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bstract

Air-equilibrated aqueous solutions of the purine bases (PBs) uric acid (URA), xanthine (XAN) and hypoxanthine (HXA) have been irradiated
ith visible light in the presence of riboflavin (Rf) as the only light-absorbing compound, to study to what extent the reactive oxygenated species

ROSs) singlet molecular oxygen, O2(1�g), and superoxide radical anion, O2
•−, are involved in the observed photodegradation processes. Both

eactive species are generated from triplet excited riboflavin (3Rf*) by well-known processes: energy transfer from 3Rf* to ground state oxygen
o yield O2(1�g), and electron transfer from each PB to 3Rf* to produce the radical anion Rf•− that, after another electron transfer step to ground
tate oxygen, yields O2

•− and Rf. The kinetics of the involved processes have been studied by polarographic detection of oxygen uptake and
ime-resolved phosphorescence detection of O2(1�g), at concentrations in the range 0.05–0.5 mM in aqueous solutions at pH values 5, 7, 9, and
2, to compare the reactivity of the neutral and ionic species of each purine base. By means of Rose Bengal photosensitized reactions, it could be
hown that O2(1�g) is quenched by the three PBs with an overall rate constant decreasing in the order URA > XAN > HXA, with values ranging
rom 1.16 × 109 M−1 s−1 (URA at pH 12) to 5 × 106 M−1 s−1 (HXA at pH 7). When Rf is used instead, the quenching process takes place mostly
y a chemical mechanism that prevents the oxidation of Rf by O2(1�g).

Experiments with Rf and superoxide dismutase indicate that the PBs also react with O2
•− by a mechanism which is not simple. With URA,

argely the most efficient O2(1�g)-quencher, the major ROS generated is O2
•−, and the process is characterized by the largest rate of oxygen uptake,

ndicating efficient overall-scavenging and URA oxidation. With HXA, the less efficient O2(1�g)-quencher, the process shows a relatively high rate
f oxygen consumption, especially in alkaline solution, likely as a result of the efficient generation of O2

•− from Rf•− and its concomitant reaction

ith HXA. Finally, with XAN the quenching efficiency takes intermediate values. At physiological pH, URA is the most efficient antioxidant,

howing the highest overall rate constant for O2(1�g) quenching, the lowest efficiency for the reaction with O2(1�g), and the highest relative rate
f oxygen uptake.

2007 Elsevier B.V. All rights reserved.

; Sup

v
R
e
b
c

eywords: Photooxidation; Purine bases; Riboflavin; Singlet molecular oxygen

. Introduction

Day–light-promoted photochemistry involving biologically
elevant substrates and, particularly, the consequences of unde-
ired photosensitized reactions occurring in living systems, have

een studied in detail in the last decades [1–8]. Riboflavin (Rf,
itamin B2) is one of the endogenous visible-light absorbers
hich has been postulated as a possible sensitizer for the in
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eroxide radical anion

ivo photooxidative degradation of several substrates [9,10].
f is synthesized by green plants and participates in a vari-
ty of enzyme-catalyzed oxidation–reduction reactions [11],
eing widely distributed in human tissues, both in free and
onjugated form [12]. When Rf absorbs visible light, several
eactive oxygenated species (ROSs) species can be formed in
ater due to the presence of triplet Rf (3Rf*). The most impor-

ant ones are singlet molecular oxygen (O2(1�g)), produced

ith a quantum yield of 0.49 [13], and superoxide radical

nion (O2
•−), generated with a low quantum yield: 0.009 [14]

Scheme 1, reactions (1) and (2), respectively). Additional free
adicals and products from primary reactions may also partic-

mailto:ngarcia@exa.unrc.edu.ar
dx.doi.org/10.1016/j.jphotochem.2007.06.013
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pate in subsequent steps [15]. In a biological environment,
ipids, proteins, DNA and other critical cell components con-
titute the primary targets for the attack of ROSs generated
rom Rf-photosensitization [16–19], due to their high reactiv-
ty and local concentration. The specific mechanism governing
hese photo-processes depends on oxygen availability, pH of the

edium, type of sensitizer and target molecule, their concentra-
ion, etc.

An important group of potentially oxidizable molecules is
hat of purine bases (PBs), and some aspects of their direct
r dye-sensitized photodegradation in the presence of oxy-
en, including their behavior as O2(1�g) quenchers, have been
reviously studied [20–22], in most cases in aqueous solu-
ion at physiological pH values. Uric acid (URA) appears as
he most effective quencher, and the reaction of URA with

2(1�g) has become a kinetic reference for photodynamic reac-
ions [20]. The Rf-sensitized photodegradation of some PBs
as also been studied [23], but the kinetic and mechanistic
etails of the process have not been reported. The hemolysis
f blood cells by a combination of Rf, oxygen, visible light
nd aminophylline, a xanthine compound structurally related
o URA, has been explained through the involvement of oxy-
enated radical species photogenerated in the medium [24].
ore recently, it has been shown [25] that URA, hypoxanthine

HXA) and xanthine (XAN) deactivate photogenerated 3Rf*
y an electron transfer process (Scheme 1, process (3)), giv-
ng rise to Rf•− and PB•+ radicals, with rate constant values

qRf of 2.9 × 109, 1.2 × 109 and 0.17 × 109 M−1 s−1, respec-
ively, in pH 6.4 aqueous solution. Purine is inert under the same
onditions. The values respectively correlate well with the one-

cheme 1. Major kinetic processes in the visible-light irradiation of an air-
quilibrated solution of a purine base (PB) in the presence of riboflavin (Rf).
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lectron oxidation potential values of these PBs. According to all
hese results, PBs behave as antioxidants, preventing the light-
nduced formation of ROSs. In the case of URA, this scavenging
as been related with the in vivo inhibition of carcinogenesis
26].

In the present work we show the results of a systematic kinetic
tudy on the interaction of Rf-photogenerated ROSs with PBs,
nder visible-light irradiation, in an effort directed to determine
he oxidative mechanisms that could account for reactive and
hysical interactions of URA, HXA and XAN with the photo-
enerated ROSs, evaluating their photodegradability and their
bility to act as natural photoprotectors in a biological environ-
ent.

. Materials and methods

.1. Materials

Uric acid (URA), xanthine (XAN), hypoxanthine (HXA),
iboflavin (Rf), deuterium oxide 99.9% (D2O), and superox-
de dismutase (SOD) from bovine erythrocytes were purchased
rom Sigma Chem. Co. (St. Louis, MO, USA). Rose Bengal
RB) and furfuryl alcohol (FFA) were from Aldrich (Milwau-
ee, WI, USA). All these chemicals were used as received.
ater was triply distilled. All the measurements were carried

ut at room temperature and with freshly prepared solutions.
uffered aqueous solutions were prepared [27] with potassium
hthalate (KHC8H4O4) 0.1 M/NaOH 0.1 M (pH 5), KH2PO4
.025 M/Na2HPO4 0.025 M (pH 7), Na2B4O7·10H2O 0.01 M
pH 9) and NaOH 0.01 M (pH 12).

.2. Methods

Absorption spectra were registered with a Hewlett Packard
452A or an Agilent 8453 diode-array spectrophotometer. Con-
inuous photolysis was performed in a home-made photolyser
ith a 300-W quartz-halogen lamp and a cut-off filter at 360 nm,
sing RB (Abs530 = 0.5) or Rf (0.03 mM) as sensitizer. The over-
ll quenching rate constant kt of the O2(1�g)-deactivation by
ach PB (defined as kt = kr + kq, with kr = chemical quenching
ate constant, and kq = physical deactivation rate constant, pro-
esses (4) and (5) in Scheme 1) was determined as reported
lsewhere [28]. Briefly, Rf was excited with the frequency tripled
utput at 355 nm, and RB with 532 nm, of a Nd:YAG laser (Spec-
ron). The emitted O2(1�g)-phosphorescence at 1270 nm was
nalyzed by time-resolved phosphorescence detection (TRPD)
t right angle using a Judson J16/8Sp germanium detector, after
assing through the appropriate filters. The amplified output
f the detector was coupled to a digital oscilloscope and to a
ersonal computer to process the decay signal. Usually, aver-
ging 10 laser shots was enough to get a good signal-to-noise
atio. Air-saturated solutions were employed in all the cases.
B (Abs530 = 0.3) or Rf (0.02 mM) in air-equilibrated solutions

ere used as sensitizers. In the TRPD determinations, D2O
as used as solvent in order to enlarge the O2(1�g) lifetime

29]. O2(1�g) decay lifetimes were evaluated in the presence
τ) and in the absence (τ0) of quencher; the data were ana-
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Scheme 2. Ionization equilibria and pKa values of uric acid, hypox

yzed as a function of PB concentration, according to a simple
tern–Volmer expression: 1/τ = 1/τ0 + kt[PB]. The value of kr
or the reaction of each PB with RB-generated O2(1�g) was
etermined by a relative method [30], using the expression:
lope/slopeR = kr[PB]/krR[R], and assuming that the reaction of
2(1�g) with the quencher (reaction (4)) is the only pathway
f oxygen consumption. Briefly, in this method the slope of the
rst order plot of oxygen consumption by each PB (slope) and
y a reference compound R (slopeR) are determined experimen-
ally in the same conditions of temperature and concentration.
he reference compound used here was furfuryl alcohol (FFA),
ith a reported pH-independent krR value of 1.2 × 108 M−1 s−1

22]. The relative rate of Rf-sensitized photooxidation of each
B was determined by evaluation of the initial slope of oxy-
en consumption as a function of the irradiation time, with
rion 97-08 or Orion 810A+ specific oxygen electrodes. Rela-

ive photodegradation rates of riboflavin were obtained from the

nitial slopes of the absorbance decrease at 446 nm, upon irradi-
tion under argon atmosphere (20 min bubbling) in 1 cm × 1 cm
uvettes.

U
p
i

ig. 1. Spectral changes in the photoirradiation with visible-light of air-equilibrated
Abs530 0.5) (A), or uric acid 0.8 mM in the presence of riboflavin (0.03 mM) (B).
e and xanthine [31–37]. Only main tautomeric species are shown.

. Results

The influence of pH on the Rf-sensitized aerobic photoox-
dation of HXA and XAN was studied in aqueous buffers
ith pH values 7, 9, and 12. In these conditions, the PBs are
resent in the form of tautomeric and ionized species with a
H-dependent concentration. URA was also studied at pH 5
ecause the pKa1 value of this base is lower than 7. Scheme 2
hows the accepted equilibrium ionizations of URA [31–33],
AN [34–36] and HXA [34,36,37], and the corresponding pKa
alues. In pH 5 aqueous solution, a fraction of the molecules
f URA is mono-ionized, while XAN and HXA are present
s neutral species. At pH 7, URA is mainly mono-ionized,
AN is partially mono-ionized, and HXA is mainly in neu-

ral form. At pH 9, the main species in URA and XAN are
he mono-ionized forms, while in HXA equal proportions of
eutral and mono-ionized forms must be present. At pH 12,

RA is mainly as di-ionized form, while XAN and HXA are
resent as ca. 1:1 mixture of mono- and di-ionized forms. The
onized forms are expected to be more reactive to oxidation by

aqueous solutions (pH 7) of uric acid 0.5 mM in the presence of Rose Bengal
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Table 1
Rate constant values (M−1 s−1) for overall (kt, in D2O) and chemical (kr, in H2O) quenching of O2(1�g) by purine bases in air-equilibrated aqueous buffer solution

pH Uric acid Xanthine Hypoxanthine

kt (×109) kr (×109) kr/kt kt (×109) kr (×109) kr/kt kt (×109) kr (×109) kr/kt

5 0.18 0.01 0.05 n.d. n.d. n.d. n.d. n.d. n.d.
7 0.51 0.12 0.23 0.04 0.038 0.95 0.005 0.003 0.60

0.037 0.92 0.007 0.005 0.70
1 0.040 0.11 0.15 0.020 0.13

R ary experiments, room temperature, n.d.: not determined.
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9 0.66 0.18 0.27 0.04
2 1.16 0.53 0.45 0.36

ose Bengal as photosensitizer, purine base concentration 0.5 mM in the station

lectrophilic reagents such as O2(1�g) than the corresponding
eutral forms.

The irradiation of mixtures of the sensitizers Rf (0.03 mM)
r RB (Abs530 = 0.5) in the presence of each PB, URA, XAN,
r HXA (0.5–0.8 mM) at pH 12 (RB only), pH 9, pH 7 or pH 5
URA only) produced spectral changes that could be assigned to
he disappearance of the PB and the appearance of photodegra-
ation products (representative cases are shown in Fig. 1). The
verall O2(1�g)-quenching rate constant kt was determined in
he above solutions by TRPD with Rf or RB as a sensitizer
Table 1, representative plot in Fig. 2). The dye RB is an efficient

nd almost exclusive O2(1�g) photogenerator, with a quantum
ield in methanol of 0.81 [38]. Sensitized photoreactions using
f could not be carried out pH 12, due the fast photodegradation

ig. 2. Stern–Volmer plot for the quenching of O2(1�g) phosphorescence (ana-
ytical wavelength 1270 nm) by: (a) uric acid in D2O solution (pD 9), with
iboflavin 0.02 mM as a photosensitizer; (b) hypoxanthine in D2O solution (pD
2), with Rose Bengal (Abs532 0.3) as a photosensitizer. Inset: singlet oxy-
en luminescence transient signal, corresponding to the run (a), at uric acid
oncentrations of 0.021 mM (upper trace) and 0.056 mM (lower trace).
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ig. 3. First order plot of oxygen uptake in the Rose Bengal-sensitized photoox-
dation of uric acid 0.5 mM (a), and furfuryl alcohol 0.5 mM (b). pH 5 aqueous
olution, Rose Bengal as a photosensitizer (Abs530 0.5).

f the vitamin [9]. The reactive rate constant kr of the chemical
eaction of O2(1�g) with each PB was determined by measur-
ng the oxygen uptake, always using RB as a sensitizer (see
epresentative plot in Fig. 3).

The rates of oxygen consumption by PBs, upon Rf-
hotosensitization (0.04 mM) or RB-photosensitization

Abs530 = 0.3) at pHs 7 and 9, were also determined, and
xpressed as relative values normalized to the highest value for
ach sensitizer at each pH (Table 2). Additionally, experiments

ig. 4. Oxygen consumption as a function of the irradiation time of hypoxan-
hine 0.5 mM in aqueous solution (pH 9) in the presence (a) and in the absence (b)
f superoxide dismutase (1 �g/mL). Visible light, cut-off at 360 nm, riboflavin
.04 mM as a photosensitizer.
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Table 2
Relative rates of oxygen uptake by purine bases in air-equilibrated aqueous buffer solution upon riboflavin (Rf) (0.04 mM) or Rose Bengal (RB) (Abs530 = 0.3)
photosensitization

pH Relative rate of O2 uptake

Riboflavin photosensitization Rose Bengal photosensitization

Uric acid Xanthine Hypoxanthine Uric acid Xanthine Hypoxanthine

7
9

I M, ro
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1 0.22 0.02
1 0.16 0.13

rradiation with visible light, cut-off at 360 nm, purine base concentration 0.5 m

ndicated that the rate of oxygen consumption was much lower
n the presence of SOD (1 �g/mL) (Fig. 4), a specific quencher
f the O2

•− species [39,40]. In all the cases, URA exhibits the
ighest oxygen uptake rate.

The anaerobic photodegradation of Rf under visible-light
rradiation proceeds mainly through the triplet state 3Rf* (reac-
ion (12)) [9], and the rate of the process can be estimated by
bsorption measurements (Fig. 5, main and inset). Comparative
rradiation of argon-saturated solutions of Rf in the absence and
n the presence of URA 0.2 mM showed that this rate is lower
n the second case (Fig. 5, main). A curvature is observed in the
un of Rf photodegradation in the absence of URA, evidencing
he loss of the pigment as the photolysis progresses. The run in
he presence of URA is practically linear within the same time
ange of photolysis, suggesting that in deoxygenated solutions
t least some fraction of reaction (3) is a reversible process that
egenerates Rf [25].

. Discussion

The experimental evidence shown here strongly supports
he presence of specific interactions of O2(1�g) and/or O2

•−

ith each PB and Rf, resulting in the degradation of both com-
ounds. The interaction of PBs with O2(1�g) has been clearly
stablished by time-resolved phosphorescence detection exper-
ments, whereas the effect of SOD in the rate of oxygen uptake,

ig. 5. Absorbance changes at 445 nm in the visible-light irradiation under argon
tmosphere of pH 7 aqueous solutions of riboflavin 0.04 mM with (a) and with-
ut (b) uric acid 0.2 mM. Inset: spectral changes of the riboflavin absorption
pectrum after visible-light irradiation for 0 min (a), 60 min in the presence of
ric acid 0.2 mM (b), and 15 min in the absence of uric acid (c). Cut-off at
60 nm.
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1 0.37 0.030
1 0.24 0.025

om temperature.

ith Rf as a sensitizer, indicates the involvement of the radical
2
•−. Besides, UV–vis absorption and oxygen uptake experi-

ents confirm that some fraction of these interactions occurs
hrough a reactive channel (processes (4) and (11)). The analy-
is of the kinetic information herein obtained can be of help for
etermining the operating mechanism. Thus, the data shown in
ables 1 and 2 indicate that (a) the values of the rate constants kt
nd kr increase with the ionization of each PB; (b) for URA, the
alue of the kr/kt ratio shows that the contribution of the reactive
uenching component increases as the pH value of the medium
ncreases, whereas in the case of XAN and HXA this ratio is
imilar at pH 7 and 9, and becomes very low at pH 12; (c) the
hange in the relative rate of oxygen uptake, upon Rf- or RB-
hotosensitization, as a function of pH (from 7 to 9), suggests
ifferent photooxidation mechanisms for each sensitizer.

The increase of both kt and kr values as a function of pH has
een already observed in the photooxidation of hydroxyaromatic
ompounds, such as phenols, hydroxypyridines, hydroxypyrim-
dines and hydroxyquinolines. This effect has been explained
s due to the formation of a charge transfer encounter complex
41–45], a reaction favored by the higher electron–donor ability
f the ionized species (Scheme 3). According to this mechanism,
oth chemical reaction (generation of PB oxidation products)
nd physical quenching (regeneration of O2(3�g

−)), can oper-
te, and the relative importance of each process is reflected by
he values of the respective rate constants kr and kq.

In the case of the PBs studied here, this result can be ratio-
alized in accordance with the ionization equilibria shown in
cheme 2. Thus, the increase of both, kt and kr values neatly
orrelates with the larger proportions of mono- and di-ionized
B forms as a function of pH. On the other hand, the values of kt
nd kr do not change in a parallel way, as shown by the respec-
ive photodegradation efficiencies represented by the kr/kt ratios.
his again establishes the importance of the proportion of ion-

zed species in the reactive pathway. A kr/kt ratio of 0.60 has been

eported previously for HXA at pH 7 [46], which is identical to
hat determined in the present work (Table 1).

The generation of O2
•− by electron transfer from 3Rf* (reac-

ion (2), Scheme 1) is a very low quantum yield process [14].

cheme 3. Quenching of singlet molecular oxygen, [O2(1�g)], by a purine base,
B.
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owever, O2
•− can be also generated from Rf•− by the indirect

rocess (7), favored at pH 9 with regard to pH 7 because the rad-
cal RfH•, formed from Rf•− in the presence of protons (process
8)), has a pKa value of 8.3 [12,47]. Another oxygen-consuming
eaction that gives rise to H2O2 from RH2, generated via the
adical RfH• (processes (8) and (9)) is process (10), favored in
eutral or acidic media [47]. All these processes can compete
ith the generation of O2(1�g) (process (1)), and the proba-
ility of each reactive channel would depend obviously on the
fficiency of O2(3�g

−) or PB in the 3Rf* quenching reaction. It
s known that the energy-transfer process (1) occurs with a rate
onstant kET in water of 7 × 108 M−1 s−1, equivalent to 1/9 of
he diffusion-controlled value [48,49]. Taking into account the
onditions used in the experiments with continuous irradiation
0.4 mM PB, with a similar value for the oxygen concentration in
ir-equilibrated water solution [50]), and using the reported kqRf
alues for these PBs (between 1.7 × 108 and 2.9 × 109 M−1 s−1)
25], it can be estimated that the rate of Rf•− generation – the
ain O2

•− precursor species – varies from four times faster (in
he case of URA) to four times slower (in the case of HXA) than
he rate of process (1). In other words, the rates of the processes
enerating O2

•− (via Rf•−) and O2(1�g) are similar. Assum-
ng that the quantum yield of O2(1�g) generation is not greatly
ffected by pH, it can be observed (Table 2) a similar trend in the
B- and Rf-sensitized oxygen uptake rates by URA and XAN at

he two pH values studied, suggesting the important contribution
f the O2(1�g)-mediated mechanism. In the case of HXA, the
ate of oxygen consumption by the O2(1�g)-mediated mecha-
ism takes the lowest value. Therefore, the marked increase of
xygen consumption in the Rf-sensitized process at pH 9 may be
ue to the contribution of the O2

•− mechanism (reaction (11)),
ince the oxygenated species is more efficiently generated at this
H than at pH 7 [12,47].

Although Rf is photodegraded by reaction (6) [11], it is regen-
rated again by the production of O2

•− through reaction (7),
ith a rate constant value in water of 1.4 × 108 M−1 s−1 [14],

nd/or the reaction sequence (8)–(10). Both processes, that take
lace also in natural biological environments, prevent vitamin
f photodegradation.

. Conclusions

The visible-light irradiation of a mixture of riboflavin and the
urine base uric acid, xanthine or hypoxanthine yields O2(1�g)
nd O2

•−. The O2
•− species is generated from the radical anion

f•−, which is formed by electron transfer from triplet-excited
iboflavin to the corresponding purine base. A kinetic analysis
f these reactions indicates that both O2(1�g) and O2

•− species
re quenched by uric acid (largely), xanthine (moderately), and
ypoxanthine (weakly). The O2(1�g) quenching process takes
lace mainly by a chemical channel, and the overall quench-
ng rate constant (kr + kq, processes (4) and (5)) increases with
he pH of the solution. Both uric acid and xanthine prevent

iboflavin photodegradation by O2(1�g), whereas subsequent
eactions of the radical Rf•− regenerate the vitamin. Thus, these
urine bases play the role of sacrificial scavengers of both reac-
ive oxygenated species, with their simultaneous degradation. At

[

[
[

hotobiology A: Chemistry 193 (2008) 103–109

hysiological pH values, uric acid is the most efficient photopro-
ector of riboflavin among the three purine bases herein studied,
ith the highest value of overall rate constant for the quenching
f O2(1�g), the lowest proportion of reactive quenching, and the
ighest rate of oxygen uptake by sensitization with riboflavin.
nder anaerobic conditions, the quenching of 3Rf* by these
urine bases partially protects the pigment against photodestruc-
ion, likely through a back-electron-transfer mechanism.
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