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ABSTRACT

Kinetic and mechanistic aspects of the vitamin B2 (riboflavin
|Rf])-sensitized photo-oxidation of the imidazoline derivates (IDs)
naphazoline (NPZ) and tetrahydrozoline (THZ) were investi-
gated in aqueous solution. The process appears as important on
biomedical grounds, considering that the vitamin is endogenously
present in humans, and IDs are active components of ocular
medicaments of topical application. Under aerobic visible light
irradiation, a complex picture of competitive interactions between
sensitizer, substrates and dissolved oxygen takes place: the singlet
and triplet °Rf*) excited states of Rf are quenched by the IDs:
with IDs concentrations ca. 5.0 mm and 0.02 mm Rf, *Rf* is
quenched by IDs, in a competitive fashion with dissolved ground
state oxygen. Additionally, the reactive oxygen species: Oz(lAg),
0,"", HO® and H,0,, generated from >Rf* and Rf"~, were
detected with the employment of time-resolved methods or specific
scavengers. Oxygen uptake experiments indicate that, for NPZ,
only H,O, was involved in the photo-oxidation. In the case of
THZ, 0,°", HO® and H,0, were detected, whereas only HO®
was unambiguously identified as THZ oxidative agents. Upon
direct UV light irradiation NPZ and THZ generate Oz(lAg‘), with
quantum Yyields of 0.2 (literature value, employed as a reference)
and 0.08, respectively, in acetonitrile.

INTRODUCTION

The photochemical degradation of medicinal drugs is being
increasingly investigated in the last decades, especially under
daylight irradiation (1,2). Problems related to drug photo-
stability are of relevance not only in the context of UV-visible
exposure after topical application on skin or eyes, but also in
their production and storage (3).

Although photoreactions on medicinal drugs could give rise
to products with different, null or even undesirable bioactivity,
most common drugs with pharmaceutical relevance are trans-
parent to daylight. However, photodamage could occur
through the photodynamic action of other compounds usually
coadministered, or tissular molecules belonging to the bio-
logical environment able to absorb environmental light (1,4,5).

Riboflavin (Rf), one of the components of the B2-vitamin
complex, has been postulated as a viable sensitizer for the
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in vivo photo-oxidative degradation of relevant natural or
externally added substrates in different organisms (6). In this
way, a new method of collagen cross-linking by the sensitizer
Rf and UVA light has been developed for the treatment of
progressive keratoconus (7-9). Other possible clinical applica-
tions of corneal collagen cross-linking lie in the field of
refractive surgery, corneal ulcers, stromal melting and thinning
(8,9). It is known that Rf can act via the generation of singlet
molecular oxygen, Oz(lAg) (type II mechanism) and/or via
radical species (type I mechanism), including reactive oxygen
species (ROS) such as superoxide radical anion (O,""),
hydroxyl radical (HO®) and hydrogen peroxide (H,O,) (10).
Moreover, Rf can also directly oxidize a suitable substrate by
electron abstraction in the absence of molecular oxygen (11).

Other pigments with sensitizing properties are the collec-
tively known ““age pigments.” Although these pigments are a
highly heterogeneous mixture, two types can be distinguished:
advanced glycation end-products and lipofuscin. Both have
been identified as natural ocular photosensitizers (12).
Research suggests that aerobic irradiation of N-retinylidene-
N-retinylethanol-amine, one of the constituents that has been
characterized, or whole lipofuscin, with short-wavelength
visible light, brings about the generation of ROS including
05('Ay), 05" and perhaps HO® (13-15).

In the context, the presence of Rf, lipofuscin or any suitable
molecule that can act as photosensitizer by absorbing visible
light could start an unpredictable series of photoreactions,
many of them driven through the action of the ROS.

For this study, we have selected two imidazoline ocular
decongestants (generically named IDs in what follows)
naphazoline (NPZ) and tetrahydrozoline (THZ); their struc-
tural formulae are shown in Scheme 1. Their primary mech-
anism of action is vasoconstriction, accomplished by direct
stimulation of alpha receptors on blood vessels (16-20). NPZ
is a drug available in the market as a component of eye drops.
It is widely used to relieve redness because of minor eye
irritation, caused by cold, dust, wind, smog, pollen, swimming
or wearing contact lenses (21). THZ is available as an over-
the-counter medication for treatment of eye irritation and
nasal congestion (16). As vitamin Rf and IDs can occupy
common locations in complex biological structures, kinetic
information about visible light photopromoted interactions
between these compounds can help understand the behavior of
Rf-generated oxidative species in general, the potential in vivo
or in vitro photoreactions on IDs in particular, and the
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Scheme 1. Chemical structures of naphazoline and tetrahydrozoline.

propensity of such processes to occur under given environ-
mental conditions. Besides, this knowledge could help in the
design of more photostable drugs as well as in the development
of photoprotective mechanisms against adverse potential
phototoxic reactions triggered by drugs or by other substrates
naturally present in the biological environment.

The purpose of the present work was to analyze the
behavior of Rf as a sensitizer for the photodecomposition of
NPZ and THZ, to get information about the behavior of the
visible light photopromoted interactions taking place between
these drugs and biologically relevant oxidative entities, gener-
ated under photosensitizing conditions.

MATERIALS AND METHODS

Chemicals. Naphazoline (2-(naphthalen-4-ylmethyl-4,5-dihydro-
1H-imidazole), tetrahydrozoline (2-tetralin-1-yl-4,5-dihydro-1H-imid-
azole), Rf, perinaphthenone (PN), sodium azide (NaNj3), b-mannitol,
catalase from bovine liver (CAT) and superoxide dismutase (SOD)
from bovine erythrocytes were purchased from Sigma Chem. Co.
Furfuryl alcohol was purchased from Riedel de Haén. Benzoic acid
sodium salt was provided by Aldrich and H>O, by Tensol. The
solvents employed were methanol (MeOH) and acetonitrile (MeCN)
HPLC quality, from Sintorgan; D,0, 99.9% from Aldrich and triply
distilled H>O from Chemical Depdrtment Laboratories-UNRC.

Stationary photolysis. O, (! Ag) was generated by irradiation of the
solutions containing the sensitizer plus the individual IDs, at wave-
lengths greater than 300 nm. Cut-off filters ensured that the light was
absorbed only by the sensitizer. Light from a 150 W quartz—halogen
lamp was passed through a water filter and focused on the reaction
vessel (either a hermetically sealed reaction cell with an oxygen
electrode, or a 1 x 1 cm spectrophotometric cuvette) containing the
continuously stirred aerated solutions.

The experiments of oxygen uptake by IDs solutions (ca. 5.0 mM) in
water were determined with the specific oxygen electrode Orion 97-08.

The Rf-photosensitized rates of oxygen consumption were deter-
mined by evaluation of the initial slopes of oxygen uptake vs. irradiation
time. To investigate the eventual involvement of ROS, experiments of
oxygen uptake in the absence and in the presence of different additives
with ROS-scavenging capacity were made. The following compounds
were employed as ROS scavengers: 5.0 mm NaNj; for Oz(lAg), 1 mg per
100 mL SOD for O,*", 1 mg per 100 mL CAT for H,O, and 5.0 mm
D-mannitol and 5.0 mm benzoic acid sodium salt for HO®.

The anaerobic (N, bubbling) photodegradation rates of 0.02 mm Rf
in the presence and in the absence of ca. 0.1 mm IDs were deduced
from the absorption spectrum by evaluating the absorbance decay at
445 nm, a region where only Rf absorbs.

Stationary and time-resolved fluorescence. For the stationary fluo-
rescence experiments, a Spex Fluoromax spectrofluorometer was
employed, at 25 + 1°C in air-equilibrated solutions. Fluorescence
lifetimes were measured using a time-correlated single photon counting
technique (SPC) on an Edinburgh FL-9000CD instrument.

In the Rf fluorescence experiments MeOH was used, instead of
water, as solvent to enhance the solubility of IDs. The excitation and
emission wavelengths were 445 and 515 nm, respectively. To determine
the values of k a classical Stern Volmer treatment of the data was
applied through Eq (1), where 'z and 'z, are the respective fluores-
cence lifetimes of Rf in the presence and in the absence of IDs.

70/'0 = 1 + 'kq' 79 [IDs] (1)

The direct reaction between 2.0 mm NPZ and 20.0 mm H,O, was
evaluated through the respective fluorescence spectra (Lexe = 315 nm
and Aen = 333 nm) of the imdazoline in aqueous solution, after and
before addition of the peroxide.

Ground state absorption spectra were registered in a Hewlett-
Packard 8452A diode array spectrophotometer. In all cases, quartz
cells of 1.0 cm path-length were employed.

Laser flash photolysis experiments. N»-saturated methanolic solu-
tions of 0.01 mMm Rf were photolysed using a flash photolysis apparatus
with the frequency-doubled output of a Nd:YAG laser system
(Spectron) at 355 nm as excitation source, employing a 150 W xenon
lamp as analyzing light. The detection system comprised a photon
technology international monochromator and a red-extended photo-
multiplier (Hamamatsu R666). The signal, acquired and averaged by a
digital oscilloscope (Hewlett-Packard 54504A), was transferred to a
PC via a Hewlett-Packard interface bus parallel interface, where it was
analyzed and stored.

The disappearance of *Rf*, generated by the 355 nm laser pulse,
was monitored from the first-order decay of the absorbance at 670 nm,
a zone where the interference from other possible species is negligible.
*Rf* decay was measured at low Rf concentration (typically 0.02 mm)
and at low enough laser energy, to avoid undesirable effects such as
self-quenching and triplet—triplet annihilation, respectively. A Stern—
Volmer treatment was applied (Eq. 2) to determine the values of 3k.

3t9/3t = 1+ *kq’10 [IDs], (2)

where *t and >z, are the respective lifetimes of *Rf* in the presence and
in the absence of IDs.

The transient absorption spectra of 0.02 mm Rf and 0.02 mm
Rf + 5.0 mMm IDs were determined in N,-saturated methanolic solu-
tions, using a flash photolysis apparatus, described above. MeOH was
employed as a solvent in laser flash photolysis experiments to enhance
the IDs solubility.

Time-resolved O (! Ag ) phovphmescence detection. The laser-kinetic
spectrophotometer for time-resolved O, (* A,) phosphorescence detec-
tion (TRPD) has been previously described (22). Briefly, it consisted of
a Nd:YAG laser (Spectron) as the excitation source. The output at
355 nm was employed to excite the sensitizer PN. The emitted
radiation (mainly 1270 nm) was detected at right angles using an
amplified Judson J16/8Sp germanium detector, after passing through
appropriate filters. The output of the detector was coupled to a digital
oscilloscope and to a personal computer for processing the signal.
Sixteen shots were usually averaged to get a good signal-to-noise ratio,
from which the decay times were calculated. Solutions with absorbance
at the laser wavelength of 0.2 were employed. The decay kinetics was
first order in all cases. The experiments were made in D>O, because of
the enlargement of the O, (lAg) lifetime in this solvent (23). O, (]Ag)
lifetimes were evaluated in the presence (t) and in the absence (7() of
IDs. If the ratio 7o/t is plotted as a function of the quencher
concentration, the overall rate constant for O, (lAg) quenching, k,
(addition kg + k,, processes [10] and [11], respectively, in Scheme 2)
could be determined.

Determination of the reactive rate constants k.. The rate constant of
the chemical reaction of 5.0 mm IDs with Oz(lAg), k: (process [11] in
Scheme 2), was determined using an actinometric method, already
described in other papers, which is based on the comparison of the
slopes of the time course (pseudo first-order plots) of oxygen uptake by
the substrate (5.0 mm) and of a reference compound (5.0 mm) with
known k; value (k;r) (24). The ratio of the pseudo first-order slopes of
oxygen uptake by IDs and a reference (slopeipy/sloper), both
determined at identical concentration, is equal to k./k.g, assuming
that the reaction of Oz(]Ag) with the quencher is the only way for
oxygen consumption.

Dete;mmanan of 0, (! A,) quantum yields (®,). The quantum yield
of O, (! Ay) production by THZ, in MeCN, was determined employing
NPZ as a reference. The initial intensities of the emission at 1270 nm
were measured for optically matched solutions of THZ and NPZ. The
266 nm output of the already mentioned Spectron Nd:YAG laser was
used as excitation source. We employed a @, value for Oz(lAg)
production by the reference of 0.2 in MeCN (21).
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Scheme 2. Possible reaction pathways in the riboflavin-sensitized photoirradiation of naphazoline and tetrahydrozoline (IDs in the Scheme).

RESULTS
Sensitized photoirradiation of IDs

Photoirradiation at wavelength >300 nm, a spectral region
where the IDs are transparent, of air-equilibrated aqueous
solutions of 0.02 mm Rf and either 0.1 mm THZ or NPZ
produced changes in the absorption spectra of the IDs (Fig. 1),
thus indicating the occurrence of chemical transformations.
No spectral changes were observed in the absence of light.
Although in-dark associations between Rf and different
N-heteraromatic compounds have been previously observed
(23,25) no spectral perturbations because of this process could
be detected in the differential absorption spectra of solutions
containing Rf and IDs, within the concentration range
employed in this work.

On the other hand, we observed that both the anaerobic and
the aerobic photodegradation rates of Rf, processes that are
well known to occur anaerobically from *Rf* and/or aerobi-
cally via O, (lAg) (26,27), suffer a decrease in the presence of
0.1 mMm IDs (Fig. 2). Besides, the comparison of the respective
absorption spectra obtained under aerobic and anaerobic
conditions of each ID upon Rf-sensitized photoirradiation are
different from each other, indicating the appearance of
different photoproducts (see Fig. 1 for an illustration in the
case of NPZ).

Finally, oxygen consumption was observed in the photo-
irradiation of aqueous solutions of 5.0 mm IDs + 0.02 mm Rf
(Fig. 1), but not in the dark or in the absence of IDs.

The above-mentioned preliminary pieces of experimental
evidence clearly indicate the existence of interactions between
IDs and 'Rf* and/or *Rf*, and/or ROS generated upon
photoexcitation of the pigment. To elucidate kinetic and
mechanistic aspects of the mentioned interactions and to
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Figure 1. (a) Spectral evolution of 0.12 mMm naphazoline + 0.02 mm
riboflavin vs. 0.02 mm riboflavin upon visible light photoirradiation: 1,
non-irradiated; 2, irradiated 290 min (aerated); 3, irradiated 180 min
(in absence of oxygen); 4, absorption spectrum UV-visible of 0.02 mm
riboflavin vs. water, included for comparative purposes. (b) Spectral
evolution of 0.47 mm tetrahydrozoline + 0.02 mm riboflavin vs.
0.02 mM riboflavin upon visible light photoirradiation: upper curve,
none irradiated; lower curve, irradiated 60 min (aerated). (¢) Oxygen
consumption upon photoirradiation: 1, 0.02 mm riboflavin + 1.0 mm
naphazoline; 2, 0.02 mm riboflavin + 1.0 mm tetrahydrozoline; 3,
0.02 mm riboflavin. Solvent: H»O.

identify possible ROS involved in the degradation of the
substrates a systematic study was developed, employing the set
of reactions shown in Scheme 2 for interpretation and dis-
cussion of the results.
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Figure 2. (a) Relative absorbance decreases at 445 nm of solutions of
riboflavin as a function of the visible light irradiation time: (M)
0.02 mMm riboflavin; (O) 0.02 mm riboflavin in presence of 1.0 mm
naphazoline. (b) Spectral changes in a solution of 0.02 mM riboflavin
upon visible light photoirradiation: 1, without additives, non-irradi-
ated; 2, without additives 985 s irradiation; 3, 985 s irradiation, in
the presence of 0.1 mM naphazoline. All the experiments were made in
N,-saturated solutions. Solvent: H,O.

Scheme 2 depicts a generic photosensitized process, in
which the absorption of incident light promotes the sensitizer
(Rf, in ground state)) to 'Rf* (process [1]) and/or *Rf*
(process [4]) states. Both states can either decay or be quenched
to ground state Rf through processes [2-8]. An energy transfer
process from *Rf* to 02(3Zg_) dissolved in the medium, can
yield the species Oz(lAg) (process [7]) that can decay either by
collision with surrounding solvent molecules (process [9]) or by
interaction with IDs through physical (step [10]) and/or
chemical (step [11]) process. An electron transfer process from
SRf* to IDs would give rise to the respective semireduced
(Rf*") and semioxidized (IDs*") forms (process [8]). The
interaction of Rf*™ with 02(32g_) could generate the reactive
species O, through process [19] (reported (28,29)
kio = 1.4x 108 M7 's7h). At pH 6, the neutral Rf radical
(RfH®) (pK, = 8.3) would be formed (30,31) after the pro-
tonation of the species Rf*™ (process [13]), generated through
process [8]. The bimolecular decay of RfH® is known (28,32) to
proceed through disproportion reaction to yield equimolar Rf
and fully reduced Rf (RfH;) (process [14]), which in the
presence of 02(32&,7) is reoxidized to give initially Rf radical
and O, (process [15]) and finally Rf and H>O, (process [16]).
Under these reaction conditions, H,O,, together with O,
could give rise to HO® (process [18]).

Quenching of 'Rf* by IDs

The fluorescent properties of Rf are well known (6). In air-
equilibrated methanolic solution, Rf shows a fluorescence
emission band centered at 518 nm. The presence of IDs
produced a decrease in the intensity of the steady state
emission of 'Rf* but the shape of the emission spectrum did
not change. The interaction was quantified through time-
resolved methods (SPC technique), by monitoring the fluores-
cence lifetime of 'Rf* in the presence ('7) and in the absence
('1,) of different concentrations of IDs. Through a classical
Stern—Volmer treatment (Eq. 1), the rate constants lkq
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Figure 3. (a) Stern—Volmer plots for the time-resolved quenching of
singlet excited riboflavin by (M) tetrahydrozoline and (O) naphazoline.
(b) Stern—Volmer plots for the quenching of triplet excited riboflavin
by (M) tetrahydrozoline and (O) naphazoline. Solvent: MeOH.

Table 1. Relative rates of oxygen photoconsumption by solutions of
NPZ and THZ sensitized by Rf.

NPZ THZ
kg x 1078 (u7 157! 33.3 1.8
g x 107 (M7's7h 0.7 3.4
slopeg/slope nana 1.0 1.0
slopeg/slope sop 1.0 1.8
slopeg/slope cat 1.2 1.7
SIOPCO/SIOPe D-mannitol 1.0 1.7
slopeo/slope benzoic acid sodium salt 1.0 2.2
[N 0.27 0.08

NPZ = naphazoline; Rf = riboflavin; THZ = tetrahydrozoline;
SOD = superoxide dismutase; CAT = catalase.

Rate constants for the quenching of 'Rf* is lkq and Rf* is 3kq; slope
of oxygen uptake sensitized by Rf in the absence (slopey) and in the
presence slope, of different scavengers (X = NaNjz, SOD, CAT,
Dp-mannitol or benzoic acid sodium salt) and O, (lAg) quantum yields
(@a).

tValue taken from Sortino and Scaiano (21).

(process [3]) were graphically determined (Fig. 3 and Table 1).
The fluorescence decay of Rf in MeOH was monoexponencial
with a value 'z, of 5.4 ns, in excellent agreement with previous
published data (33,34). The quenching of 'Rf* by IDs was only
observed at relatively high IDs concentrations. Hence, process
[3] was not significant under the typical experimental condi-
tions employed in this work.

Laser flash photolysis experiments and the interaction *Rf*-IDs

SRf* lifetime, in MeOH, appreciably decreases in the presence
of IDs (process [8]), in N»>-saturated solution, demonstrating
the occurrence of the interaction between IDs and *Rf*. As
before, a Stern—Volmer treatment of the triplet quenching
(Eq. 2) yielded the bimolecular rate constants 3kq (Fig. 3,
Table 1).

Transient absorption spectrum of Rf, obtained in MeOH
10 us after the laser pulse (Fig. 4), is similar to the reported
one for *Rf* in MeOH (34). Under identical conditions but in
the presence of 5.0 mM NPZ (ca. 95% *Rf* quenched by
NPZ), the shape of the long-lived absorption spectrum is in
good agreement with that reported for the RfH®, a pH 5.1
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Figure 4. (a) Transient absorption spectra of 0.01 mm riboflavin in
N,-saturated MeOH solution, in the absence (M) and in the presence
(O) of 0.5mmMm naphazoline. (b) Transient absorption spectra of
0.01 mM riboflavin in Nj-saturated MeOH solution in the presence
of 0.1 mm tetrahydrozoline. All taken at 10 ps after the laser pulse.

(26,30,34,35). Besides, the spectrum showed three new peaks
centered at 345, 370 and 385 nm, in MeOH. In the presence of
THZ (1.0 mm), the shape of the transient absorption spectrum
in the absorption region of Rf is similar to that in the case of
NPZ (Fig. 4). The time evolution of the ratio of the absor-
bance at 345 and 380 nm, in the presence of IDs (data not
shown), suggests that after almost total decay of the 385 nm
band, the 345 nm band becomes better defined, revealing the
presence of longer-lived absorbing species mainly at this
wavelength. The result for NPZ is in concordance with that
previously reported by Sortino and Scaiano (21) in a
N,-saturated NPZ methanolic solution, upon direct photoir-
radiation with a 308 nm laser excitation, and attributed to the
radical species NPZ" ™.

Participation of reactive oxygen species

To establish the possible involvement of ROS in the
evolution of the photoirradiated mixtures, experiments of
oxygen uptake upon Rf-photosensitized irradiation were
made, in the absence and in the presence of different
additives with ROS-scavenging capacity: NaN3, SOD, CAT
and p-mannitol. The quenchers have been already employed
in similar concentrations to those utilized in the present
work, to confirm/discard the participation of Oz(lAg), 0",
H,0, and HO°®, respectively, in a given oxidative event
(10,23,36-43). NaN; physically quenches Oz(lAg) (reaction
[10]) with a rate constant ky = 3 X 108 M~ 571 in water (23).
The enzyme SOD dismutates the species O,°", through
reaction [23] whereas CAT decomposes H,O, as shown (10)
in reaction [24] and p-mannitol reacts with the species HO®
with a second-order rate constant of 1.9 x 10° M~'s™' in
water (38) (reaction [25]).

205" +2H" +SOD — 02(32;) + H,0, [23]
R

2H,0; 4+ CAT — 2H,0 + O,( Zg ) [24]

HO® + p — mannitol — products [25]
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The rate of oxygen consumption of the individual IDs/Rf
system was practically the same in the presence of 5.0 mm
NaN;. Furthermore, when air-equilibrated aqueous solutions
of 5.0 mm IDs were photolysed with visible light in the
presence of 0.08 mm PN, a recognized O, (lAg) generator (44),
no spectral modifications in the UV-visible region were
observed. In addition, no oxygen consumption could be
detected when aqueous solutions containing IDs (5.0 mm)
and 0.08 mm PN were photolysed, even after relatively
prolonged irradiation times. In parallel, time-resolved O,
(lAg) phosphorescence was evaluated in the presence and in the
absence of IDs by means of the TRPD technique. The presence
of individual IDs, up to concentrations ca. 10 mm, did not
affect the O, ('A,) lifetime. An upper limit of 3 x 107> M~ 's™"
for the rate constant k; was quoted (k, = kq + k,, processes
[10] and [11], respectively, in Scheme 2). This estimation was
made assuming the neat evaluation of £3% in the O, (lAg)
lifetime value, in the range 20-80 us. Other imidazolines such
as xylometazoline, with a chemical structure similar to NPZ
and THZ, does not quench O, ('A,). Oxymetazoline, an
imidazoline possessing a phenolic group, quenches singlet
oxygen with k~10% M~'s™! (S. Criado and N. A. Garcia, 2008,
unpublished results). It is well known that phenol group, per se
is a moderate O, (lAg) quencher (45). Clearly, this additional
experimental evidence confirms the absence of noticeable
interaction of IDs with O, (lAg).

In the comparative aerobic irradiations, the rate of oxygen
uptake was the same for the system 0.02 mm Rf + 5.0 mm
NPZ in the absence and in the presence of either 1 mg per
100 mL SOD or 5.0 mMm p-mannitol (or 5.0 mMm benzoic acid
sodium salt). Nevertheless, the addition of CAT (1 mg per
100 mL) to the system 0.02 mm Rf + 5.0 mm NPZ produced
a decrease in the rate of oxygen consumption when exposed to
light (Fig. 5). When the same system was photolysed in the
absence of CAT—and the enzyme added only after ending
the photoirradiation—a recovery of the O, level was observed
(Fig. 5). We independently tested the reaction between 2.0 mm
NPZ and 20.0 mm H,0,, in aqueous solution. A decrease in
the NPZ fluorescence intensity upon addition of the peroxide
indicates the occurrence of chemical transformations in the
imidazoline.

For the system 0.02 mm Rf + 5.0 mm THZ (Fig. 6),
the rate of oxygen consumption was neatly reduced in the
comparative aerobic irradiations in the presence of: (1) 1 mg
per 100 mL CAT; (2) 1 mg per 100 mL SOD, (3) 5.0 mm
p-mannitol and (4) 5.0 mm benzoic acid sodium salt (40).

As additional information, and to eliminate possible inter-
ference of the quenchers in the oxygen uptake experiments,
SOD, benzoic acid sodium salt and p-mannitol were checked
to control that they neither produced a noticeable oxygen
uptake when exposed to light in the presence of 0.02 mm Rf,
nor interacted with any electronically excited state of the
vitamin, under the experimental conditions employed in this
work. The last asseveration is also valid for CAT, whereas the
enzyme, in the described conditions, produced a negligible
oxygen consumption, estimated as ca. 10% when compared
with the corresponding values for IDs.

The values of the relative rates of oxygen uptake in the
presence and in the absence of specific quenchers of ROS are
shown in Table 1. These rates constitute the mean values of
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Figure 5. (a) Profiles of oxygen consumption as a function of
irradiation time (irradiation wavelength higher than 300 nm): (H)
0.02 mM riboflavin + 5.0 mM naphazoline; (O) 0.02 mm ribo-
flavin+ 5.0 mm naphazoline + 1 mg per 100 mL catalase. (b)
0.02 mM riboflavin + 5.0 mm naphazoline + 1 mg per 100 mL cata-
lase, but in this case catalase was added in the absence of light and
after an irradiation time of 2100 s. (c) Fluorescence spectra: 1, 2.0 mm
naphazoline and 2, 2.0 mM naphazoline + 20.0 mm H,0,.
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Figure 6. (a) Oxygen consumption upon 0.02 mwm riboflavin-sensitized
photoirradiation at wavelength higher than 300 nm: (M) 0.02 mm
riboflavin + 5.0 mm tetrahydrozoline and (O) 0.02 mMm ribo-
flavin + 5.0 mm tetrahydrozoline + 1 mg per 100 mL catalase. (b)
(M) 0.02 mm riboflavin + 5.0 mMm tetrahydrozoline and (O) 0.02 mm
riboflavin + 5.0 mMm tetrahydrozoline + 1 mg per 100 mL superoxide
dismutase. Solvent: H,O.

three independent runs which do not differ over 3% from each
other.

0, (1Ag) quantum Yyields (®,) for IDs

It has been reported that NPZ, upon direct 308 nm photo-
excitation, generates Oz(lAg) with a quantum yield (®,) of 0.2
in MeCN (21). A @, value of 0.08 for THZ in the same
solvent, upon excitation with an Nd:YAG laser at 266 nm, was
determined, employing NPZ as a reference.

DISCUSSION

An initial coarse evaluation of the results indicates that the
Rf-sensitized aerobic irradiation of IDs produces chemical
transformations clearly observable in the range of the spectral

IDs absorption. On the other hand, the photoproducts
obtained under aerobic and anaerobic conditions of each ID
upon Rf-sensitized irradiation are different, indicating that the
species O, (SZg_) participates, directly or indirectly, in the
photo-oxidation mechanism of IDs. Additionally, oxygen
uptake experiments show the participation of ROS generated
by Rf electronically excited states. From these results, it is
possible to extract important information on potential damage
of IDs because of exposure to environmental light in the
presence of the vitamin. The identification of the oxygenated
reactive species involved in the reaction with IDs, and the
extent to which each species participates in the overall
photodegradation event are also important.

Although the quenching of 'Rf* was observed in MeOH at
relatively high IDs concentration, this process (process [3]) is
not significant under the experimental conditions employed in
the present work. As a consequence, it can be assumed that the
population of *Rf* is practically not affected by any quenching
effect of 'Rf*, employing IDs in the millimolar concentration
range.

Regarding the oxygen consumption observed upon
Rf-sensitized irradiation of IDs, the reported quantum yield
values for the generation by *Rf* of Oz('Ag) (process [7]) and
of O," (process not shown in Scheme 2) are 0.5 and 0.009,
respectively (46). Hence, in comparative terms, the direct
generation of O,°~ by electron transfer from *Rf* to dissolved
oxygen must be considered negligible.

On the other hand, the unambiguous experimental evidence
of TRPD results, the absence of oxygen consumption, the
spectral modifications upon PN-sensitized photoirradiation of
IDs and the lack of any effect exerted by NaN;3 banish a
significant participation of a 02(1Ag)-mediated mechanism.
This result is in agreement with previous results by Sortino and
Scaiano (21).

It is currently accepted (47) that the quenching of *Rf* by
(0 (3Zg_), to produce Oz(lAg) (process [7]) occurs with a rate
constant kpra1/9 diffusional value ~1.2 x 10° M~'s™", in
MeOH. Considering the respective values for 3kq (process
[8]) in the same solvent (Table 1) for the concentrations of IDs
employed in the stationary photolysis experiments (5 mM) and
the oxygen concentration in an air-saturated MeOH solution
(2.0 mm) (48), it arises that Oz(lAg) (process [7]) is formed ca. 7
and 1.5 times faster than Rf*™ (process [8]) for NPZ and THZ,
respectively. In other words, processes [7] and [8] for the cases
of both IDs are competitive.

Results indicate that the quenching of *Rf* by IDs in
MeOH is because of an electron transfer process towards Rf,
with the concomitant production of Rf*™ and IDs" " (process
[8] in Scheme 2). We observe that the shape of the transient
absorption spectra of Rf in the presence of NPZ or THZ
shows the simultaneous presence of the species RfH® and
IDs**. Upto 450 nm the spectral shape is similar to the
spectra published (30) for RfH® a pH 5.1, indicating that in
MeOH, effectively, this species is formed. Furthermore, the
spectral shape in the region of 300-400 nm is quite similar for
both IDs (Fig. 4) and should be attributed to the species
NPZ*" and THZ" ™. Similar peaks in that spectral region have
been assigned to NPZ* ™ in aqueous solution, by Sortino and
Scaiano (21). These authors confirmed this result through the
oxidation of NPZ with the SO,*~ formed from photolysis of
K»SOg at 266 nm (21).



Neutral Rf radical has been detected as a product of
electron transfer processes to “Rf* from different electron-
donor substrates of environmental and biological relevance
(6,49,50). This species triggers a cascade of photoprocesses
that may produce the oxidative species O,"", H,O, and/or
HO® (Scheme 2) that in a further step can react with IDs or
with the very sensitizer. The species RFH® may be formed in the
presence of proton donating species (30) (process [13]). It is
known (30) that the production of O,°” by RfH" occurs with a
lower rate than by reaction [20]. The bimolecular decay of
RfH® can yield Rf and RfH, (process [14]), which, in the
presence of O, (3Zg) can be reoxidized, regenerating Rf and
producing H->O, (process [15-16]). Under these conditions,
H>0,, together with O,°” can give rise to HO® through an
Haber—Weiss reaction (process [18]) and, in consequence, three
ROS, besides the already discussed O, (lAg), can be present in
the medium. The recovery of the vitamin, through processes
[14], [16] and [20], represents a crucial step in living organisms,
for which it is well established that ROS are a key intermediate
in the oxygen redox chemistry (29).

The neat delay observed in the rate of oxygen uptake during
the Rf-sensitized irradiation of NPZ in the presence of CAT,
strongly suggests the participation of H,O, in the oxidative
process. The generation of H,O, as a consequence of the
exposure to light was also demonstrated when CAT was added
to the system Rf + NPZ after irradiation, and an increase of
the 02(3Zg_) was observed. This enzyme transforms the H,O,
produced into H,O and O,, compensating the uptake of O,
(reaction [24]). The result obtained from the direct reaction
between NPZ and H,O, strongly supports the participation of
this ROS in the Rf-sensitized oxidation of NPZ. In parallel, the
lack of any effect on the oxygen consumption in the presence
of SOD and p-mannitol (or benzoic acid sodium salt) leads us
to discard a noticeable participation of O,"~ and HO® as
oxidative agents. The generation of H,O; as a consequence of
light-exposure was also demonstrated when CAT was added to
the system Rf-NPZ after photoirradiation. An increase of the
overall oxygen content was observed (Fig. 5) as a result of
reaction [24].

The case of THZ is somewhat different. The decrease in the
rate of oxygen consumption in the photoirradiated system Rf-
THZ in the presence of SOD, CAT and p-mannitol (or benzoic
acid sodium salt), accounting for the respective presence of
0,"", H,0, and HO®, suggests that the oxidative mechanism is
not simple, although all three oxidative species may be
generated and may potentially react with THZ. RfH® and
0,°" are straightforwardly generated from Rf*™ (processes [13]
and [20], respectively) and act, according to Scheme 2, as
precursors of the species H,O, and HO® (processes [15-16] and
[18]). Hence, a decrease in the rate of oxygen uptake with SOD
present may be accounting for a process O,° -mediated
exclusively (processes [20-21]) but also an H>O,- or an HO®-
mediated oxidation, because the generation of these species
needs the presence of O,°”. Similarly, the generation of HO®
depends on the previous H,O, and O, generation (reaction
[18]). Again, the scavenging of either of the two species will
reduce the rate of oxygen uptake in a HO®-mediated THZ
oxidation. Following this line of reasoning, HO® is the only
species that may be independently detected. As said, the
SOD test effectively recognizes the presence of O," as an
initial oxidative species, but does not demonstrate the direct
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participation of this ROS in the oxidative process. HO® is a final
species and may be intercepted by b-mannitol and benzoic acid
sodium salt. Although other radicals such as alkyl-peroxy could
also react with HO®, their presence in our system is not evident.
Hence, on the basis of the available experimental evidence,
the interaction of THZ with HO® remains a possibility.

The relative long lifetime of *NPZ* (ca. 15 us, in aqueous
solution pH 7.4) and the value of the quenching rate constant
observed in the presence of O, (32{) (1.8 x 10° M 's7™", in
aqueous solution pH 7.4) suggest that *NPZ* could sensitize
Oz(lAg) formation through energy transfer to O, (3Zg’), in the
millimolar concentration range (21,51,52). The generation of
O, (lAg) from the lowest excited state of THZ, upon direct UV
light irradiation, was observed. ®, value is in the reported
range (21) for NPZ (0.2 + 0.02 at 4 = 308 nm, in MeCN).
Regarding the ®, values, NPZ and THZ appear as relatively
good O, (lAg) sensitizers. In spite of the fact that self-promoted
oxidation of IDs via O, (lAg) could be discarded, the sensitized
oxidation of surrounding molecules can occur.

From the results obtained under aerobic and anaerobic
conditions, we postulate that the Rf-sensitized photo-oxidation
of NPZ and THZ proceeds via two mechanisms and the ROS
involved in both are different too. Nevertheless, the radical
cation formed (IDs" ") from *Rf* is identical for both IDs.

In spite of the fact that NPZ seems to be more resistant to
photogenerated ROS, in comparison to THZ, the former can
be considered a fairly good photodynamic sensitizer, therefore
the sensitized degradation of different molecules present in a
biological media could be produced.
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