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Abstract In this work, we have studied quenching of the
fluorescence of two well-known oxygen probes, 1-pyrene
butyric acid (PBA) and tris(2,2’-bipyridine)ruthenium ([Ru
(bpy)3]

2+) by reactive oxygen species (superoxide anion,
nitric oxide derivative, hydrogen peroxide) and by the O2

molecule. Both, time-resolved and steady state fluorescence
measurements were performed in solution (ethanol, dimethyl
sufoxide, water) and in micelles of Sodium Dodecyl Sulfate
that serve as a model for membrane-containing biological
structures. We have found that only the free radicals and O2

can actively quench for the two probes, but not the
diamagnetic H2O2. Our data correspond to the classical
Stern–Volmer equation. H2O2 has an effect only at high
molar concentrations (>0.1 M). In contrast, effective con-
centrations of free radicals and O2 that lead to quenching are
in millimolar range. In conclusion, our methods allows for
detecting global ROS that are small free radicals without
interference from the reactive hydroxyl radical. Our data
suggest that the method can be used for the quantification of
ROS in individual living cells based on the measurement of
fluorescence lifetime of those probes.
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Introduction

The accurate measurements of free radicals and reactive
oxygen species (ROS) in vivo are essential as they contribute
to the development of several human diseases. More than
60 years ago, it was suggested that fluorescence and
phosphorescence quenching might be useful for measuring
oxygen concentration. Nowadays, fluorescence and phospho-
rescence quenching is routinely employed for oxygen
measurements [1]. Metal complexes such as metalloporphyr-
ins [2], tris(bipyridyl)ruthenium(II) ([Ru(bpy)3]

2+) [3], and
some aromatic compounds like pyrene butyric acid (PBA)
[4], have been used for this purpose in solutions [1–4],
tissues [5], and in living cells [6–14]. Oxygen concentrations
can be measured in living cells by measuring fluorescence
intensity variations [6] or fluorescence lifetime changes [7–
9]. More recently, fluorescence lifetime imaging microscopy
(FLIM) with ruthenium [10–13] and porphyrin [14] com-
plexes were developed. It was also suggested that these
probes could be quenched by free radical molecules [15, 16].
Cramb et al. [15] have performed measurements with the
stable TEMPO in erythrocyte ghosts and liposome suspen-
sions. However, this approach was scarcely used, and never
in living cells. In an earlier study, we developed a new
method using fluorescence lifetime measurements of PBA
for the detection of free radicals in single living cells [17].
Several techniques were employed to measure ROS in
cultured cells and were reviewed by Halliwell and Gutteridge
[18]. Fluorescent probes for free radicals and ROS detection
in living cells are generated in situ by reaction of a non-
fluorescent form of the probe with the ROS. Mainly, two
types of fluorescent probes are employed for in vivo
measurements of ROS. These are chemiluminescent probes
such as luminol and lucigenin [19] or fluorescent probes
such as dihydroethidium [20], BODIPY analogues [21, 22]
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and the widely used dichlorofluorescin derivatives [23, 24].
Due to numerous artifacts encounter using these probes, the
synthesis of new fluorescent probes is ongoing [25, 26]. So
far, none of these probes are used in fluorescent lifetime
experiments, thus the measurements also depend on the
quantity of probe that enters the cells. Quenching measure-
ments using fluorescence lifetime offer many advantages
over intensity based measurements when working in vivo,
they are independent of absolute intensity of the emitted
light, fluorophore concentration, and artifacts arising from
optical losses. We proposed to use fluorescence lifetime
changes to measure ROS in cultured cells [17]. The main
advantage of this method is that fluorescence lifetime
measurements are independent of the absolute intensity of
the emitted light, and, therefore, independent of the
intracellular accumulation of the probe. Fluorescence lifetime
of PBA in living cells had already permitted an evaluation of
the ROS variations under various conditions [27].

While very little is known about factors which determine
diffusional quenching by ROS, the mechanism by which
oxygen quenches the excited state of molecules was
extensively studied [28]. It was assumed that the quenching
is related to the paramagnetic property of the molecule in its
ground-state. In a previous paper, we assumed that among
ROS, only free radicals (excluding other non paramagnetic
reactive oxygen species) can act as quenchers of the oxygen
probe PBA, in living cells [27]. In this study, two oxygen
probes were chosen to test this assumption in solution; the
aromatic PBA and the metal complex [Ru(bpy)3]

2+. The
quenching of these probes in presence of several reactive
oxygen species; H2O2, nitric oxide radical, superoxide
radical, and O2 were investigated by time-resolved and
steady state fluorescence measurements. Here, we reported,
precise, artefact-free quantification of ROS by fluorescence
lifetime quenching.

Experimental

Chemicals

All the compounds were from Sigma-Aldrich if not stated
otherwise: the anionic surfactant sodium dodecyl sulphate
(SDS), 30% solution of hydrogen peroxide, 2,2,6,6-Tetra-
methyl-1-biperidinyloxy free radical (TEMPO, 98%), po-
tassium superoxide (KO2), cis-dicyclohexano-18-crown-6
(98%), Cytochrome C from bovine heart and dimethyl
sulfoxide (DMSO, 99.9% spectrophotometric grade). 1-
pyrene butyric acid (PBA) was purchased from Acros
Organics (Geel, Belgium). Stock solution of 5×10−3 M
PBA was prepared in ethanol 95% or in DMSO. Tris(2,2’-
bipyridine) ruthenium(II) dichloride hexahydrate ([Ru
(bpy)3]

2+) stock solution (3.5×10−6 M) was either prepared

in ethanol, DMSO or in pH 7.5 phosphate buffer. The
solutions of PBA and [Ru(bpy)3]

2+ were prepared from
their stock solutions by diluting at appropriate amounts.
These solutions were kept at 4°C. Xanthine oxidase was
from bovine milk in lyophilized powder form (0.4–1.0
units/mg protein). The substrate xanthine was in its sodium
form (≥99%), its stock solution was prepared in 1 M
NaOH. The stock xanthine oxidase was prepared in cold
0.05 M pH=7.5 phosphate buffer. These stock solutions
were kept at −20°C until used. All other chemicals were of
analytical grade.

Fluorescence measurements

Steady-state fluorescent measurements were performed
with a spectrofluorimeter (Flx, SAFAS, Monte Carlo,
Monaco). Fluorescence lifetimes were determined by
pulsed-lifetime measurement. The apparatus was described
before [29]. In brief, the samples in a quartz cell were
irradiated at 337 nm with a pulsed nitrogen laser. After
collection of the emitted photons on a photomultiplier
(RCA1P28), the signal was digitized with a digitizing
oscilloscope (Tektronic TDS350). The analysis of the result
was made considering S(t), the fluorescence response, as a
function of time S(t)=G(t)*s(t). In this convolution product,
G(t) represents the apparatus response for the excitation
pulse and s(t) the impulse response of the fluorescence. The
apparatus response can be simulated with a Gaussian curve
convoluted with a time constant. The parameters of the
Gaussian curve and the time constant were obtained after
analysis of the response of a solution of POPOP (1,4-di-[2-
(5-phenyloxazolyl)]-benzene). The experimental decay was
correctly simulated with a single exponential decay using
the downhill simplex method [30] to obtain time constant
and the amplitude values of the two probes. After measure-
ments of the quencher effects on time-resolved and steady
state fluorescence, the data were plotted as τ0/τ or I0/I
versus quencher concentration.

Preparation of PBA in SDS micelles

To prepare PBA in SDS micelles, 0.5 ml of 10−5 M PBA in
ethanol were incubated at 80°C to evaporate the ethanol. A
solution of 5 ml 0.01 M SDS prepared in 0.001 M pH 6.7
phosphate buffer containing 0.4 M NaCl, was added on PBA
and ultrasonicated for 15 min. The prepared solution
contained 10−6 M PBA in 10−2 M SDS which is ten times
more concentrated than critical micelle concentration (CMC).

Oxygen quenching experiments

The pO2 was controlled by mixing N2 and O2 gases. Gas
mixtures from 0% to 100% O2 were obtained by using
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various oxygen and nitrogen outflows and a gas mixer
(flowmeter, Aalborg, Orangeburg, NY). The gases mixture
was first humidified by bubbling through pure solvent, and
then directly charged into the quartz cell with a needle for
3 min. Time resolved fluorescence measurements were
performed for six different oxygen levels of 100%, 75%,
50%, 21%, 13% and 0% of oxygen. The effect of the
quencher on the lifetimes of the probes were evaluated in
various solvents (ethanol, DMSO, pH=7.5 phosphate
buffer for ruthenium complexes, and SDS micelles for
PBA). The data were plotted as τ0/τ versus oxygen
pressure (atm.) and oxygen concentration (mM). To obtain
the oxygen concentration in the solvents from the external
oxygen pressure, the Henry constants were taken from the
literature [31–33]. The oxygen solubility in SDS media was
approximated by the value of aqueous solution.

Hydrogen peroxide quenching experiments

One point five milliliters of 10−6 M probe solutions (PBA
in SDS micelles or [Ru(bpy)3]

2+ in phosphate buffer) were
placed in 1 cm quartz cells. H2O2 was added from freshly
prepared solution in aliquots to obtain several concentra-
tions between 5.0×10−4 M and 1.2 M. The quenching was
analyzed with both time resolved and steady state measure-
ments under air or nitrogen atmospheres.

TEMPO quenching experiments

One point five milliliters of 10−6 M probe in ethanol or in
aqueous solutions (i.e. SDS micelles for PBA or phosphate
buffer for [Ru(bpy)3]

2+) were placed into 1 cm quartz cells.
TEMPO stock solutions were either prepared in ethanol or
in 1:1 ethanol:SDS mixture to avoid precipitation in pure
SDS micelles. Stock solution of TEMPO was added in
aliquots to prepare several concentrations between
5×10−5 M and 7×10−3 M. The final solutions in the
buffered experiments contain less than 2% ethanol. The
quenching was analyzed with both steady state and time
resolved measurements under nitrogen atmosphere because
TEMPO is more stable in these conditions than under
atmospheric air.

Superoxide quenching experiments

Xanthine oxidase The superoxide radical (O2
−) was gener-

ated enzymatically by a xanthine/xanthine oxidase system
and the production of superoxide was monitored following
the superoxide-dependent reduction of cytochrome C
spectrophotometrically at 550 nm during 30 min, Δε=
28 mM−1 cm−1 [34]. Uric acid formation was also
monitored at 295 nm in order to check the enzyme activity.
The reaction started by addition of xanthine oxidase into

xanthine containing 0.05 M pH=7.5 potassium phosphate
buffer solution. In the final mixture (2.0 ml), the concen-
trations were 0.1 mM ethylenediaminetetraacetic acid
(EDTA), 0.01 mM cytochrome C, 0.15 mM xanthine and
0.015 U/mL xanthine oxidase. The superoxide quenching
experiments with ruthenium complex and PBA were
performed with the same method except that there was no
EDTA or cyctochrome C in the final mixture. In the case of
PBA, there was also SDS (10 mM) in the phosphate buffer.
All experiments were performed in quartz cells under
continuous air bubbling through the solution to keep the
oxygen concentration constant.

Potassium superoxide KO2 solutions were prepared just
before the experiments and stabilized as in [35]. A degassed
solution of dicyclohexano-18-crown-6 (0.1 M) in DMSO
was added to KO2 under nitrogen to obtain a final
concentration of 0.05 M. 1 ml of 10−6 M probe in DMSO
was placed in 1 cm quartz cells and degassed for several
minutes. KO2 was added from the freshly prepared solution
in aliquots to obtain several concentrations between
5×10−5 M and 2×10−3 M. Nitrogen was bubbled into the
final solution for thirty more seconds and the decay was
immediately recorded. The measurements were performed
within 1 min since the superoxide concentration starts to
decay after this time if we continue to flow nitrogen.

Results

The deactivation of the two fluorescent probes by four
different quenchers is examined in various solvents. The
probes, PBA and [Ru(bpy)3]

2+, were used between
5×10−7 mol/L and 5×10−6 mol/L in ethanol, water, DMSO,
and SDS micelles. The PBA concentrations are selected to
avoid the formation of excited-state complexes, excimers,
thus leading to considerable simplification of the photo-
physics.

The simplest method for modeling the quenching
phenomena is to use the Stern–Volmer equation [36]:

Φ=Φ0 ¼ 1þ KSV Q½ � ð1Þ
where Φ and Φ0 are the quantum yield in the presence and
absence of quencher. KSV is the Stern–Volmer constant and
[Q] is the quencher concentration. By using this simple
equation, one assumes that there is a single type of
quenching, either static or dynamic. Thus, a plot of Φ /
Φ0 versus [Q] should yield a straight line with a slope KSV.
Either I / I0, the fluorescence intensities, or τ / τ0, the
fluorophore lifetimes can be plotted when steady state or
lifetime based measurements are performed. In the case of
static quenching involving the ground state, the fluores-
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cence intensity alone should decrease in the presence of
quenchers while after a dynamic quenching of the excited
state both lifetimes and intensities will decrease. In this
case, KSV is the product of τ0 and kq, the bimolecular
quenching rate constant for the reaction of the excited state
with the quencher Q. This quenching rate constant is
usually related to the diffusion controlled limit through the
quenching efficiency, γ, and the diffusion constant, kdiff.

Oxygen quenching

Oxygen is known to be an effective collisional quencher,
and this ability to quench fluorescent molecule is presumed
to be due to its paramagnetic property. The excited
molecule is deactivated non radiatively to its ground state
due to the collisions with the oxygen. However, excited
molecules, especially on their triplet state, are well known
to generate singlet oxygen via energy transfer to the ground
state of the oxygen molecule from the excited state of the
probe. The employed probes, after excitation, are in excited
states of different multiplicities. The deactivation mecha-
nisms of the two probes by O2 should be different, with a
more complex S1-state quenching of the pyrene derivative
than the T1-state quenching of the ruthenium complex.
Thus, different competing deactivation processes can
happen, leading directly to the ground-state S0 with or
without O2(

1Δg) formation [37]. Eventually, O2 quenches
excited states of both multiplicities, with variable rate
constants close to the diffusion-controlled limit. In this
study, in order to compare the quenching with reactive
oxygen species, the quenching of the two probes by oxygen
was investigated in several solvents (ethanol, water,
DMSO) and SDS micelles. The increase of O2 concentra-
tion both in PBA and [Ru(bpy)3]

2+ solutions results in a
decrease of the lifetime of the probes. To calculate the
solubility of oxygen in the various solvents, Henry
constants are obtained from Chebbo et al. [31], Tokugawa
[32] and Franco et al. [33]. We use values of 116, 781, and
636 (atm.L.mol−1) in ethanol 95%, water, and DMSO,

respectively. The lifetime plotted according to Stern-Volmer
presents a linear behaviour in all case. The corresponding
slopes, KSV are presented in Table 1. From KSV, we
calculate the quenching rate constant, kq, close to diffu-
sion-controlled limit for PBA. kq is ranging from 0.8 L.
mol−1.s−1 to 1.6×1010 L.mol−1.s−1 depending on the
solvent. PBA quenching by O2 in SDS micelles, kq=
1.0×1010 L.mol−1.s−1, is similar to the quenching constant
we already reported in liposome suspensions [17]. Indeed,
SDS micelles, like liposome suspensions, are supposed to
provide a hydrophobic environment to PBA. Liposome
suspensions were previously used as a simplified model for
biological membranes since PBA was shown to integrate
into the cytosolic membrane [17]. Here, we use SDS
micelles as a model for PBA measurements to mimic
biological media whenever the stability of the quencher
allows it. In contrast, the localization of [Ru(bpy)3]

2+ in
cells should correspond to a hydrophilic environment
possibly at the surface of plasma membrane or in endocytic
vesicles [8]. Thus, the experiments are preferentially
performed in water. Because of the poor stability of some
of the free radical molecules in water, some of the
measurements were also performed in ethanol or in DMSO.
The quenching constant for [Ru(bpy)3]

2+ in water,
2.5×109 L.mol−1s−1, is consistent with literature values
[38]. One can assume, considering the longer lifetime of
ruthenium complexes compared with aromatic compounds
under nitrogen atmosphere that the O2 detection range with
such a probe will be higher. However, when compared with
PBA, the quenching constant of [Ru(bpy)3]

2+ is ten times
lower in ethanol and three times lower in DMSO.
Therefore, the O2 concentration detected are rather similar.

Superoxide anion

The generation of free radical O2
− is first obtained with an

enzymatic procedure by mixing xanthine and xanthine
oxidase and the generated amount is measured by a
cytochrome c reduction method [39]. This catalyzed

Table 1 Fluorescence decay constants and oxygen quenching constants of PBA (10−6 M) and [Ru(bpy)3]
2+ (5×10−6 M) in different media

PBA τo (ns) τair (ns) KSV (atm−1) kq (L mol−1 s−1)
H2O 138 106 1.5a 0.8×1010

SDS micelle 232 146 3.00 (0.01)b 1.0×1010

DMSO 136 (freshly prepared: 154) 85.9 3.4 (0.3) 1.6×1010

Ethanol 220 31 25a 1.3×1010

[Ru(bpy)3]
2+ τo (ns) τair (ns) KSV (atm−1) kq (L mol−1−1)

H2O 580 395 1.81 (0.04) 2.5×109

DMSO 1,094 445 8.7 (0.1) 5.0×109

Ethanol 694 296 7.1 (0.1) 1.2×109

a from Ribou et al., 2004 [17].
b X(ΔX):ΔX=(KSVmax−KSVmin)/2.
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reaction takes several minutes to generate appreciable
quantities of O2

−. According to the literature the reaction
must proceed for at least 30 min to accumulate a high
quantity of superoxide anion. However, we calculated that
the initial production rate of superoxide anion by this
method corresponds to a maximum level of 120 nM/s. This
is not sufficient to generate a local concentration that is
detectable by our system.

Millimolar concentrations of superoxide anion were then
prepared from KO2 via a chemical procedure. O2

− is not
stable in aqueous solution but is stable for several minutes
in nitrogen-degased DMSO with added crown-ether [40].
The lifetime measurements performed in water with [Ru
(bpy)3]

2+ shows that half of the radical is already destroyed
after about 30 s. Thus, the quenching efficiency of
superoxide anion was studied in DMSO. The fluorescence
decay of the two probes was recorded after addition of the
free radical at increasing concentrations. The variation of
the lifetime ratio (τ0/τ) versus KO2 concentrations are
plotted for PBA and [Ru(bpy)3]

2+ (Fig. 1). Data obtained in
the same solvent with oxygen as quencher are added for
comparison. The values of kq are obtained from the linear
analyses of the plots and are summarized in Table 2. It is
worth noting, that PBA in DMSO transforms slowly when
left in the dark, or rapidly after addition of an equimolar
amount of KO2. We observe that these two phenomena give
new compounds with identical spectral properties. These
now possess new spectrum and a new lifetime, 136 ns, that
is taken as τ0 value in the analysis. The fluorescence
spectra show a change of the relative intensities of the
vibronic bands I (376 nm) and II (395 nm) (data not
shown). Such spectral changes are often related to the
solvent environment and can be monitored by the measure-
ments of the ratio II/I. We calculate a ratio of 0.85 for
freshly prepared solution and 0.81 later or after KO2

addition. The decrease of this ratio had first suggested an
increase in polarity of the environment of the pyrene
moiety. To better understand this phenomenon, we decided
to reproduce the experiments with pyrene alone. Pyrene
intensity and lifetime is stable in DMSO and after addition

of KO2. The lifetime without quenchers is 277.5 ns.
Consequently, we attribute the behaviour of PBA in this
experiment to an effect of the pyrene side-chain. With
pyrene as a probe, we obtain a ratio kO2/kQ of 3. This ratio
is more than twofold higher for PBA (kO2/kQ=8, Table 2).
This suggests that the quenching of the pyrene moiety by
the superoxide anion takes place more rapidly without the
side-chain. For [Ru(bpy)3]

2+, the ratio kO2/kQ was lower
than one implying that the quenching with superoxide
anion is higher than that with molecular oxygen. This can
possibly be explained by a charge effect because, since the
probe is positively charged, probe and quencher will be
oppositely charged. Thus, electrostatic attraction occurs
between [Ru(bpy)3]

2+ and O2
− and improves quenching.

Hydroxyl radical

The superoxide anion is not stable enough in aqueous
solution to allow direct quantification. Therefore, we can
assume that the highly reactive radical OH° will not survive
long enough to be detected in solutions by our method.
This radical, that may be formed in vivo, reacts with
whatever is in its immediate vicinity within microseconds
[18]. A mixture of H2O2 with iron complexes (Fenton
reaction) is commonly used in order to degrade polycyclic
aromatic hydrocarbons such as pyrene [41, 42]. Reactions
and degradations of ruthenium complexes with OH° are
also well documented [43]. In cells, all other biomolecules
will react quickly with OH° and will compete with the
fluorescent probes. It is unlikely that a high concentration
of the probes will be found at the site of OH° generation.
Indeed, we never detected a significant decrease of PBA
intensity that would indicate probe degradation during the
experiment performed in living cells [17].

Hydrogen peroxide

The measurements are performed in nitrogen-degased SDS
micelles for PBA, and in water for [Ru(bpy)3]

2+. For
lifetime-based measurements, quenching by the non-radical
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H2O2 does not occur under 0.1 molar concentrations for
both probes (Fig. 2, left). The order of magnitude of kq is
5.0×103 L.mol−1s−1 for PBA and 3.0×102 for [Ru(bpy)3]

2+

with a correlation R2 value in the range 0.94–0.98 (Table 2).
Such a constant is more than ten times lower than the
constant already reported for steady state experiments with
ruthenium complex. Indeed, when performing steady state
measurements with [Ru(bpy)3]

2+ according to the protocol
of Choi and Bard [44], we simulate our data with a linear
slope KSV equal to 3.3 M−1 (2.3 M−1 in [44]). However,
when increasing the quencher concentrations (0.1–0.4 M),
the Stern–Volmer plot exhibits a downward curvature and
the slope is reduced to 0.4 M−1. PBA was not previously
studied, although Cramb and Beck [15] reported quenching
of Benzo(a)pyrene in SDS micelles by high H2O2 concen-
tration. Again, we obtain KSV in steady state measurements
(0.09 mM−1) hundred times higher than in lifetime based
measurements (0.0012 mM−1). While PBA photo-degrada-
tion is less than 5% after 2 h irradiation at 337 nm, we

observe an increase of the photo-degradation after addition
of H2O2 (Fig. 2, inset). Altogether, the fluorescent spectrum
is changed (Fig. 2, right) and the ratio II/I varies from 0.93
to 1.14 after H2O2 addition. We assume this degradation to
be due to OH° formation during irradiation at 337 nm.
Degradation of the fluorescent molecule on its ground-state
will not affect the lifetime of the probe and explains our
results (Table 2). Kubat et al [45] already followed the
degradation of pyrene after irradiation at 334 nm through
the possible formation of OH°. In the case of ruthenium
complex, we observed minor degradation of similar
magnitude (less than 13%) under irradiation, with and
without H2O2.

Nitrogen oxide

We study the stable, nitroxyl radical 2,2,6,6-tetramethylpi-
peridine-N-oxyl (TEMPO). Since the early 80’s, TEMPO
was frequently studied as paramagnetic fluorescence

Table 2 Fluorescence decay constants and quenching constants of PBA (10−6 M) and [Ru(bpy)3]
2+ (5×10−6 M) for different quenchers under

nitrogen atmosphere

PBA τo (ns) (solvent) τQ (ns) [Q]=1 mM KSV (mM−1) kq (L mol−1 s−1) kO2/kQ
a

O2
− : KO2 136 (DMSO) 106 0.24 (0.04)b 1.8×109 8

H2O2 232 (SDS micelle) no change 0.0012 (0.0004) 4.7×103 106

TEMPO (∼NO˙) 220 (ethanol) 140 0.6 (0.2) 2.9×109 5
232 (SDS micelles) − 1.1 (0.1) 4.9×109 2

[Ru(bpy)3]
2+ τo (ns) (solvent) τQ (ns) [Q]=1 mM KSV (mM−1) kq (L mol−1 s−1) kO2/kQ

O2
− : KO2 1,094 (DMSO) 97 10.0 (0.3) 9×109 0.5

H2O2 580 (H2O) no change 0.0002 (0.0001) 0.3×103 105

TEMPO (∼NO˙) 834 (ethanol) 745 0.15 (0.02) 1.7×108 7
606 (H2O) 577 0.04 (0.01) 0.7×108 35

a kO2 and kQ are the quenching rate constants for oxygen molecule, O2, and reactive oxygen species, Q.
b X(ΔX):ΔX=(KSVmax−KSVmin)/2.
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quencher, with [Ru(bpy)3]
2+ as well as pyrene [46]. Pyrene

and PBA were later studied in solution [47], micelles [48],
and membranes [49]. The quenching takes place with
TEMPO concentrations lower than millimolar. We present
the data obtained in ethanol for both probes with TEMPO
and O2 as quenchers (Fig. 3). The experiments are also
performed in SDS micelles for PBA and water solution for
[Ru(bpy)3]

2+. In all cases, the lifetime plotted according to
Stern–Volmer present a linear behaviour. The slope allows
to calculate a quenching constant of 2.9×109 L.mol−1.s−1

for PBA, and 1.7×108 L.mol−1.s−1 for the ruthenium
complex in ethanol. The latter is very close to the one
calculated by Lymar et al [46] for slightly bulky free radical
in ethanol. The ratio kO2/kQ is quite similar for both probes
in ethanol and is calculated to be five and seven for PBA
and for [Ru(bpy)3]

2+, respectively (Table 2). In SDS
micelles and water, TEMPO is introduced in small amounts
in ethanol but the final ethanol concentrations never
exceeds 2%. The value of 4.9×109 L.mol−1.s−1 is two times
lower than the one already published [48]. However,
Angelescu and Vasilescu used a slightly different protocol.
They calculated the kq value from a single addition of
TEMPO at 0.9 mM. The result presents a high uncertainty
that can explain the difference with our observations. For
PBA, the ratio kO2/kQ is 5 in ethanol and less than 2 in SDS
micelles. For [Ru(bpy)3]

2+ in water, the quenching is low
(kq=0.7×108 L.mol−1.s−1) and we obtain an unexpected
ratio kO2/kQ of 35. In this case, we can doubt about the
stability of TEMPO in pure water as solvent.

Steady state measurements are also performed in
ethanol, SDS and water. Unlike H2O2, degradation of the
probe PBA after addition of TEMPO and after irradiation is
not detected. We compared the data obtained with steady
state and lifetime based experiments for PBA and [Ru
(bpy)3]

2+. The ratio between Stern–Volmer constants
obtained in the two experiments is found in all cases in
the range of 1.1–1.2.

Nitric oxide is the principal and smallest nitrogen-
oxygen reactive species produced in cells. The small NO°

has a higher diffusion coefficient than the large TEMPO.
Quenching of the fluorescence of pyrene derivatives by
nitric oxide and oxygen were already evaluated [16]. In
solution, both showed the same quenching efficiency with a
ratio kO2/kQ closed to one. Thus, we suppose that the two
fluorescent probes, PBA and [Ru(bpy)3]

2+, will show
higher sensitivity for nitric oxide in cells when compared
to TEMPO.

Discussion

Because of the importance of reactive oxygen species for
many biological processes, detecting and quantifying them
is an essential step for the understanding of their impact on
the function of cells and tissues. Our laboratory already
demonstrated that ROS can act as quenchers for oxygen
probes in living cells. But several questions were raised.
First of all, here we prove that free radicals can act as
quenchers. The mechanism of quenching of the free radical
is certainly related to its paramagnetic properties similar to
those of the oxygen molecule. We observed that compara-
ble quencher concentrations can be used for free radical and
oxygen molecules. The key point is that in living cells and
in solutions, the fluorescent probes will not detect millimo-
lar quantities of H2O2 or other diamagnetic reactive oxygen
species but only free radicals. Indeed, we show that we
must add H2O2 concentrations higher than 0.1 M to detect
the quenching. Among free radicals, OH° is highly reactive
and will react rapidly after its formation and before
diffusing. Because of the need of diffusion in collisional
quenching, we assume that our measurements are not
influenced by OH°. It is reasonable to assume that in cells
where the quenchers have to be small enough to diffuse and
to reach the probe, we will not detect lipid peroxidation.
The diffusion of the large free radical that is stacked in
membrane will not occur. The quenching will happen only
if the probe is already in the vicinity of the lipid-derived
radical. At low concentrations of the probe (10−6 M) this
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Fig. 3 Variations of the lifetime
ratio (τ0/τ) versus quencher
concentrations in ethanol at
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PBA and oxygen are from [17]
and are performed at 21°C
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situation is unlikely. To summarize, with oxygen probes in
cells, we will be able to detect global ROS variations that
are due to changes in the amounts of small free radicals but
not OH°.

In general, dynamic quenching is treated by the classical
model for diffusion-controlled reaction (Smoluchowski
model). It depends on the rate of diffusion between the
reactants (related to the viscosity of the solvent) and on
their size. In this model, the reactants are supposed to be
homogeneously distributed and to experience no electro-
static interaction. In addition, the efficiency of the reaction
(i.e. collision) is assumed to be unit. Some of these
assumptions are not fulfilled in our experiments. We can
doubt about the homogeneous distribution in the case of
SDS micelles and membranes and we can expect electro-
static interaction between the positively charged probe [Ru
(bpy)3]

2+ and charged radicals such as superoxide anion.
We have observed different results for the quenching rate
constants of the two probes. With oxygen molecules, we
always found that kq values are higher for PBA compared
to [Ru(bpy)3]

2+ (three to ten times). We doubt that the size
difference alone of the two probes and consequently the
diffusion of the two probes, can explain these results. These
results might possibly be explained by a lower quenching
efficiency of the ruthenium complex. As a consequence, O2

detection range will not be improved with the long lifetime
ruthenium complex. However, for [Ru(bpy)3]

2+, we ob-
served the highest quenching constant (kq=9×109 L.mol−1.
s−1) with superoxide anion. Thus, we conclude that
ruthenium complex will be a more suitable probe for
detection of this free radical and consequently global ROS.
Further measurements in living cells must be done to
confirm this assumption.

Here, we showed that among the reactive oxygen
species, free radicals can quench the fluorescence of
oxygen probes in millimolar concentrations. Altogether,
we showed that ROS variation will influence the quantifi-
cation of oxygen with fluorescent probes in living material.
We recently used this new method to quantify global ROS
variation in single living cells with the probe PBA [50]. We
assume that this method can be extended to all oxygen
fluorescent probes such as ruthenium or metalloporphyrin
complexes that were frequently used in cells for oxygen
quantification. However, one has to keep in mind that
oxygen variation will produce artefacts in the free radical
quantification and vice versa. In addition, we can expect
that additional information, on H2O2 and lipid peroxidation
[21–24], can be obtained when using our approach together
with other methods.
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