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Abstract

Utilization of a fluorescence dye, 1,3-diphenylisobenzofuran (DPBF) as a detector of superoxide anion radical (O3 ) was
examined. The fluorescence intensity of DPBF incorporated in phospholipid liposomes consisting of phosphatidylcholine
(PC) and phosphatidylserine (PS) is effectively quenched by incubation with xanthine/xanthine oxidase system. On the other
hand, xanthine or xanthine oxidase alone did not induce quenching of the DPBF fluorescence in the liposomes. Xanthine/
xanthine oxidase-induced fluorescence quenching of DPBF-labeled liposomes was almost completely protected by the
addition of superoxide dismutase (SOD, 1 U/ml), but not by heat-denatured SOD (10 min boiling) at the same concentration.
On the other hand, catalase (1 U/ml), and hydroxyl radical and singlet oxygen scavengers (10 mM sodium benzoate, 300 mM
mannitol, 1 mM tryptophan and 1 mM sodium azide) did not protect xanthine/xanthine oxidase-induced fluorescence
quenching of DPBF-labeled liposomes. The concentration dependence profiles of xanthine oxidase on the DPBF
fluorescence quenching and O} generation showed that there is a good correlation between these parameters. Under the
present experimental conditions, approximately 7 uM H,0,/30 min were produced, but the addition of H,O;, (1 mM) to
DPBF-labeled liposomes did not quench the dye fluorescence in the liposomes. Temperature dependence profiles of the
DPBF fluorescence quenching induced by xanthine/xanthine oxidase treatment and the excimer fluorescence formation of
pyrene molecules embedded in the liposomal membrane suggested that the quenching efficiency of the DPBF fluorescence is
largely dependent on their lipid dynamics. Based on these results, we proposed the possibility that DPBF fluorescence
quenching method is able to be used as a simple method for detecting O3 inside the membrane lipid layer and that DPBF
fluorescence quenching by O is controlled by the physical state of membrane lipids. © 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Abbreviations: PC, phosphatidylcholine; PS, phosphatidylser-
ine; SOD, superoxifle disn}utase; DPBF 1,3-diphenylisobenzo- It is now generally accepted [1-5] that oxidative
furan; p-NDA, p-nitrosodimethylaniline; BHA, 3,(_2)'[erl'but.yl' stress induced by generation of reactive oxygen spe-
4-hydroxyanisole; ROS, reactive oxygen species; O; , superoxide . . . . .
anion: NO, nitric oxide: ONOO™, peroxynitrite cies (ROS), such as superoxide anion radical (O5),
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inflammatory diseases, ischemic-reperfusion injury,
atherosclerosis, cancer and aging.

O is widely generated as a reduced intermediate
of molecular oxygen in a variety of biological sys-
tems by either auto-oxidation processes or by en-
zymes involved in aerobic metabolism, and its pro-
duction is increased under conditions of oxygen
stress and related phenomena [6,7]. Although O
itself is much less reactive, this radical easily turns
to hydroxyl radical which is the most potent radical,
through the Fenton reaction in the presence of tran-
sition metal ions such as Fe’* [8]. Koch et al. [9]
have suggested that the limiting step of hydroxyl
radical production is O} consumption in the system.
In fact, Biaglow et al. [10] have recently reported that
metal ion-catalyzed production of the hydroxyl rad-
ical is dependent on the O; concentration. Further-
more, recently, increasing attention has been also
focused on the interplay of nitric oxide (NO) and
O5. NO reacts with O} at a diffusion-controlled
process to produce peroxynitrite (ONOO™) and hy-
droxyl radical [11-13]. The endogenous production
of ONOO™ has been also implicated in the patho-
genesis of atherosclerosis [14] and neurodegenerative
diseases [15]. These findings suggest that diffusion of
O} towards the production sites of hydroxyl radical
and/or ONOO™ in cellular membranes may be an
important factor in determining the development of
cellular damage relating to ROS production.

Up to this time, cytochrome ¢ reduction [16,17]
and nitroblue tetrazolium (NBT) reduction [18-20]
methods have been widely employed for detection
of O5 in in vitro systems. However, recently, Gomes
et al. [20] have reported that the NBT reduction
method is not adequate to determination of O3 con-
centration in phospholipid liposomes consisting of
egg phosphatidylcholine, because NBT decomposes
to give a complex product mixture.

Therefore, finding a sensitive and specific probe to
detect ROS including O3 is important for analysis of
mechanisms of the onset of ROS-mediated cellular
injury. The objectives of the present study are to
evaluate the ability of a fluorescence dye DPBF as
a probe for detecting O, and to ascertain the val-
idity of DPBF fluorescence quenching method for
the analysis of O permeation in phospholipid lipo-
somal membranes. This communication suggests that
DPBF is a good candidate for an O detecting

probe and that the DPBF fluorescence quenching
method can be used as a simple and useful method
in analysis of O permeation in the lipid layer in
phospholipid membranes.

2. Materials and methods
2.1. Materials

Phosphatidylcholine (egg yolk, PC), phosphatidyl-
serine (PS), xanthine oxidase (buttermilk, 0.82 U/mg
protein), superoxide dismutase (bovine erythrocytes,
5800 U/mg protein), horseradish peroxidase (type I,
120 purpurogallin U/mg solid), catalase (bovine se-
rum, 2900 U/mg protein), nitroblue tetrazolium
(NBT), 1,3-diphenylisobenzofuran (DPBF) and py-
rene were purchased from Sigma (St. Louis, MO).
Xanthine monosodium salt and 3(2)-tert-butyl-4-hy-
droxyanisole (BHA) were obtained from Wako Pure
Chemical Co. (Osaka, Japan). Other chemicals used
in the present study were of the purest grade. Stock
solutions (1 mM) of DPBF and pyrene were made by
dissolving in ethanol, and stored at 4°C in the dark
until use. The molecular structure of DPBF is pre-
sented in Fig. 1.

2.2. Preparation of phospholipid liposomes

Chloroform solutions of PC (10 mg/ml) and PS (1
mg/ml) were mixed, and then evaporated to dryness
with a stream of nitrogen gas. The residual solvent
was completely removed under vacuum, and appro-
priate amounts of 10 mM Tris—HCI buffer (pH 7.4)
were added, then the mixture was sonicated with an
Ultra Disrupter UR-200P (Tomy Seiko Co., Tokyo,
Japan) until the dispersion became clear. This clear
solution was then centrifuged at 25000Xg for
20 min, and the supernatant was used in the present

O O

Fig. 1. The chemical structure of DPBF.
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2.3. Fluorescence measurements

Fluorescence measurements were performed at
37°C wusing a Hitachi 850 spectrofluorimeter
equipped with a rhodamine B quantum counter, un-
less otherwise specified. Pyrene-labeled liposomes
were prepared by incubating PC/PS liposomes
(1 mg/ml) with 5 uM pyrene in 30 mM Tris—-HCl
buffer (pH 7.4) for 10 min at 37°C, and then left
to stand for 24 h at 4°C. The final concentration of
ethanol in the reaction mixture was 0.3%. The mono-
mer (Ip) and excimer (/g) fluorescence intensities of
pyrene-labeled liposomes were measured at 392 and
470 nm, respectively, using the excitation wavelength
at 340 nm, and the efficiency of excimer fluorescence
formation was expressed as the value of Ig/lv.

DPBF fluorescence was measured as follows. PC/
PS liposomes (0.2 mg/ml) were preincubated for
5 min at 37°C with 8.3 uM DPBF in a reaction
mixture containing 30 mM Tris-HCIl buffer (pH
7.4), 2 mM xanthine monosodium salt and 0.2 mM
BHA in the dark, in the absence and presence of
antioxidants or radical scavengers. After transferring
the reaction mixture (3 ml) to a fluorescence meas-
urement cuvette, 10 mU/ml xanthine oxidase was
added, rapidly mixed, then the DPBF fluorescence
was monitored (excitation 410 nm, emission 455 nm)
[21]. The extent of DPBF fluorescence quenching
expressed as the difference (AFI) between the fluores-
cence intensities at time 0 (before addition of xan-
thine oxidase) and at time 7 (¢ = minutes after start of
incubation with the enzyme). In determination of the
pseudo-first-order rate constant (k') of xanthine/xan-
thine oxidase-induced quenching of the DPBF fluo-
rescence, the fluorescence intensity of DPBF-labeled
liposomes was measured within 3 min after the addi-
tion of xanthine oxidase to the reaction mixture, be-
cause the fluorescence change of the labeled lipo-
somes linearly proceeded until 5 min after the
addition of the enzyme. The fluorescence intensity
of DPBF in ethanol was proportional to the DPBF
concentration up to 16 uM (data not shown).

2.4. Determination of the amount of DPBF
The incorporated amounts of the fluorescence dye

into the liposomes were determined by a filtration
method as follows. The reaction mixture was filtered

through a DISMIC-25 syringe filter (0.2 um pore
size; Toyo Roshi, Tokyo, Japan) and then the ab-
sorbance at 410 nm of the original reaction mixture
and the filtrate were measured [22]. Under the
present experimental conditions, 25-30% (2.1-2.5
uM) of the dye employed were incorporated into
the liposomes.

2.5. Measurements of reactive oxygen species

O, was generated by a xanthine/xanthine oxidase
system and measured by the NBT reduction method
as follows. PC/PS liposomes (0.2 mg/ml) were prein-
cubated for 2 min at 37°C with 2 mM xanthine
monosodium salt and 1 mM NBT in 30 mM Tris—
HCI buffer (pH 7.4). The reaction was started by the
addition of xanthine oxidase (10 mU/ml), and moni-
tored spectrophotometrically at 560 nm (Ae= 16500
M~!em™! [19]) during 30 min unless otherwise speci-
fied. In kinetic analysis of O} production, the sub-
strate concentration was varied to 100 uM and the
absorbance at 560 nm was recorded until 3 min after
of the addition of the enzyme, because the absorb-
ance change proceeded linearly up to 5 min. The
total volume of the reaction mixture was 3 ml. Hy-
droxyl radical and H,O; production were measured
by the p-nitrosodimethylaniline (p-NDA) bleaching
method [23] and the 4-aminoantipyrine/peroxidase
method [24], respectively. In the former, PC/PS lipo-
somes (0.2 mg/ml) was preincubated for 2 min at
37°C in a solution containing 50 mM NaCl, 2 mM
xanthine monosodium salt, 0.2 mM BHA and 50 uM
p-NDA. The reaction was started by the addition of
xanthine oxidase (10 mU/ml) to the reaction mixture
(3 ml), and the absorbance recorded at 440 nm. On
the other hand, H,O, production was measured us-
ing 2.0 mg/ml of PC/PS liposomes as a final concen-
tration, and other experimental conditions were the
same as those described in the p-NDA bleaching
method, except for the use of 30 mM Tris—HCI bulff-
er (pH 7.4) in place of NaCl. The total volume of the
reaction mixture was 3 ml. The amount of H,O,
produced was calculated using the molar extinction
coefficient of 6400 M~ !cm™! [24].

2.6. Uric acid determination

The formation of uric acid from xanthine by xan-



134 T. Ohyashiki et al. | Biochimica et Biophysica Acta 1421 (1999) 131-139

thine oxidase treatment was measured according to
the procedure described by Fridovich [25] as follows.
The reaction was started by the addition of xanthine
oxidase (10 mU/ml) to the reaction mixture contain-
ing 100 uM xanthine monosodium salt and 30 mM
Tris—HCI buffer (pH 7.4) at 37°C and the absorbance
at 295 nm was recorded during 3 min, because the
absorbance change proceeded linearly up to 3 min
after the addition of the enzyme. The amount of
uric acid formed was calculated using the molar ex-
tinction coefficient (¢=11000 M~'ecm™') at 295 nm
[25].

2.7. Statistical analysis

Data are presented as mean £ S.D. for three inde-
pendent measurements. To determine statistical sig-
nificance between groups, the data were analyzed by
an ANOVA Bonferroni’s multiple z-test.
3. Results

3.1. Fluorescence characteristics of DPBF

As shown in Fig. 2, incubation of PC/PS lipo-
somes with DPBF for 30 min at 37°C resulted in a
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Fig. 2. Fluorescence spectra of DPBF under various conditions
at 37°C in 30 mM Tris—HCI buffer (pH 7.4). The fluorescence
spectra of DPBF were recorded with the excitation wavelength
at 410 nm. The concentration of PC/PS liposomes was 0.2 mg/
ml. Solid line, PC/PS liposomes; dashed line, sonicated PC/PS
liposomes; dot-dashed line, Tris-HCI buffer (pH 7.4); dotted
line, ethanol (95 v/v%).
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Fig. 3. Time course of xanthine/xanthine oxidase-induced fluo-
rescence quenching of DPBF-labeled liposomes. a, time 0 (no
addition of xanthine oxidase); b, 10 min after start of incuba-
tion; ¢, 30 min after start of incubation. The fluorescence inten-
sity (arbit. unit) described in the inset was expressed as AFI
(see Section 2). Other experimental conditions are the same as
those described in the legend to Fig. 1. (O) Complete system (2
mM xanthine/10 mU/ml xanthine oxidase); (a) 10 mU/ml xan-
thine oxidase alone; (0J) 2 mM xanthine alone.

marked fluorescence exhibiting two peaks at 455 and
477 nm in the emission spectrum. A similar spectrum
with a high fluorescence intensity of the dye was also
observed when the dye was dissolved in ethanol. On
the other hand, sonication (5 min at 0°C) of DPBF-
labeled liposomes caused a marked decrease of the
dye fluorescence. In addition, the fluorescence inten-
sity of the dye was not detected in the buffer solution
without the liposomes.

3.2. Change in DPBF fluorescence by xanthinel
xanthine oxidase treatment

When DPBF-labeled liposomes were incubated
with xanthine oxidase in the presence of xanthine
at 37°C, the dye fluorescence was quenched in a
time-dependent manner (Fig. 3). On the other
hand, incubation of the labeled liposomes with either
xanthine or xanthine oxidase alone did not cause any
change in the DPBF fluorescence, indicating that the
fluorescence change in DPBF-labeled liposomes in-
duced by xanthine/xanthine oxidase treatment is
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not due to interaction of the liposomes with xanthine
or xanthine oxidase itself. In addition, under the
present experimental conditions, the presence of 0.2
mM BHA in the reaction mixture showed no effect
on the fluorescence response against xanthine/xan-
thine oxidase treatment (data not shown).

As can be seen in Fig. 4A and B, the concentration
dependence of xanthine oxidase on O3 generation
showed that O was almost linearly produced in
the concentration range of the enzyme tested, and

Fig. 4. Concentration dependence of xanthine oxidase on O}
generation and DPBF fluorescence quenching. The concentra-
tion of xanthine oxidase was varied from 1 to 10 mU/ml. The
amount of O (A) and the DPBF fluorescence (B) were meas-
ured after 30 min of the addition of xanthine oxidase in the
presence of xanthine (2 mM), and the extent of DPBF fluores-
cence quenching was expressed as AFI as described in the
legend to Fig. 3. The data of O} generation described in B
were obtained from A. Other experimental conditions are the
same as those described in the legend to Fig. 2. (A) *P <0.05
vs. the system without xanthine oxidase, **P < 0.05 vs. the sys-
tem with xanthine oxidase (I mU/ml). (B) *P <0.05 vs. the sys-

tem with xanthine oxidase (1 mU/ml).
-

that there is a good correlation between the extent
of DPBF fluorescence quenching and the amount of
O} generated.

3.3. Effects of SOD and other radical scavengers

The effects of increasing concentrations of SOD on
xanthine/xanthine oxidase-induced DPBF fluores-
cence quenching were examined.

As shown in Fig. 5, the fluorescence quenching of
DPBF-labeled liposomes induced by xanthine/xan-
thine oxidase treatment effectively protected by the
addition of SOD in a concentration-dependent man-
ner, and the protective effect of SOD was almost
saturated above 0.7 U/ml of the enzyme. On the
other hand, heat-denatured SOD (boiled for 10
min) with a consequent loss of 92% of its activity
did almost not protect the DPBF fluorescence
quenching induced by xanthine/xanthine oxidase
treatment, and the AFI values of DPBF-labeled lipo-
somes without and with the denatured SOD (1 U/ml)
after incubation with xanthine oxidase for 30 min at
37°C were 63.8+2.8 and 63.3+4.8 (n=3), respec-
tively. The addition of SOD (1 U/ml) to DPBF-
labeled liposomes in the absence of xanthine oxidase
did also not affect on the fluorescence intensity of the
dye (data not shown).

On the other hand, scavengers of hydroxyl radical
and singlet oxygen (sodium benzoate, mannitol, tryp-
tophan and sodium azide) and catalase showed no
protective effect on xanthine/xanthine oxidase-in-
duced DPBF fluorescence quenching (Table 1). In
the absence of xanthine/xanthine oxidase system,
these compounds and the enzyme did not induce
any change in the DPBF fluorescence in the lipo-
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Fig. 5. Effects of increasing concentrations of SOD on DPBF
fluorescence. The concentration of SOD was varied from 0.1 to
1 U/ml. The DPBF fluorescence was measured after 30 min of
the addition of xanthine oxidase and expressed as AFI. Other
experimental conditions were the same as those described in the
legend to Fig. 2. *P <0.05 vs. the system without SOD.

somes (data not shown). Furthermore, the addition
of H,O, to DPBF-labeled liposomes in the absence
of xanthine/xanthine oxidase system did also not in-
duce quenching of the dye fluorescence (AFI=
63.8+2.8 and 63.5%3.2, for the systems without
and with 1 mM H,0O,, respectively: n = 3), indicating
that H,O» is not involved in xanthine/xanthine oxi-
dase-induced quenching of the DPBF fluorescence in
the liposomes observed in the present study.

Table 1
Effects of several radical scavengers or antioxidant on DPBF
fluorescence quenching in PC/PS liposomes

Scavengers Concentration AFI (arbitrary unit)
No addition - 63.8+2.8
Mannitol 300 mM 58.0+6.9
Sodium benzoate 10 mM 57.5+4.1
Tryptophan 1 mM 61.5+2.2
Sodium azide 1 mM 62.2+4.5
Catalase 1 U/ml 63.0x5.1

The liposomes were incubated with xanthine/xanthine oxidase
for 30 min at 37°C in the presence and absence of radical scav-
engers or antioxidant. Other experimental conditions are the
same as those described in the legend to Fig. 2.

3.4. Effects of temperature variation

To investigate the contribution of the lipid dynam-
ics on DPBF fluorescence quenching in PC/PS lipo-
somes induced by xanthine/xanthine oxidase treat-
ment, the effects of temperature variation on the
efficiency of the excimer fluorescence formation of
pyrene-labeled PC/PS liposomes and the rate of the
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Fig. 6. Effects of temperature variation on pyrene excimer fluo-
rescence, DPBF fluorescence and xanthine oxidase activity.
Temperature was varied from 15°C to 37°C. (A) Pyrene excimer
formation (O) and DPBF fluorescence quenching (®). (B) Uric
acid formation (O) and O; production (@).
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fluorescence quenching of DPBF-labeled liposomes
were examined.

When the temperature was increased, the efficiency
of excimer fluorescence formation of pyrene mole-
cules embedded in the liposomal membranes and
the pseudo-first-order rate constant (k') of xan-
thine/xanthine oxidase-induced quenching of the
DPBF fluorescence in the liposomes were increased
depending on the temperature with the similar bend-
ing points (27-30°C, Fig. 6A). In addition, the tem-
perature dependence profiles of the enzyme activities
showed that uric acid formation and O generation
from xanthine by xanthine oxidase treatment in the
absence of the liposomes were also transitionally en-
hanced around 27-30°C (Fig. 6B), indicating that the
enzyme is not denatured in the temperature range
tested.

4. Discussion

DPBF has been widely employed as a singlet oxy-
gen trap in organic solutions [22] and in phospholip-
id liposomes [21,26]. In this paper, we proposed the
possibility that the DPBF quenching method is able
to be used as a simple method to detect O; in model
phospholipid membranes. This method is based on
the fluorescence quenching of the dye incorporated in
the liposomal membranes as a consequence of reac-
tion of DPBF with O .

Incubation of PC/PS liposomes with DPBF re-
sulted in a marked fluorescence development of the
dye. However, the DPBF fluorescence was not de-
tected when the dye was dispersed in Tris—HCI buffer
(pH 7.4), and sonication of the labeled liposomes
also caused a marked decrease in the dye fluores-
cence (Fig. 2). In addition, it was found that 80—
83% of the incorporated DPBF were excluded in
the medium by sonication of the labeled liposomes.
These results suggest that the dye molecules come
out from the membrane lipids to aqueous phase by
destruction of the membrane structure by sonication,
because DPBF easily forms a non-fluorescent dimer
in water [22]. From these findings, it seems that
DPBF molecules are located in the hydrocarbon
core in the liposomal membrane lipids and that the
complete membrane structure is necessary for devel-
opment of the dye fluorescence.

We found that the DPBF fluorescence in the lipo-
somes was sensitively quenched in a time-dependent
manner in the presence of both xanthine and xan-
thine oxidase (Fig. 3). This fluorescence quenching
was markedly suppressed if SOD was added to the
reaction mixture, depending on the concentration of
the enzyme (Fig. 5). On the other hand, xanthine or
xanthine oxidase itself did not show any change in
the DPBF fluorescence. In addition, the extent of the
fluorescence quenching of DPBF incorporated in the
liposomes by xanthine/xanthine oxidase treatment
was dependent on the extent of O} generation
(Fig. 4B) and the SOD concentration (Fig. 5).
From these results, it is suggested that change in
the DPBF fluorescence induced by incubation of
DPBF-labeled liposomes with xanthine oxidase in
the presence of xanthine is due to interaction of the
dye molecules embedded in the lipid layer in the lipo-
somal membranes with O, generated during the re-
action, although the exact mechanism of the fluores-
cence quenching 1is wunclear at present. This
interpretation was further confirmed from the finding
that heat-denatured SOD or catalase did not protect
quenching of the DPBF fluorescence induced by xan-
thine/xanthine oxidase treatment.

It is well known [25] that the reaction of xanthine
and xanthine oxidase under aerobic conditions re-
sults in the production of both univalent and diva-
lent reductions of oxygen, O; and H,O,. In fact,
under the present experimental conditions, 6.9 £0.1
uM H;0, (n=3) was produced by incubation of PC/
PS liposomes with xanthine/xanthine oxidase for 30
min at 37°C. However, xanthine/xanthine oxidase-in-
duced quenching of the DPBF fluorescence in the
liposomes was not protected by the addition of cata-
lase to the reaction mixture (Table 1). In addition,
treatment of DPBF-labeled liposomes with H,O, (1
mM) did not cause the fluorescence change. From
these results, it is suggested that H,O; is not involved
in the fluorescence quenching of DPBF-labeled lipo-
somes induced by xanthine/xanthine oxidase treat-
ment.

The extent of p-NDA bleaching did not change
through incubation of PC/PS liposomes with
xanthine/xanthine oxidase (4440 =1.3820.02 and
1.29£0.01, n=3, for the systems before and 30 min
after the start of treatment, respectively), indicating
that hydroxyl radical is not generated under the
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present experimental conditions. Britigan et al. [27]
have also reported that hydroxyl radical does not
appear to be a product of the oxidation of xanthine
by xanthine oxidase. Therefore, the contribution of
hydroxyl radical against xanthine/xanthine oxidase-
induced quenching of the DPBF fluorescence ob-
served in the present study was ruled out. In fact,
several hydroxyl radical scavengers (sodium ben-
zoate, mannitol and tryptophan) did not protect xan-
thine/xanthine oxidase-induced quenching of the
DPBF fluorescence (Table 1). In addition, the possi-
bility that singlet oxygen is produced from the reac-
tion between O, and hydroperoxyl radical (HO3)
under the present experimental conditions was also
ruled out, because xanthine/xanthine oxidase-induced
DPBF fluorescence quenching did not protect by the
presence of singlet oxygen scavengers, tryptophan
and sodium azide [28-30].

The efficiency of excimer fluorescence formation of
pyrene-labeled liposomes increased depending on the
temperature (Fig. 6A). Since pyrene is predominantly
located in the central methylene region of aliphatic
chains of the PC bilayer [31] and the excimer forma-
tion of pyrene is dependent on the solvent viscosity
and the dye concentration, i.e., diffusion-controlled
process [32], an increased excimer fluorescence for-
mation of pyrene-labeled liposomes with an increase
of the temperature plausibly explains an arrangement
of concentrated pyrene molecules favorable to exci-
mer formation due to an increase of the membrane
lipid fluidity. In addition, the excimer formation of
the pyrene-labeled liposomes was transitionally en-
hanced at 29-30°C, suggesting that lipid organization
in the liposomal membranes is transitionally changed
around this temperature.

The kinetic studies of the DPBF fluorescence
showed that the rate of xanthine/xanthine oxidase-
induced fluorescence quenching of DPBF-labeled
liposomes was also accelerated depending on the in-
crease of the temperature (Fig. 6A). It is of interest
that the extent of the quenching rate constant (k') of
the DPBF fluorescence in the liposomes by O; also
markedly increased above 27°C. One possible explan-
ation for an abrupt increase of the k' value above
27°C is a facilitated penetration of O; into the lipid
layer in the liposomal membranes due to an in-
creased O} generation, because the temperature de-
pendence of xanthine oxidase activity, assessed by

uric acid formation and O} production, in the ab-
sence of the liposomes showed a similar curve with
the transition point at 27-30°C in the temperature
range tested (Fig. 6B). An increased concentration
of O5 around DPBF molecules located in the mem-
brane lipids may induce an enhanced quenching of
the dye fluorescence. This interpretation is further
supported from the finding that the extent of
DPBF fluorescence quenching proceeds linearly to
the O, concentration (Fig. 4B). Furthermore, it
seems that the transition temperature of O3 pene-
tration is close to that of excimer fluorescence for-
mation of pyrene molecules embedded in the mem-
brane lipids (27-30°C). This phenomenon suggests
that the efficiency of DPBF fluorescence quenching
by O5 may be controlled by the lipid organization in
the membrane.

Based on these results, we proposed the possibility
that DPBF can be used as a fluorescence indicator to
detect O in model membranes, and suggested that
the lipid dynamics is the important factor in control-
ling O penetration into their lipid layer, although
further detailed experiments using several biological
membranes and cells are necessary.
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