements with LU were

arried out at an excitation wavelength (�ex) of 310 nm in acidic
edia and 367 nm in alkaline media. Rose bengal (RB) in D2O

�ex = 547 nm, ˚R
�

= 0.75 [26,27]) and 1H-phenalen-1-one (PHE)
n D2O (�ex = 367 nm, ˚R

�
= 0.98 [28]) were used as reference sen-

itizers.

t
p

s
p

able 1
uantum yields of consumption (˚−LU), quantum yields of 1O2 production (˚�) and rate

Lumazine

pH 5.5 pH 10.5

−LU/PT (air) (2 ± 1) × 10−4 (2.7 ± 0.7) × 10−

−LU/PT (Ar) (3.0 ± 0.7) × 10−4 (3.5 ± 0.6) × 10−

� (air) 0.44 ± 0.01 0.080 ± 0.004
� (O2) 0.44 ± 0.01 0.077 ± 0.004

t – (7.2 ± 0.7) × 105

ll the values correspond to experiments performed in aqueous solutions under UV-A irr
a Values for pterin are given for comparison. Data from Refs. [1,6].
otobiology A: Chemistry 200 (2008) 282–286

.3.2. Determination of rate constants of 1O2 total quenching by
umazine

The rate constant of 1O2 total quenching (kt) by LU was
etermined by Stern–Volmer analysis of the 1O2 luminescence
uenching. The main features of the method was described else-
here [6,29]. 1O2 was generated by photosensitization, using RB

s a sensitizer. Groups of experiments were carried out irradiating
olutions of LU and RB at 547 nm, where the investigated com-
ound does not absorb. The RB concentration was kept constant,
hereas the LU concentration was varied within a series of experi-
ents. Under our experimental conditions [6], a linear relationship

etween the ratio of the luminescence intensities in the absence
S0

e ) and in the presence (Se) of quencher (Q = LU) and the quencher
oncentration was observed in the following equation:

S0
e

Se
= 1 + kt ��[Q] (9)

here �� is the 1O2 lifetime in the solvent used (D2O) in the
bsence of Q. Therefore, knowing ��, kt can be calculated from the
lope of the Stern–Volmer plot.

. Discussion

.1. Photolysis of lumazine

Taking into account the acid–base equilibria of LU and to avoid
nterferences between the neutral and the monoanionic forms, we
erformed our experiments in the pH ranges 5.0–5.5, where LU

s present at more than 99% in its neutral form, and 10.2–10.7,
here LU is present at more than 99% in its monoanionic form

Fig. 2).
Air-equilibrated and O2-free aqueous solutions of LU were irra-

iated at 350 nm under both pH conditions. Only slight spectral
hanges were registered even after several hours of irradiation, sug-
esting that LU is rather photostable. HPLC measurements of the
oncentration of LU during irradiation were in agreement with the
pectral analysis. The quantum yields of LU consumption (˚−LU)
ere calculated from the values of the initial rate of LU consump-

ion (r−LU) determined by HPLC and the initial absorbed photon flux
qp,a) determined by actinometry (Section 2). Corresponding values
re listed in Table 1. Note that the calculated rates and quantum
ields have rather large errors due to the very limited consumption
f the reactant. The values of ˚−LU are similar under all conditions
nvestigated and are in the range of 2 × 10−4 to 3.5 × 10−4. These low
alues confirm that LU is rather stable under UV-A irradiation. The
−LU values obtained in anaerobic conditions are slightly higher
han those obtained in air-equilibrated solutions and the pH has
ractically no effect.

The quantum yields of consumption of LU in air-equilibrated
olution are lower than those reported for the related compound
terin [1] (PT, Fig. 1) (Table 1), thus indicating that LU is more pho-

constant of 1O2 total quenching (kt [M−1 s−1]) measured for lumazine

Pterina

pH 5.5 pH 10.5

4 (0.82 ± 0.06) × 10−3 (1.2 ± 0.2) × 10−3

4 0 0
0.18 ± 0.02 0.30 ± 0.02
– –
– (2.9 ± 0.3) × 106

adiation.
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lower in acidic than in alkaline media (vide supra), as observed for
other compounds [31,32]. Therefore, the reported ˚app

�
value may

be considered as the ˚� value.
It is worth mentioning that values of ˚� did not increase

when the solutions were saturated with oxygen (0.077 ± 0.004 and
ig. 3. Chromatograms obtained in HPLC analysis: (a) non-irradiated solution; (b)
olution irradiated 240 min in argon atmosphere; (c) solution irradiated 240 min in
ir atmosphere. [LU]0 = 400 �M, pH 5.5, �an = 230 nm.

ostable than PT. In addition, the photolysis of PT has been reported
o be an O2-dependent process, PT being photostable in anaerobic
onditions [1]. Therefore, the photochemistry of PT and LU appears
o be quite different.

Under both pH conditions, HPLC analysis of irradiated air-
quilibrated solutions of LU showed the presence of several
hotoproducts (Fig. 3). These results suggest that the photoly-
is of LU proceeds through different pathways. Spectra of the
hotoproducts were recorded using the DAD detector of the
PLC equipment (Section 2). Such analyses, especially those car-

ied out for long irradiation times (ti > 4 h), where conversion
f the reactant was significant, suggested that most photoprod-
cts detected are non-pteridinic compounds; i.e. the characteristic
bsorption bands of lumazines in the UV-A region were lost
Fig. 3c). In addition, a photoproduct, with a spectrum compatible
ith a pteridinic structure, was also detected but only in alkaline
edia.
Many photoproducts were also detected by HPLC analysis under

naerobic conditions (Fig. 3b). However, in both acidic and alkaline

edia, the comparison between the chromatograms and spectra

orresponding to different peaks reveals that the photoproducts
re different (Fig. 3). Moreover, in anaerobic conditions, several
teridinic derivatives were detected. These results show that the
hotolysis mechanisms are O2-dependent.

F
b
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.2. Rate constants of 1O2 total quenching (kt) and quantum
ields of 1O2 production (˚�) by lumazine

The values of the rate constants of 1O2 total quenching
kt = kr + kq) by LU were determined as indicated in Section 2. The
tern–Volmer plot of the quenching of the near-infrared 1O2 lumi-
escence (Eq. (9)) was linear within the range of concentrations
sed (Fig. 4). The value of kt (7.2 ± (0.7) × 105 M−1 s−1) was calcu-

ated from the slope of this plot, taking a value of 62 �s for the 1O2
ifetime (��) in D2O. This value is of the same order of magnitude as
ther kt values previously determined for related heterocyclic com-
ounds, e.g. some pterin derivatives [2] and adenine nucleotides
30].

The values of the quantum yields of 1O2 production (˚�) by
U were determined in air-equilibrated and O2 saturated D2O
olutions, by monitoring the near-infrared 1O2 luminescence (vide
upra). LU was excited at 367 nm in alkaline media and 310 nm in
cidic media. LU has a relatively high fluorescence quantum yield
˚F) [10]. Therefore, control experiments in argon-saturated solu-
ions were carried out in order to check possible tailing of the
uorescence emission of LU in the near-infrared. No luminescence
t 1270 nm could be detected under those conditions, indepen-
ently of the pD.

The experiments were performed in the pD ranges of 5.0–6.0
nd 10.0–11.0. (1H-phenalen-1-one (�ex = 367 nm) and rose bengal
�ex = 547 nm) were used as reference sensitizers in experiments
erformed in acidic and alkaline media, respectively. Significant
O2 emission was detected for LU, in both media. The values
f ˚� in alkaline media for LU were calculated using Eq. (8)
Section 2.3.1). Under the experimental conditions used in this
ork, kd (reaction (4)) was much larger than the product kS

t [Sens]
kd/(kS

t [Sens]) > 10). A value of 0.080 ± 0.004 was obtained for ˚�

n air-equilibrated solutions at pD 10.5.
kS

t was not measured in acidic medium, therefore the quantum
ield of 1O2 production (0.44 ± 0.01) determined for the acid form
pD 5.5) is an apparent value (˚app

�
), not corrected for the quenching

y the sensitizer itself. However, it may be assumed that the kS
t value

ither do not change drastically at lower pH, or might be even be
ig. 4. Stern–Volmer plot of the quenching of the 1O2 near-infrared luminescence
y lumazine in D2O (rose bengal was used as a sensitizer, �ex = 547 nm).
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.44 ± 0.01 for alkaline and acid forms, respectively). It is therefore
robable that all excited triplet states were quenched by oxygen
lready under air equilibrated conditions.

In contrast to results obtained in this work for LU, pterin deriva-
ives have higher ˚� values in alkaline than in acidic media [6]
Table 1). This behavior may be correlated with the emission prop-
rties of lumazines and pterins: whereas fluorescence quantum
ields of acidic forms (neutral forms) of pterins (˚F = 0.33 ± 0.01
or PT) are higher than those corresponding to the basic forms
monoanions) (˚F = 0.27 ± 0.01 for PT), LU presents the opposite
ehavior [10]. In the case of LU, a more efficient intersystem cross-

ng may be assumed for the neutral form, leading to a relatively
igh ˚� (0.44) and a low ˚F (<0.08) in acidic medium.

. Conclusions

In this work we have studied lumazine (pteridine-
,4(1H,3H)dione, LU) as a singlet oxygen (1O2) photosensitizer
nder UV-A irradiation in aqueous solution at different pH. The
eutral form of LU (Fig. 2), the predominant acid–base form at
hysiological pH, has a high quantum yield of 1O2 production
˚� = 0.44). On the other hand, the monoanionic form (Fig. 2) is a

uch less efficient 1O2 sensitizer (˚� = 0.08). The value of the rate
onstant of 1O2 total quenching by LU (kt = 7.2(± 0.7) × 105 M−1 s−1)
hows that the studied compound is a poor 1O2 quencher, which
eans that, in aqueous media, 1O2 produced photochemically

y LU is not quenched significantly by LU itself. Quantum yields
f LU consumption obtained when solutions were exposed to
V-A radiation were very low, thus indicating that the compound

s relatively photostable. In conclusion, LU efficiently generates
O2 under UV-A irradiation at physiological pH, is a poor 1O2
uencher (low kt) and does not undergo photolysis under UV-A
rradiation. These facts make this natural compound an efficient
O2 photosensitizer.
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